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Stellingen

behorende bij het proefschrift:

Facial muscle activity as an index of energy
mobilization during processing of information:

an EMG study

door Wim Waterink

1.       Een   voorwoord, c.q. dankwoord,    van een proefschrift dient bij voorkeur   op   het
allerlaatste moment als bijlage te worden toegevoegd, opdat er nog mensen bedankt
kunnen worden die op het laatste moment toch nog iets voor de promovendus hebben
betekend, maar ook opdat er nog mensen bedankt kunnen worden die iets betekenen voor
zaken na de promotie.

2.       Het staat onomstotelijk vast dat gelaatsspieren betrokken zijn bij uitingen van emoties  in
het gelaat, echter een gelaatsuitdrukking sec mag nooit worden verward met een ervaren
emotie.

3. Eerdere veronderstellingen dat tonische EMG-activiteit  van de orbicularis oris inferior
dezelfde betekenis heeft als die van frontalis en corrugator supercilii moeten worden
bijgesteld.

4.   Het feit dat een sectie binnen zeven jaar een paar keer van naam en samenstelling
verandert doet vermoeden dat er iets niet goed zit.

5.       Het uitbesteden van programmeerwerk kan  wel de werkdruk verminderen maar levert  in
de meeste gevallen geen tijdwinst op.

6.         De  richting van preparatoire EMG-activiteit van bepaalde gelaatsspieren, voora fgaande
aan het aanbieden van een reactie-stimulus, heeft niets te maken met de richting van
tonische EMG-activiteit van dezelfde spieren.

7.       Bij het bestuderen van fasische hartslag reacties dient men ervoor te zorgen  dat  de  tijd
tussen opeenvolgende trials minstens drie seconden bedraagt.

8. Voor sommige mensen zijn er maar twee plekken op onze wereld: daar waar je bent en
daar waar je niet bent.

9.    Er is iets op tegen dat men in eigen werk de hand van zijn of haar meester herkent.

10. Voor iemand die eigenlijk alles met weinig woorden wil zeggen zijn 10 stellingen op 66n
pagina bij een proefschrift meer dan voldoende.

Tilburg, februari 1997.
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Chapter 1

GENERAL INTRODUCTION

1.1 The theoretical background  and  aim  of the thesis

Besides being activated during labor, bodily muscles are also activated during mental work
when no physical exertion is required (e.g. during mental arithmetic: Courts, 1942). In
earlier studies, muscle activity during mental work was considered as a sign of energy
mobilization, compensating for fatigue (Woodworth & Schlosberg, 1958). Within that
context, facial muscle activity might be a more reliable index in comparison with activity
found in other bodily muscles. Facial muscles are not involved in maintaining posture or
movement of the body but show strong expressive activity, also during cognitive and non-
social situations (Van Boxtel & Jessurun,  1993).  In this thesis  it will be investigated  to  what
extent facial muscle activity can be considered as an index of energy mobilization during
processing of relatively simple information.

Performing mental work, e.g. executing a predetermined response upon a stimulus presented,
can primarily be seen as the execution of a sequence of specific information processing
operations which are supposed to reflect different sets of computational processes  in the brain
(Sanders,   1983). With regard to these processes, three major phases  can be distinguished.
The first one consists of computational processes associated with perceptual or input
operations, the second phase includes cognitive operations, and the third phase contains
output operations involving motor related activities  (see also Lorist,   1995,  p.  6).

An early attempt to measure response time or speed of specific computational processes was
made by the Dutch ophthalmologist Donders (1868/1969). He assumed the existence of
several specific computational stages which had to be passed through sequentially between
the arrival of an incoming stimulus before and the production of a response upon it. Donders
introduced  a new technique called the subtraction method. This technique is based  upon  the
assumption that the duration of a specific computational stage can be assessed by comparing
the total response time of a task requiring that stage with the total time of a second version
of that task in which that particular stage is omitted. The difference in total processing time
or reaction time (RT) of the two task versions is equal to the duration of the deleted
computational stage. Donders distinguished three types of reactions: a-, b-, and c-reactions.
The a-reaction requires a single response to a single stimulus. No stimulus discrimination or
response selection decisions are needed (simple RT). The b-reaction implies two stimuli and
two possibilities to respond with a one-to-one mapping between them. Thus both, stimulus
discrimination  and a response selection decision are included (choice   RT). The c-reaction
involves the use of two stimuli with a single response being required for one of the stimuli.
So, stimulus discrimination is required, but no response selection (selective RT). Thus,
following Donders, the time needed for response selection is the difference in response time
between the b- and c-reactions. Although the subtraction method has encouraged the research
in information processing, the method has been criticized from the beginning (see chapter 3)
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The efficiency by which information is processed in the specific computational stages depends
on the availability of specific energetical    resources     in the involved brain structures.
Furthermore, it is assumed that the functioning of these specific energetical resources is
continuously being evaluated by a kind of cognitive control mechanism (e.g. Sanders,  1983).
In case specific energetical resources are functioning inappropriately, for example  due  to
sleep  loss, the cognitive control mechanism can compensate  this by means  of the mobilization
of compensatory, aspecific energetical resources. In the literature, this type of energy
mobilization is also known as compensatory mental effort or state-related mental effort.
Another function of the cognitive control mechanism is the evaluation of the task
performance. The control mechanism can, when necessary, change the output of performance
also by mobilizing aspecific energetical resources.

Mulder (1986) interprets certain physiological measures as indices of the mobilization of
specific energetical resources, whereas others are presumed to reflect the mobilization of
aspecific energetical resources.    As  far as facial activity is concerned, there   is no evidence
available in favor of either interpretation. Therefore it was decided to test whether facial
muscle activity reflects the mobilization of specific or aspecific energetical resources.

1.2 Facial muscle activity

During the mid-nineteenth century Duchenne de Boulogne (1862/1990) investigated facial
muscles which are involved in emotional expressions. Therefore he electrically stimulated
these muscles to assess their role in the formation of facial expressions. Other aspects of
facial expressions were studied around the same time by Darwin (1872/1969), who
emphasized the social and communicative role of facial expressions. In his emotion theory
Cannon (1915/1936) stressed the fact that emotional states are accompanied by some form
of energy mobilization. Energy mobilization sensu strictu might be investigated in facial
muscles also during cognitive demanding tasks.

Facial expressions can be described by listing the position and movements of wrinkles, folds
or facial landmarks (Blurton-Jones, 1971). One step further is their description in terms of
the facial muscles. This is possible because the facial musculature underlying various
movements of the skin is well established (Rinn, 1984). An example of this method is the
Facial Action Coding System (FACS; Ekman & Friesen, 1976, 1978). The FACS is a
catalog of observable Action Units (AUs) in the face, produced on the basis of the underlying
musculature. For example, an AU can be upper eyelids raised (AU 5) or brows lowered and
drawn together (AU 4). However, observation based facial coding systems are not very
sensitive, because facial muscles often respond to events without clear observable changes
in facial expression (Cacioppo et al. 1986; Fridlund & Izard, 1983; Hagar & Ekman, 1983;
Tassinary & Cacioppo, 1992). Sophisticated equipment  is then necessary to record these
types of actions (see section  3.3).

Facial muscles can, based on their function, be divided into two groups. The first group is
involved in mimicking actions, and the second group is involved in movements of the jaw.
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The two muscle groups are innervated by different cranial nerves and have a different
evolutionary origins (Rinn, 1984). All mimicking muscles are innervated by the facial or
seventh cranial nerve, and jaw muscles are innervated by the trigeminal or fifth cranial
nerve. The origin of these two nerves lies in nuclei in the pons. Five different branches of
the facial nerve are responsible for most of the facial expressions. Two main branches, the
temporal and the zygomatic branch, innervate muscles in the upper and middle part of the
face. Muscles in the lower part are innervated by the buccal, mandibular, and cervical branch
(Diamond & Frew, 1979). The trigeminal nerve innervates the temporalis, masseter, and the
internal and external pterygoid muscles  (Rinn,  1984).

At least two different sets of influences are responsible for activating facial muscles, via the
facial nucleus. First, voluntary control in which the primary cortex plays a role, and second
limbic control which is responsible for emotional expression (Fridlund, 1994). Evidence for
this    came from persons suffering from central facial paralysis (Monrad-Krohn,     1924),
occurring after a stroke or due to a brain lesion damaging motor neurons or their axons in
the precentral motor cortex. These patients cannot voluntarily activate their facial muscles,
but they can show emotional expressions. The opposite is also possible. A Parkinsonian
patient might be able to produce voluntary actions, while being unable to show emotional
expressions (Fridlund, 1994; Rinn, 1984).

In the experiments performed for this thesis, EMG activity of six facial muscles was
investigated.  One  of  them is involved in closing  of  the jaw, namely the temporalis muscle
which is innervated   by the trigeminal nerve. The other five facial muscles are involved   in
mimic actions: the frontalis muscle, which wrinkles the forehead and raises the brow, the
corrugator supercilii muscle, which knits the brow; the orbicularis oculi muscle, which is
involved in closing of the eyelids; the zygomaticus major muscle, pulling the lip corner up
and back; and the orbicularis oris muscle, putting the lips together during a weak contraction,
and pushing the lips forward like a trunk during a strong contraction. The frontalis,
corrugator supercilii, and upper  part  of the orbicularis  oculi are innervated  by the temporal
branch of the facial nerve; the lower part of the orbicularis oculi is innervated by the
zygomatic branch. The buccal branch supplies zygomaticus major and orbicularis oris inferior
(Diamond & Frew, 1979).

1.3  Overview  of this thesis

In the second chapter, an overview is presented of some theories involving energetical
aspects of information processing. Furthermore, this chapter provides an introduction to the
use of facial EMG activity as an index of the mobilization of energetical resources. In the
third chapter, a linear stage model of human information processing is introduced (Sanders,
1983), which was used as a framework for this thesis. The general methodology and
procedures  of the three performed experiments are presented in chapter  4. In chapter  5,  the
results are presented of an overall analysis of the data of the three experiments. In chapter
6, the first experiment will be described, studying effects of manipulating perceptual or input
operations of information processing. Manipulations of cognitive operations, performed in
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the second experiment, are described in chapter 7, and manipulations of output operations
involving motor activities, performed  in the third experiment, are described in chapter  8.  In
chapter 9, the most relevant findings are summarized and discussed and conclusions are
formulated. For impatient readers or readers who do not have enough time for reading the
whole thesis, reading this chapter should be enough to get a general impression of what has
been investigated and what has been found.
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Chapter 2

ENERGETICAL ASPECTS OF INFORMATION PROCESSING

2.1  Introduction

The quality or efficiency of information processing in the human brain is supposed to be
regulated by energetical mechanisms or resources (e.g. Heemstra, 1988; Kahneman, 1973).
In this chapter, an introduction will be presented about energetical aspects of information
processing. Energetical aspects refer to mechanisms denoted with terms like arousal,
activation, effort, or attention (for an overview, see Hockey et al.,  1986), in which different
physiological systems are involved, like the central nervous system (CNS), the cardiovascular
system, and the endocrine system. In her influential theory on energy mobilization, which
was  based  on the theory of Cannon (see section 1.2) , Duffy  (e.g.   1951)  made  no  distinction
between different energetical resources (see also Kahneman, 1973). More recent theories
assume that there are multiple energetical resources each coupled to a different computational
process in the brain (Mulder, 1986; Sanders, 1983; Wickens, 1983). Other, older theories,
refer to a single energetical resource, comparable to Duffy's unitary concept of energy
mobilization (Duffy,  1951;  see also Kahneman,  1973). The first type of energetical resources
can be regarded as specific, in contrast to the last type which can be regarded as aspecific

(see also section   1.1).

2.2 A brief overview of some theories

Based upon the work of Yerkes and Dodson (1908), a number of influential investigators
assumed the existence of an inverted-U shaped relationship between motivation or arousal

and performance (e.g. Duffy, 1934; Freeman, 1948; Hebb, 1955). Performance was assumed
to  be  optimal  at a moderate level of arousal. However, serious objections  have been raised
against this notion. For example, N tUnen (1973) suggested that the often reported inverted-
U relationship between arousal and performance is an artifact due to increased dual-task
demands, which are usually involved when physiological arousal is induced.

Besides Nadtanen (1973), other investigators (e.g. Broadbent, 1971; Hamilton et al.,  1977;
Lacey, 1967) also showed that a unidimensional, aspecific arousal model cannot account for
a wide range of experimental data. Effects of motivation, such as incentives, led to the
construction of multi-dimensional hierarchical state models. For example, Broadbent (1971)
distinguishes between a lower and an upper arousal mechanism, where the upper arousal
mechanism is responsible for the control in case of a badly working lower arousal mechanism
(Broadbent, 1971). Another control mechanism was put forward by Kahneman (1973).
According to this author, (aspecific) energetical resources are allocated or re-allocated to
different tasks or task components by a higher cognitive control mechanism. In addition, the
efficiency of this process (effort), depends on a cognitive evaluation of ongoing performance.
Pribram and McGuinness (1975) also used the term effort for a control mechanism. After
reviewing literature on animal and human neuropsychology and psychophysiology, they
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argued for the existence of three separate regulatory energetical mechanisms, of which one
had a control function. The first mechanism, called arousal, is associated with phasic
physiological responses to environmental stimuli. This mechanism is located in structures in
the brainstem (e.g. reticular formation) and the hypothalamus, which are under control of
the amygdala and related structures in the frontal cortex. Besides a mechanism responsible
for phasic physiological responses, they distinguished two other mechanisms. A second
mechanism called activation, is located in the basal ganglia, hypothalamus and structures in
the mesencephalic brainstem. Activation maintains a tonie readiness for perceptual or motor
actions. The third mechanism, located in the hippocampus, reflects effort in the sense of
coordinating arousal and activation processes. The first two mechanisms correspond to
involuntary modes of attention, while the operation of the third mechanism results in
voluntary control (MeGuinness & Pribram, 1980). This higher cognitive control mechanism
is comparable with the upper mechanism of Broadbent (1971), and one assumed by
Kahneman (1973) to allocate processing resources. Later models of information processing
have used the concepts proposed by Pribram and MeGuinness in a somewhat different sense

(e.g. Mulder, 1986; Sanders, 1983; Wickens, 1983, 1984).

Another important energetical aspect within an information processing approach, is the
psychophysiological state  of a person (Gaillard, 1993; Gaillard & Wientjes, 1994; Hockey,
1986; Mulder, 1986; Sanders, 1983). This state has to be optimal for the activity one is or
will be engaged in. Some of these models also stress the importance of emotion (e.g. Gaillard
& Wientjes, 1994). With regard to the psychophysiological state, the higher cognitive control
mechanism  has been called 'a state monitor',  a  term  that is introduced by Hockey  (1984,
1986). This compensatory mechanism can directly influence the psychophysiological state by

mobilizing aspecific energetical resources.

2.3 Physiological indices of energy mobilization

The term energy mobilization can be traced back to Cannon (1915/1936). His work, and later
the work of Duffy (e.g.  1934, 1941) familiarized the concept of energy mobilization. During
mobilization of energy different physiological systems are activated, depending on the type
of activity a subject is engaged in.

In the last decades, a number of attempts have been made to identify physiological responses
as indices of energy mobilization. With regard to these indices, two types can be
distinguished. The first are physiological indices of short   term   or peak mobilization   of
energetical resources.   This  type of energy mobilization  can be regarded  as a resultant  of  the
involvement of the arousal mechanism of Pribram and McGuinness (1975), where arousal
is said to occur when an input change produces a measurable increment of a physiological
indicator over a baseline, (e.g. a heart rate acceleration). A special category of phasic
physiological responses, recorded during warned reaction time trials, will be discussed later.
The second type of physiological indices of energy mobilization are tonie responses serving
as indices of long lasting mobilization of energetical resources over minutes or hours. These
responses may be the consequence of the involvement of the specific activation mechanism

7



Chapter 2

of Pribram and McGuinness (1975), but also of the involvement of their aspecific effort
mechanism when compensation  of the arousal and/or activation mechanism is necessary.

In the literature on information processing, the involvement   of this effort mechanism   in
relation to physiological responses has received most attention. Here energy mobilization is
achieved through intervention of a higher cognitive control mechanism (Gaillard & Wientjes,
1994; Hockey, 1986; Kahneman, 1973; Mulder, 1986, Sanders, 1983). It is called into action
if the complexity and the duration of a task, the motivation or psychophysiological state of
the subject ask for it.

The following sections are short overviews, in which some physiological measures are
discussed which have been used as indices of the mobilization of specific or aspecific
energetical resources. These sections are not exhaustive, but have to be regarded as
summaries and updates    of some review articles (e.g. Kramer, 1991; O'Donnell    &
Eggemeier, 1986). Performing mental work is primarily seen here as a load on the human
brain, so, some measures of the brain will be discussed first.

2.3.1 Brain activity

When   subjects are relaxed and inattentive, a special rhythm   in the electroencephalogram
(EEG) can be detected (Berger, 1929). This so-called alpha rhythm (8-13 Hz) disappears
when subjects are confronted with arousing stimuli, but also when they are engaged in mental
work. In individuals who are nervous or tense, the alpha rhythm is often reduced or absent
(Shagass, 1972). Besides the alpha rhythm, other rhythms can be distinguished but these are
not  discussed  here.

In situations where subjects have to mobilize energetical resources, for example during
attention demanding tasks, the alpha activity is known to be reduced in amplitude (Tyler et
al., 1947; Elliot,  1964).  Also when spectral power analysis techniques are used, alpha power
showed inversely related changes with increasing task difficulty (Natani & Gomer, 1981
(cited in Kramer, 1991); Pigeau et al., 1987 (cited in Kramer, 1991); Sirevaag et al.,  1988).
In his review article Kramer (1991) concludes that changes in the alpha band may be used
as an index of overall levels of arousal or alertness, and according to O'Donnell and
Eggemeier (1986) nothing more than that. It seems that more research is needed to be able
to judge this type of measure on its usefulness as an indicator of the mobilization of
energetical resources.

Other measurements of brain activity are Event Related Potentials (ERP). An ERP is a
transient series of voltage oscillations in the brain, that can be recorded from the scalp in
response to the occurrence of a discrete event (Donchin, 1975). ERP components are time-
locked to a specific stimulus and are typified by the polarity of the voltage, the latency and
the scalp distribution. A distinction can be made between exogenous ERPs and endogenous

ERPs   (Donchin  et  al., 1978). Exogenous components reflect the first neural processing   of
physical characteristics of a stimulus, and the magnitude of the response is not dependent on
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cognitive processing of the stimulus. These responses are called "exogenous" just for this
reason-they are derived from "outside" the subject (Hugdahl, 1995). Endogenous
components, on the other hand, are elicited in complex experimental situations and often
require higher cognitive processes like attention or memory. Endogenous components  are
named so because they are driven from "inside" the subject-they are not obligatory to
physical characteristics of the stimulus (Hugdahl, 1995). From the ERP components, the
P300 has received the most attention and therefore will be discussed here as an example.

The P300 is considered a cognitive neuroelectric phenomenon because it is generated in
psychological tasks when subjects attend and discriminate stimuli that differ from one another
on some dimension (Polich  & Kok,   1995). The latency  of the P300 seems to reflect the  time
needed for particular computational processes (e.g. Donchin & Coles, 1988). Furthermore,
it has been found that the amplitude of P300 is sensitive to perceptual/cognitive load but not
to  response load (Kramer, 1991; Mulder, 1986). After reviewing the latest literature, Polich
and Kok (1995) considered the P300 amplitude as a manifestation of CNS activity involved
in the processing of new infurmation when attention is engaged to update memory
representations,    and P300 latency an indication of individual variability in neuroelectric
processing capacity and speed. Furthermore, they emphasized an important role of naturally
and environmentally induced state variables in P300 research and the concept of arousal as
a unifying theoretical mechanism. This finding casts some doubt upon Mulder's (1986)
proposal that the P300 is an index of the mobilization of specific energetical resources.

2.3.2 Heart rate and heart rate variability

The primary function of the heart is to Supply the body with blood containing oxygen and
nutrients, and to remove the waste products of metabolic activity. By means of surface
electrodes, the beats of the heart can be detected. In the electrocardiogram (ECG), a heart
beat is discernible by the typical QRS pattern. The number of beats or QRS complexes per
unit of time forms the heart rate, and the time between two successive QRS complexes is
known  as the inter-beat-interval  (IBI).

The heart has a rhythm of its own, but besides that, this rhythm can also be influenced by
the sympathetic and parasympathetic (vagal) branches of the autonomic nervous system. A
special change in the rhythm, caused by respiration, is known as sinus arrhythmia: the heart
rate increases during inspiration and decreases during expiration. In most attention demanding
tasks, heart rate changes are predominantly under parasympathetic control (e.g. Porges,
1986). In the context of energy mobilization, an increasing tonie heart rate was traditionally
seen  as an index of stronger mobilization of aspecific energetical resources (e.g. Duffy,
1972). Along these lines, the increase in tonie heart rate during mental arithmetic was
interpreted by Lacey et al. (1963).

Heart rate variability (variation in time between successive heart beats) has been proposed
as  an  index of mental effort (Kalsbeek & Ettema, 1963). Frequency analysis of inter-beat-
intervals, especially  of the mid frequency  band  (0.07 -  0.14 Hz),  has also been proposed to
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be an index of mental effort in several experiments (e.g. Mulder, 1980, 1986; Mulder &
Mulder, 1981, 1992), not only to rest-task differences (e.g. Jorna, 1992) but also to varying
difficulty levels within the same tasks (Aasman et al., 1987; Veltman & Gaillard,  1993). The
0.10 Hz component most probably reflects the resonance frequency  of the baroreflex,  and
consequently its amplitude reflects the overall baroreflex gain (Mulder, 1986). Recently, it
has been suggested that the 0.10 Hz component is not very sensitive to compensatory mental
effort (De Waard, 1996).

2.3.3 Respiration

Respiration is an important mechanism that subserves homeostatic functioning. It is a
physiological process primarily concerned with the interchange of oxygen and carbon dioxide
(COD between body tissue and the atmosphere. Cellular activity utilizes oxygen obtained
from air during inspiration and produces C02 which is removed during expiration (Roscoe,
1992). The respiratory processes   seem to affect,   and  to be affected by psychological  and
psychosomatic status (Wientjes  et  al., 1986). According to these investigators, there  is  a
continuum of breathing patterns that ranges from slow, large-tidal volume breathing with
relatively high alveolar concentration of CO2 on one end of the continuum, to rapid, low-tidal
volume breathing with relatively low alveolar concentration of C02 on the other hand of the
continuum. The breathing pattern, at least in a quiet resting state, also seems to be a
relatively stable characteristic  of an individual.

Compared to baseline conditions, mobilization of aspecific energetical resources is generally
associated with an increase in the respiration rate (i.e. the number of breaths per minute),
a decrease in the tidal volume (i.e. the volume that is displaced during each single breath),
and an increase in the minute ventilation (i.e. the volume of air that is displaced per minute)
(Roscoe, 1992; Wientjes, 1993).

2.3.4 Electrodermal activity

Electro-Dermal Activity (EDA) has been related to the level of activation, emotional
experiences, arousal, personality traits or pathology (for an overview see: Boucsein, 1992
and Edelberg, 1972; Johnson & Lubin, 1966). A widely used index of energy mobilization
is the electrical conductance (or its reciprocal, the resistance) of the skin, usually recorded
from the palm of the hand. Skin conductance varies constantly, but can range from a low
level in sleep to a high level in strongly activated states. The absolute level of conductance

may be a measure of a general level of energy mobilization (Woodworth & Schlosberg,
1958). Skin conductance is high when a subject is alert, and low when he is relaxed. When
skin conductance is used in an experimental setting, its use is almost entirely related to its
characteristics as an indicator of autonomic (primarily sympathetic) nervous system activity
(Edelberg, 1972). The absolute level can also be used as a baseline for phasic changes in
conductance, for example as a result of tactile stimulation of the skin. More specific research
has shown that skin conductance as a measure of an orienting response is associated with the
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allocation of processing resources (Filion et al., 1991). However, other research (e.g. Heino
et al. 1990) has shown that skin conductance has a very global sensitivity, and therefore can
not be regarded as a selective measure of the mobilization of energetical resources (see also
De  Waard,   1996).

2.3.5 Pupil diameter

The pupil of the eye is regulated by two smooth muscles, which are under autonomic control.
The first one, the pupillary sphincter, is innervated by parasympathetic fibers, and the second
group, the pupillary dilator, is innervated by sympathetic fibers. Pupil diameter is the
reflection    of the balance of activity of these two muscles    (Van der Molen,     1991).
Furthermore, it has been known for a long time that pain and strong emotions are known to
cause dilation (Woodworth & Schlosberg, 1958). After a systematic investigation   of  the
relation between pupil size and mental work, Hess and Polt (1964) and Hess (1972)
concluded that pupil size could  be  used  as a direct measure of mental activity. Kahneman
(1973) suggested that variations in mental effort are related to pupil diameter. According to
Beatty (1982) pupillary responses during information processing are an index of aspecific
energetical processes (aggregate processing resources) which are analogous to oxygen uptake
as an indicator of aggregate metabolic demands of different organs.

2.3.6 Rate and amplitude of eye blinks

The most frequently utilized procedure to record endogenous eye blinks is by recording
electro-oculographic (EOG) activity with electrodes above and below the eye. The EOG
reveals eye blinks by recording changes in the potential difference between the cornea and
the retina as the eyelid moves between open and closed positions (Kramer, 1991). With
regard to the amplitude of eye blinks, it has been found that when amplitude decreases.
performance errors increase. Furthermore, when people have problems keeping their eyes
open, the amplitude of blinks will be smaller as compared to amplitudes of blinks when the
eyes are widely open (Stern et al.,  1994).

As blink frequency is concerned, it was traditionally thought that the frequency of
spontaneous blinking increases with emotional or other tension, and it was used as a measure
of effort or fatigue during visual tasks (e.g. Woodworth & Schlosberg, 1958). However, eye
blink rate has also been found to decrease, for example, with the occurrence of predictable
stimuli (Bauer  et   at,, 1987; Schaefer, 1994). After reviewing the literature on blink   rate,
Stern  et  al.    ( 1994) concluded   that eye blink  rate   is   a meaningful reflector of time-on-task
effects, that is that the frequency of eye blinks increases as a function of time. Furthermore,
they also acknowledged the role of other task aspects, ranging from perceptual demands to
cognitive variables. So, it can be concluded that blink rate can be considered as an index of
aspecific energetical resources.
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2.3.7 Endocrine responses

With regard to hormones in relation to aspecific energy mobilization or mental effort,
catecholamines and cortisol are frequently used as indices of the psychophysiological state
of    a    subject    (e.g. Van Ouwerkerk & Waterink,     1989).    From the catecholamines,
noradrenaline and adrenaline have been used in research regarding workload in relation with
the supposedly invested effort (e.g. Frankenhaeuser,   1981, 1983; Ursin,   et  al.,   1978).   In
similar studies, noradrenaline correlates strongly with physical effort and adrenaline with
mental effort (e.g. Johanson  et  al.,    1978 ; Mulders  et  al., 1982). Excretion of cortisol   has
been related to the experience of negative emotions (Frankenhaeuser & Johanson, 1986;
Dienstbier, 1989). Regarding the excreted catecholamines and cortisol, Frankenhaeuser and

Lundberg (Frankenhaeuser, 1980; Lundberg & Frankenhaeuser, 1980) have distinguished two
situations. One situation is called effort without distress   and the other effort with distress.
During the first situation subjects are supposed to have exerted effort without negative

feelings, and during the second situation subjects are supposed to have exerted effort
accompanied by negative feelings. On the hormonal level, during the effort without distress,
there was excretion of catecholamines, and a suppression of the excretion of cortisol, and
during effort with distress there was excretion of both catecholamines and cortisol. These  two
situations resemble two biobehavioral states, 'mental load' and 'stress', which have been put
forward by Gaillard and Wientjes (1994) to explain why extra energy mobilization improves
performance efficiency  in the first state,   but  not  in the other.

2.3.8 Muscle activity

Changes in tension of muscles can be detected by measuring muscle fiber action potentials,
a technique called electromyography   (EMG). EMG activity   can be recorded either   by
inserting needle electrodes in a muscle or by placing surface electrodes on the skin above a
muscle.    The last method is relatively easy, friendly towards subjects    and is therefore
preferred over the use of needle electrodes. The EMG signal is the electrical manifestation
of the neuromuscular activation associated  when the muscle contracts. It represents the major

changes in voltage that occur whenever muscle fibers are being activated by their
motoneurons. Motoneurons which innervate skeletal muscles are located   in the spinal  cord
and those innervating facial muscles are located  in the brainstem. The range in voltage  at  the
surface  of the skin extends  from  zero to several hundred ;tv (Fridlund & Cacioppo,   1986).
The EMG signal not only indicates the start and end of muscular activity but it also reflects
the   number of active motor units   and the frequency at which   they   fire. The range   of  the
frequency is from several Hz to about 500 Hz (Van Boxtel et al.,  1984).

In human tissue, the amplitude of a muscle fiber action potential is dependent on the diameter
of the muscle fiber, the distance between the active muscle fiber and the recording site, and
the filtering properties of the electrode. A single motoneuron with its axon connected to
muscle fibers is called a motor unit. Since the depolarization of muscle fibers of one motor
unit overlap in time, the resultant signal present at the recording site will constitute a spatio-
temporal summation of the contributions of the individual muscle fiber action potentials. The
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resultant is called the motor unit action potential (MUAP). The shape and amplitude of the
MUAP are dependent on the geometric arrangement of the active muscle fibers with respect
to the electrode site as well as all the previously mentioned factors which affect the muscle
fiber action potentials (cf. Basmajian,  1979).

Early studies have found increased EMG activity during imaging and thinking (Max, 1937),
and during muscular and mental work (Courts, 1942). From an often cited study of
Wilkinson (1962), where the rise in EMG activity during performance of an arithmetic task
by sleep-deprived subjects was the highest in subjects who did the task most satisfactorily,
it can be concluded  that EMG activity reflects  the  use of compensatory energetical resources.
This kind of increasing EMG activity has been denoted an EMG gradient (Malmo, 1965).
The EMG gradient refers to a progressive rise in tonie EMG activity from the beginning to
the completion of the task. The idea is that the steeper the gradient, the stronger is the
involvement  of the subject  or the stronger the mobilization  of energetical resources.

Although muscle activity has not been recommended as a simple diagnostic measure of
mental workload (0'Donnell & Eggemeier,  1986), a special section will be devoted to facial
muscle activity   in  the next paragraph, arguing  for the opposite.

2.3.9 Facial EMG activity

Studies investigating the time course of facial muscular activity during psychological tasks
have usually found gradually increasing EMG activity, or EMG gradients, throughout the
task   period. EMG gradients in facial muscles   have been found during attentive listening
(Bartoshuk, 1956; Wallerstein, 1954), mirror drawing (Bartoshuk, 1955a, 1955b) tracking
tasks (Surwillo, 1956), simple reaction time tasks (Eason & Dudley, 1971), and during
performance of video games (Svebak,  1982, 1986; Svebak et al., 1981). However, all these
studies only investigated   one   or two facial muscles.    In   our own laboratory, a systematic
investigation has been started On the mobilization of energetical resources in relation to EMG
activity of six different facial muscles. In one experiment (Van Boxtel & Jessurun, 1993),
using a serial, visual two-choice reaction task, a maximal processing load or work rate was
initially established   in a training period. This maximal   load was defined   as the stimulus
presentation rate at which the subject did not exceed a small, pre-established percentage of
erroneous responses. During the experiment, subjects worked for 20 minutes at their maximal
processing loads. This task period was preceded and followed by a resting period of 10
minutes duration. It was expected that the degree of mental effort invested would be reflected
in some facial muscles. The experiment showed that EMG activity of frontalis, corrugator
supercilii, and orbicularis oris inferior gradually increased throughout the task period (EMG
gradients). Task performance remained at a fairly stable level. Orbicularis oculi, zygomaticus
major, and temporalis EMG activity showed a much smaller increase or no increase. In a
second experiment of the same study, using  the same setup, processing  load or work rate was
stepwise increased from a submaximal responding rate (40% of maximal load) to a
supramaximal responding  rate  (140 % of maximal  load).  In this experiment, EMG activity
of frontalis, corrugator supercilii, and orbicularis oris inferior increased stronger over time

13



Chapter 2

as compared to the first experiment. Task performance declined when responding rate was
over 100%. Orbicularis oculi and zygomaticus major  were not active until  the  work  rate
exceeded the maximal load. The conclusion of these experiments was that EMG activity of
frontalis, corrugator supercilii, and orbicularis oris inferior can be regarded as an index of
the  degree of exerted mental effort (aspecific energetical resources).

The next study (appendix A), using the same setup as the two experiments mentioned above,
investigated if there was a synchrony between the course of task performance and EMG
gradients during sustained information processing.   For this experiment the serial visual  two-
choice reaction task was presented in a self-paced mode, because during serial self-paced
tasks   work rate usually decreases during the course   of  the   task   (see also section   3.3.5)
Within a cognitive-energetic perspective, a decreasing task performance should be
accompanied by a smaller need for compensatory mental effort. Regarding work rate,
subjects either showed a decreasing speed or a more or less stable speed. Percentage correct

responses remained constant for both groups. Subjects with stable work speed, comparable
with the first experiment of Van Boxtel and Jessurun (1993), showed a gradual increase in

EMG activity throughout the task period for frontalis, corrugator supercilii, and orbicularis
oris inferior. In subjects with a decreasing work speed, EMG activity of frontalis, corrugator
supercilii, and orbicularis oris inferior, first increased but later passed into a decreasing trend

towards  the  end  of the task period. These results were interpreted as further support  for  the

hypothesis that tonie EMG activity of frontalis, corrugator supercilii, and orbicularis oris
inferior is related to the degree of exerted mental effort.

However, the three experiments could not make clear whether EMG activity of the three

facial muscles indeed reflected mental effort, Or that it reflected the mobilization of specific

energetical resources, triggered by specific aspects of information processing. This aspect

was the main question of this thesis, and was tested within the framework of a linear

cognitive-energetical stage model of information processing (see chapter  3).
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A LINEAR STAGE MODEL OF INFORMATION PROCESSING

3.1   Introduction

Information processing can be seen as a sequence of different computational processes,
usually started   by a reaction stimulus and stopped   by a motor response. The subtraction
method of Donders (1868/1969) was used for a long time to investigate the duration of these

computational processes or stages (see section  1.1),  but the method was subject to criticism
from the very beginning. One major criticism was that changing the experimental task often
produces a qualitative change in the nature of the task rather than the intended quantitative
change. However, the subtraction method certainly has encouraged research in information
processing. Smith (1968) reviewed a great number of these experiments, from which he
distinguished a number of transformations or processing steps: stimulus encoding, stimulus

preprocessing, identification, response choice, and response execution. Nonetheless, the main
impetus on discovering computational stages has been given by Sternberg (1969) with his
Additive Factor Method    (AFM).    The AFM assumes that processing of information
incorporates a sequence of independent processing stages. Each stage receives an input  from
the preceding stage, transforms   it and passes   it   on   to   the next stage. An important point
within the AFM is that the transformation, which occurs at each stage, is assumed to be
independent of the duration of any previous stages. Furthermore, the method dictates that if
different experimental manipulations affect separate stages, they will produce independent
effects on total processing time. In other words, they produce additive effects. If
manipulations affect at least one common stage, the effect will be an interactive one. From
the AFM it is possible to derive the existence of stages as well as their mutual relations and
the    structure    of the stage sequence.     The main difference between    the    AFM    and    the

subtraction method is that the AFM method does not lead to the measurement of the duration
of a  stage,  but  only  to its discovery.

The task used by Sternberg (1967, 1969), to discover processing stages, was a character-
classification memory task. By means of this task he tried to discover some of the processing

stages by considering whether task variables had independent effects on reaction time. A
subject was first required to memorize a set of characters. Then a test stimulus was
presented,  and the subject  had to compare  the test stimulus  with the memorized character  set.
He or she had to give, as fast as possible, a positive reaction when the test stimulus matched
one of the items in the memorized set, and a negative reaction when it did not. Using
different experimental variables, Sternberg (1969) discovered different processing stages.  The
first stage of processing was called stimulus encoding. He found that this stage was affected

by stimulus quality. The next stage was serial comparison, which was affected by the size
of the memorized character set. The third stage was binary decision, affected by response
type.    In   the last stage response translation and organization took place. This stage   was

affected by relative frequency of response  type.
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3.2 A linear stage model of information processing

The AFM of Sternberg (1969) has been elaborated by Sanders (1980, 1983). He combined
energetical aspects (see chapter 2) with computational aspects, leading to a linear cognitive-
energetical stage model of information processing  (see  Fig.   3.1). This model postulates  a
number of computational stages with particular task variables selectively affecting the
processing    time    of a particular stage. The first computational stage is called stimulus
preprocessing   and is known  to be affected by signal intensity. The second stage is called
feature extraction and is known to be affected by signal quality. The next stage, response
choice, is known to be affected by S-R compatibility, and the last stage called motor
adjustment is known  to be affected  by time uncertainty. The names given  to the stages   are
arbitrary, but the accompanying task variables all have shown additive effects in at least two
studies (Sanders,    1980).   It is assumed  that the duration of processing   in a stage is affected
by the state of the subject, and by the computational task demands; furthermore that these
state effects only occur to the extent that active processes play a role in the cognitive
operations  in a stage (Sanders,   1983).

evaluation
EVALUATIONmechanism

A                            A
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mechanisms

;  „OU: i. . -11-1

ACTIVATION                  A
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Figure    3.1 The linear cognitive-energetical stage model of human information
processing and stress, after Sanders (1983).

According to the model of Sanders (1983), the processes involved in different computational
stages in the information processing system draw upon three different energetical resources.
These energetical resources are called arousal, effort, and activation,   and are coupled   to
input, central, and output processing stages, respectively. The three energetical resources
show a striking resemblance with the neurophysiological conceptions of Pribram and
McGuinness  (1975). The operations  in the stimulus preprocessing stage are thought  to  be
automatic and therefore do not require a separate energetical resource (Sanders, 1983).

17



Chapter 3

The efficiency by which information is processed in a specific computational stage depends
on the working state  of the coupled energetical mechanism. This efficiency  is  poor  when  the

working state is either suboptimal (shortage of specific energetical resources) or supra-
optimal (overabundance of specific energetical resources). Both circumstances, noticed by
a higher cognitive evaluation mechanism by means of feedback, can be compensated through
the above mentioned effort mechanism (aspecific energetical resource), which therefore  has
a twofold function in the model of Sanders. First, as a specific energetical mechanism for
cognitive processing and second as a controlling and coordinating mechanism for arousal and
activation. The evaluation mechanism also receives feedback from the task performance, and,
when necessary, can change the output of performance by mobilizing aspecific energetical
resources through the effort mechanism. The evaluation mechanism is comparable with the
upper mechanism of Broadbent (1971) and the resource allocation mechanism of Kahneman
(1973). The evaluation mechanism can be influenced by motivational factors like reward  and

knowledge of results.

Since the introduction  of the model, more computational stages   have been suggested   (e.g.
Spijkers, 1989). Nonetheless, the AFM has been criticized from the very beginning. A main
critic concerns the successiveness of the processing stages (Eriksen & Schulz, 1979;
McClelland, 1979; Posner,  1978; Smid et al.,  1991). It was argued that processing in a stage
does   not   have   to be completed before processing can start   in a subsequent stage. Miller
(1988) and Sanders (1990), however, provided several arguments in favor of the discrete
stage model. They argued  that (a) continuous and discrete transmission may occur within  the
same model but that this does not invalidate the AFM as long as there is at least one point
of discrete transmission in the information flow, (b) seemingly overlapping stages may in fact
constitute parts of the same stage, (c) continuous transformation or transmission of
information within a single stage does not invalidate the AFM, and (d) the physiological
evidence proposed in favor   of the existence of overlapping stages contains several flaws.
Although the debate about discrete versus continuous information processing models has to
be kept in mind, it is not within the scope of this thesis. The original stage model of Sanders

(1983) was used as a framework for this thesis, merely for selecting the most appropriate
task  variables (see section  3.3).

3.3 Experimental task variables

As was already mentioned before, three task variables were chosen to be manipulated in this
thesis. These were: stimulus degradation, stimulus-response (S-R) compatibility, and force
production speed, affecting input, central, and motor processing stages, respectively.   Each
task variable was investigated in a separate experiment. Furthermore, in each experiment
effects were studied of monetary reward and time-on-task. Both factors are strongly related
to the (re)-allocation of effort.
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3.3.1 Stimulus degradation

One way to degrade visual stimuli is to superimpose irrelevant visual material on top Of the
stimuli, for example, a checkerboard pattern (Blackman, 1975; Everett et al., 1985; Maisto
& Baumeister, 1975; Sternberg, 1967), a dot (grid) pattern (Hellige, 1980; Miller & Anbar,
1981; Kok, 1986; Shwartz et al.,  1977), or a pattern of nonsense shapes (Frowein,  1981;
Frowein & Sanders, 1978; Sanders, 1980). Investigators using this kind of method all found
that  degradation of visual stimuli increased reaction time significantly.

The first technique has been used in the first experiment described in this thesis (see chapter
6), where degradation of visual stimuli has been accomplished by superimposing different
checkerboard patterns (see Fig.  4.5  for an example), resulting into three task difficulty levels:
no degradation, moderate degradation, and strong degradation (see section 4.2.2.1  fur more
information).

3.3.2 Stimulus-Response compatibility

Concerning S-R compatibility, a distinction can be made between symbolic and spatial S-R
compatibility. The latter is based  on the location correspondence between the position  of the
reaction signal   and the response. The former, manipulated   in the second experiment   (see
chapter   7), is based   on the symbolic correspondence between stimulus and response.    In
general, S-R compatibility can be regarded as a variable which is related to the speed of
translating information. When a stimulus is incompatible with the response, additional
cognitive processing is needed to select the appropriate response, resulting in a longer
reaction time. Consequently, it has frequently been found that reaction time increases with
decreasing compatibility between stimulus and response (for an overview see Proctor &
Reeve, 1990). For the S-R compatibility experiment performed for this thesis, there were
three levels   of task difficulty,   that is compatible   (or "not incompatible"), moderately
incompatible, and strongly incompatible (see section 4.2.2.2).

3.3.3 Force production speed

When responses upon a reaction stimulus are isometric contractions up to a fixed force level,
as in the experiments performed for this thesis (see for the procedure section 4.2.1), reaction
time decreases as a function of increments of the rate of force production. This aspect has
been put forward by Carlton   et   al.    (1987). In three experiments they investigated    the
relationship between reaction time and response dynamics by measuring the force
characteristics (duration of force production, peak force level and rate of force production)
during an isometric finger-press task under varying task constraints. From these experiments
they observed a negative relation between reaction time and the rate of force production,
independently   of force duration   and peak force (Carlton   et   al., 1987). Recently, a study
investigating slow brain potentials used a setup where responses were isometric contractions
up  to a fixed force level.  In that experiment, the force production speed  up  to the fixed force

19



Chapter 3

level  (15 %  of the maximum voluntary force) was varied (Van Boxtel et al., 1993). Subjects
had  to  make two types of responses: fast contractions  and slow contractions which  had  to  be
about twice  as  slow  as fast contractions. Delayed reaction  time  and more errors were found
when   subjects   had   to   make slow contractions. The conclusion   of that study   was   that   this
effect could, at least partly, be explained by peripheral mechanisms inherent to the
mechanical muscular response. Nevertheless, Carlton et al. (1987) showed that force duration
manipulation had significant effects on central response latency.

3.3.4 Monetary reward

Incentives and even punishment have shown to shorten reaction time (Woodworth &
Schlosberg, 1958). Within this scope, monetary reward can be seen as a motivational factor
leading to an increase in performance or to a lesser decrease. In the model of Sanders
(1983), monetary reward  can influence  task performance through the evaluation mechanism
by  mobilizing more effort  (see  Fig.  3.1).

3.3.5 Time-On-Task

Within long-term repetitive task , performance can deteriorate as a function of time-on-task
(Jansen, 1990; Mackworth, 1964; Sanders, 1983). For example, Bills (1931) found an
increasing rate of incidental long reaction times, due to so-called mental blocks, as a function
of time-on-task. However, effects of time-on-task seem to be diminished when subjects are
more practiced (Sanders & Hoogeboom, 1970). Regarding sustained information processing
tasks, a difference can be made between externally paced tasks and self-paced tasks.
Externally paced tasks provide less control  of the subjects compared to self-paced tasks.   As
opposed to externally paced tasks, subjects are able to control their work rate in accordance
with their energetical state during self-paced tasks. In general, performance shows    a
substantial decline during sustained self-paced tasks (Bills, 1931; Bertelson & Joffe,   1963;
Wilkinson, 1963). In such cases, response rate decreases and frequency of errors and mental
blocks increases.

Sanders (1983) considered time-on-task a motivational variable, because of indications  that
an initial fast decline of task performance during vigilance tasks and during self-paced tasks
is not caused by fatigue, habituation, or monotony, but is due to an over-investment of effort
at the beginning of a task. This extra investment of effort does not last long, resulting into
a gradual decline of task performance. Keeping up performance over a long time depends on
the role of the evaluation mechanism, for example via knowledge of results. However, time-
on-task  has  also been regarded  as a state variable (e.g. Gaillard,   1988).
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3.4 Introduction to the experimental procedure

Effects of the three experimental task variables, monetary reward and time-on-task, were
studied in three different experiments with task performance (reaction time, percentage
correct responses, and force production speed), the extent of subjective mental effort (by
means of a rating scale; RSME, Zijlstra, 1994), tonie EMG activity of six facial muscles

(frontalis, temporalis, corrugator supercilii, orbicularis oculi, zygomaticus major, and
orbicularis oris inferior), and tonie heart  rate as dependent variables. Besides effects on tonic
physiological responses, effects  of the three task variables and monetary reward   were   also

investigated on phasic responses  in EMG activity, heart  rate, and respiration occurring prior
to the presentation of the reaction stimulus. This aspect was studied within the context of a
warned reaction time paradigm, which is introduced in the next section.

3.5 Sl-S2 paradigm

When a subject knows beforehand that a reaction stimulus will appear in the near future, and
also knows what kind of response has to be made. he or she can more or less prepare for it.
Reaction time then takes about 200 ms, and is referred to as simple reaction time. In general,

reaction time increases with increasing number of choices and responses,  and is then referred

to as choice reaction time (see Keele, 1986, for an overview). When preparation is controlled
as in a warned reaction time paradigm with a constant foreperiod, reaction time becomes
faster (e.g. Sanders, & Wertheim, 1973; Teichner, 1954; Woodworth & Schlosberg, 1958).
Within this paradigm, a warning signal (Sl) is used providing information about the timing
of the expected reaction or imperative signal (S2). However,    Sl   can   also   be   used   as   a
warning signal and at the same time have a cue function, that is, containing information
about features  of S2, and/or the associated response  (see for example, Van Boxtel,   1994).

Within an  S 1-S2 paradigm  one  can also study (phasic) preparatory physiological processes.
Phasic preparatory physiological processes during the interval  from the onset of S 1  up to  the

presentation of S2 are usually obtained by averaging procedures, where unrelated
physiological activity averages out. Following Pribram and MeGuinness (1975), at least two

separate neural regulatory energetical mechanisms  are  at work during preparatory processes.
The first mechanism regulates a process called arousal, and is associated with phasic
physiological responses to environmental input stimuli. The arousal mechanism should be
activated   when   S 1   or   S2 is presented. The second mechanism regulates a process called

activation, which maintains a tonie readiness for action. This process should occur after  S 1

up  to the moment  of the response.

3.5.1 Preparatory physiological processes investigated in this thesis

In the current study preparatory physiological processes were studied prior to reaction signals
using different task variables affecting different computational processes. Facial    EMG
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activity, heart   rate, and respiratory activity   were    used to measure the extent    of   the
mobilization of energetical resources. Most of these physiological measures have been used
in investigations of others studying preparatory processes.  Some of these results are discussed
in  the next sections.

3.5.1.1 Heart rate

Heart rate shows a typical tri-phasic response pattern within the interval between Sl and S2.
After a small and brief deceleration following Sl an acceleration takes place, followed by a
pronounced deceleration that reaches its nadir at some point in time near the response to S2
(e.g. Bohlin & Kjelberg, 1979). In situations where the foreperiod is not long enough, it is
possible  that the first acceleration cannot fully develop (Lacey & Lacey,   1970),   or  that  the
second deceleration does not show up (Van der Molen, 1981). The first deceleration has been
considered as part of an orienting reflex (e.g. Hart, 1974), and the subsequent acceleration
as  a  reflection of energy requirements  of the anticipated task (e.g. Chase et al.,  1968,  but
see Brunia & Damen, 1985), or as an index of information processing and decision making
(Coles & Duncan-Johnson, 1975). However,  in a review of Bohlin and Kjellberg  (1979),  it
was concluded that none of these explanations is sufficient to account for the data available
in the literature. Other processes have been attributed to the deceleration up to $2 such as
a general somatic inhibition pattern (Obrist et al., 1969), attention requirements (e.g. Coles,
1974), attention and motor preparation (e.g. Brunia, 1984), holding available of processing
capacity (e.g Jennings, 1986), active timing of the moment of presentation of S2 (e.g. Van
der  Molen  et  al.,   1987), and selective anticipatory attention (Putnam, 1990; Damen  &
Brunia, 1987)

3.5.1.2 Respiration

Systematic experimental research of respiratory activity within  an  St -S2 paradigm  has  not
been performed. However, some studies have recorded respiration together with heart rate;
subjects tended  to show expiratory activity during the foreperiod (Jennings  et  al.,  1971;
Obrist, 1968). In a more practical application, resembling an Sl-S2 paradigm, preparatory
respiratory activity   has been recorded during   ri fle shooting. This study demonstrated   that
subjects show expiratory activity during the pre-triggering period (e.g. Konttinen    &

Lyytinnen, 1992).

3.5.1.3 Facial EMG

With regard to facial muscles, EMG activity of perioral/suprahyoid muscles (mostly denoted
as the 'chin' muscle) was traditionally studied in a warned reaction time task, where it was
found that activity was inhibited during the foreperiod (Coles & Duncan-Johnson,   1975:
Haagh & Brunia, 1984; Jennings et al., 1971; Obrist et al.,  1969, 1973) Recently, a study
was performed where EMG responses were recorded during a warned simple reaction time
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task from a large group of facial, masticatory, and neck muscles (Van Boxtel et al, 1996)
Some of those muscles were also studied in the three experiments for the current thesis.
During the last 3 s of the warning interval, inhibition in EMG activity was found for
orbicularis oculi, zygomaticus major, masseter, temporalis, and mylohyoideus. For two facial
muscles, corrugator supercilii and orbicularis oris, an increase in EMG activity was found
during  the  last  3   s  of the foreperiod.

3.6 Expected effects

Increasing   the task difficulty of stimulus degradation, stimulus response compatibility,   or
force production speed, that is increasing the load of a specific computational process, should
lead to longer reaction times. According to the assumptions of the AFM logic, the proportion
of correct responses should remain constant across the task difficulty levels for each of the
investigated variables. However, regarding   this last point, smaller proportions of correct
responses across increasing task difficulty levels have been found in other experiments, for
example, for stimulus degradation (e.g. Steyvers, 1987), S-R compatibility (e.g. Smulders,
1993), and force production speed (e.g. Van Boxtel et al.,  1993).

Overall task performance was expected to deteriorate during the course of the experiment.
However, this effect of time-on-task, for example due to fatigue or loss of interest, might be
compensated through mental effort, which was predominantly expected in the group where
subjects were encouraged to perform better by giving them monetary reward. Finally,
monetary reward should also improve the overall level   of task performance, also through
mental effort.

Within a choice reaction time paradigm, physiological indices of energy mobilization can be
investigated on both a phasic and a tonie level. In the current study, the phasic level refers
to the foreperiod,   and a tonie level refers to physiological responses within trial blocks   or
across a number of trial blocks. Both phasic   and   tonie physiological responses    can   be

regarded as an index of the mobilization of specific energetical resources if a main effect of
one or more computational task variables is found on the amplitudes of these responses.
Tonie physiological responses within or across trial blocks can be regarded as an index of
the mobilization of aspecific energetical resources if they are affected by monetary reward
and time-on-task. Phasic responses during the foreperiod can be regarded as an index of the
mobilization of aspecific energetical resources if they are affected by monetary reward.
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GENERAL METHODOLOGY

4.1  Introduction

This chapter presents an overview of the way in which the experiments were executed, the
way in which task performance, subjectively perceived mental effort, and physiological data
were acquired and processed, and how the statistical analyses were realized on these data.

4.2 Experimental task

All   experiments were carried   out   in an electrically shielded, sound-proof, dimly lighted
room. Subjects were seated in a comfortable reclining chair with supports for hands, arms,
legs,    and    head    (see    Fig.    4.1) . The experimenter was seated    in   a room adjoining    the
experimental room. Instruction to the subject was presented by means of an intercom-system.
All  subjects  (see also section  4.3) were recruited  on the university campus,  and  were  paid
for their participation.
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Foto: Ben Bergmans (KUB)

Figure 4.1 Subject in reclining chair in the experimental room.
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Pre-warned four-choice reaction time tasks    were    used    in all experiments. A specially
developed program written in the programming language TURBO-Pascal, running on an IBM
Personal Computer (PC) with a 80286 processor, situated in the experimenter room, was
used for generating stimuli and recording responses.
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Figure 4.2 A) Graphical representation of a trial with AD-conversion times, B)
presented trial blocks   (T)    with rest periods   (R), C) averaging procedures    fur   task
difficulty levels and presentation order.
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4.2.1 General outline of choice reaction time task

A reaction time trial (see part A of Fig. 4.2) started with an auditory warning signal (WS)
of 1000 Hz (60 dB (A)), lasting 400 ms from onset of the rise time (25 ms) till onset of the
fall  time  (25 ms). Warning signal onset  was four seconds later followed  by a reaction signal
(RS), presented for 1500 ms and consisting of three letters (see for an example Fig. 4.5).
The size of a reaction signal was about 4.5 cm high and about 12 cm wide. The color of the
reaction signal was white against a black background. Reaction signals were presented on a
14 inch graphic color monitor, which was placed at eye level 1.50 m in front of the subject.

The first letter of RS was an R or L, representing respectively the right or the left hand. The
second letter was a D or V, representing respectively thumb (abbreviation of Dutch "Duim")
or index finger (abbreviation of Dutch "Vinger"). A third letter was used for the type of
response which had to be made upon the presentation of a reaction signal. In every case, a
subject had to make an isometric flexion on a force transducer with one of the four fingers
mentioned before. Four force transducers, one for each finger, with a maximum capacity of
20 N were used to register the executed forces. The force transducers were mounted in
specially designed response-manipulanda (see Fig. 4.3), one for each hand. These
manipulanda were constructed to avoid displacements of hand and fingers as much as possible
and thus to obtain near-isometric contractions of thumb and finger muscles.
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Figure 4.3 Response manipulanda.
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For every response, a subject had to generate a peak force up to a predetermined force level
(target force). The target force   was   set   at  20 %   of the maximal voluntary force   (MVF)  of
each participating finger (see section  4.4.1). The speed at which the target force  had  to  be
reached, also called the force production speed  (FPS), was indicated by the third letter of RS.
This letter was an S (abbreviation of Dutch "Snel"), meaning that the target force had to be
reached as quickly as possible. The nominal speed at which the target force   had   to   be
realized was set at 80 ms, with tolerance limits of minus and plus 80 ms around the nominal
value. There   were no limits regarding the exerted peak forces. However, subjects   were
instructed during the training and experimental sessions not to exert peak forces too far over
the  20%  MVF.  In one experiment, reaching  the  FPS was manipulated (see section 4.2.2.3).

A reaction signal was followed by a waiting period of 1000 ms. After the waiting period, the
subjects always received knowledge of results (KID, lasting  for  1500  ms.  The time between
two subsequent trials (inter-trial-interval  (ITI))  was   1,   2  or 3 seconds, and trials   were
presented in blocks of sixty trials  (see  also  part  B  of  Fig.   4.2) .

One second before the warning signal there was a baseline period (B) for the AD-conversion
of the force responses (see part A of Fig. 4.2). These responses, that is the output of the
furce transducers, were first pre-amplified 10 times in the experimental room, and then
amplified 100 times in the experimenter room, after which they were sampled with an AD-
converter at a rate of 1000 Hz and stored on the disk of the same PC which also was used
for  generating the reaction signals. The averaged value  of the baseline period  was  set  as  0 %
MVF.
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Norm line
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Figure 4.4 Example of a graphical representation of a response, superimposed on a
norm line with a fixed force production speed (FPS) and the criterion force level of
20% maximal voluntary force  (MVF).
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The AD-conversion of the force responses started with the presentation of a reaction signal
and lasted 1700 ms (see part A of Fig. 4.2.). A response was recorded as correct (a valid
trial) when the correct digit was chosen, and furthermore, response initiation (reaching the
5 %  MVF level) occurred later than 200 ms but within  1500 ms following the beginning of
the reaction signal. The AD-conversion of force responses lasted  200 ms longer  then  the
presentation  time  of a reaction signal. The extra  time was needed to check  if the target force
(20 %   MVF) was reached for responses initiated just before  the  end  of the presentation  time
of a reaction signal. Reaction time was defined as the time from onset of a reaction signal
until the moment  when  the  5 % MVF level was reached.   The  FPS  was  calculated  as  the
difference in time between reaching the 5% MVF level and the 20% MVF level (see Fig.
4.4).

The knowledge of results (KR) signal after completion of a response was either a graphical
representation  of the response  (see  Fig.  4.4)  or a text message (see Table 4.1). A graphical
representation of the response was presented when the response was made with the correct
finger  and  the  5 %  MVF was reached. This representation colored green  if the target force
was reached, but it was colored red when the target force was not reached or when the FPS
exceeded the upper boundary  (160 ms).  A text message was given when the response  did not
fulfil the criteria just mentioned (see table 4.1).

Table 4.1 Possible error-messages

responding with wrong digit => WRONG FINGER

responding with more than one digit = >     MORE THEN 1 FINGER

response initiated after   1500 ms following RS = >      REACTION TOO LATE

response initiated within 200 ms following RS = >     REACTION TOO SOON

no  response or response not reaching  the  5% = > NO REACTION
MVF level

4.2.2 Task difficulty variables

Three experiments were performed, and in each experiment the difficulty level was
manipulated, by varying a different experimental task variable. Three different levels of
increasing task difficulty were used: a low task difficulty level, a moderate task difficulty
level, and a high task difficulty level. Each difficulty level was presented in trial blocks, and
there were two blocks fur each level (first presentation and second presentation).

In the first experiment, the experimental task variable was degradation of the visual reaction
stimulus, in the second experiment the experimental task variable was semantic stimulus-
response (S-R) compatibility, and in the third experiment the experimental task variable was
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force production speed. For all experiments, difficulty of one variable was varied, while
difficulty of the other two was kept constant.

4.2.2.1 Stimulus degradation

In the visual degradation experiment, reaction signals were not degraded for the low task
difficulty level, moderately degraded   for the moderate task difficulty level, and strongly
degraded for the high task difficulty level. An example of this manipulation can be seen in
Fig. 4.5.

RDS 0 *  0*
No degradation Moderate degradation Strong degradation

Figure 4.5 Example of stimuli (indicating execution of a response with the right thumb
which should reach the target force as quickly as possible) which were not, moderately,
and strongly degraded.

4.2.2.2 Stimulus-Response compatibility

In the S-R compatibility experiment, there were also three different task difficulty levels:
compatibility  (or "n o incompatibility " ) , moderate incompatibility, or strong incompatibility.
During the no incompatibility condition the meaning of the letters of the reaction signal was
normal (see section 4.2.1). During the moderate incompatibility condition, subjects  had  to
translate L (left hand) to right hand, and R (right hand) to left hand. During the strong
incompatibility condition, subjects had to translate LV (left index finger) to right thumb, LD
(left thumb) to right index finger, RD (right thumb) to left index finger, and RV (right index
finger)  to left thumb.

4.2.2.3 Force production speed

In the force production speed experiment, the third letter of the reaction signal was besides
the S. standing for a fast FPS (abbreviation of Dutch "Snel"), an M or T, respectively
standing  for a moderate FPS (abbreviation of Dutch "Matig")  and  a  slow FPS (abbreviation
of  Dutch " Traag " ) . As noted before,   the  FPS   is  the  time  from the point  of  5% MVF until
20% MVF (see also Fig. 4.4).
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The nominal FPS for the moderate task difficulty level was set two times slower compared
to the averaged fast FPS gained during the first trial block of the training session (see section
4.4.1), which was used as a nominal speed  in the low task difficulty level.  For the high task
difficulty level the nominal FPS was set three times slower (see also Fig. 4.6).

The graphical representations, that is KR, of the executed responses were colored green when
responses were correct and red when target forces were not reached (see also section 4.2.1)
Only for the force production speed experiment, the graphical representation of the response
was colored yellow when FPS was either too fast or too slow. A FPS was too fast in the low
task difficulty condition  when  it was shorter  then the nominal  fast FPS minus  40 %.   For  the
moderate task difficulty condition it was the nominal moderate FPS (2 times the nominal fast
FPS) minus 35 %,  and  for the high task difficulty condition  it was  the nominal  slow FPS (3
times the nominal  fast FPS) minus  30%.  A  FPS  was  too  slow  in  the  low task difficulty
condition  when  it was longer  then the nominal  fast  FPS  plus  40%,  for the moderate  task
difficulty condition  it  was the nominal moderate  FPS  plus  35 %,   and  for  the  high  task
difficulty condition  it was nominal  slow  FPS  plus  30 %.

50

peak force

Norm line
20 /F>fi \

k
:E
f

5

reaction time-«:./
0                                                                                            1500

Time (ms)

Figure 4.6 Example of a performed force response for each task difficulty level,
superimposed on a norm line with tolerance limits for each nominal FPS, and with
durations of reaction  time  and  FPS.
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4.2.3 Measures of task performance and subjective mental effort

As mentioned before, the reaction time is the time from the onset of the presentation of the
reaction signal up  to the moment where  5 %  of MVF was exceeded,  but was recorded valid
when the target force  was also realized  (see Fig.  4.4).  For all experiments,  the  FPS had  also
to  be  within the correct ranges (see section 4.2.1 and section 4.2.2.3).

150  -

140

130

120  -

awfully effortful

(ontzettend inspannend)
110

very much effortfull
100 ·

(heel erg inspannend)

90
very effortful

(erg inspannend)
80  -

pretty effortful
70 -

(behoorlijk inspannend)

60 rather effortfull

(tamelijk inspannend)

50  -

40  · slightly effortful

(enigszins inspannend)
30

a little effortful

(een beetje inspannend)
20

hardly effortful

10 · (nauwelijks inspannend)

not at all effortful

0 - (hetemaal niet inspannend)

Figure 4.7 Rating Scale Mental Effort.

Because of a sampling rate of 1000 Hz, the resolution for the reaction time was 1 ms.
Reaction time (RT) scores of valid trials were averaged per trial block. The number of valid
trials within a trial block was expressed as a percentage of the total number of presented
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trials and is called the percentage correct response (CR) scores. The third performance
measure was FPS (see section 4.2.2.3).  FPS is not a performance measure like reaction time
or correct responses, but is merely used to control for the effectiveness of the manipulation
of the task variable in the force production speed experiment.

For measuring the subjectively perceived mental effort, the Rating Scale Mental Effort
(RSME; Zijlstra, 1994) was used. The RSME can be seen in Fig. 4.7. This scale has
verbally labelled anchorpoints, with values which have been determined by means of the
technique of magnitude estimation (Zijlstra, 1994). Within this context, subjectively
perceived mental effort is seen as a mediating mechanism between task load due to the task
demands and the capacity and motivation of the executor of the task. Subjects are instructed
to reflect their experienced mental effort, after performing a task, by putting a line or a cross
on the vertical line at a point corresponding to their subjectively perceived level of mental
effort. Studies using the RSME (reported in Meijman et al.,  1986), have shown significant
correlations between RSME scores and changes in physiological parameters such as
adrenaline excretion rate (r = .57), systolic blood pressure (r = .46), and heart rate (r =
.60). Furthermore, systematic relations with various task difficulty levels and also relations
with task performance measures like reaction time have been found (Zijlstra, 1994).

4.3 Subjects

In  total, 120 subjects participated   in the three experiments,   that  is 40 different subjects   in
each experiment. Within each experiment, there were 20 female and 20 male subjects. Half
of them were motivated to better task performance by means of monetary reward. This
group, the reward group, was compared with subjects from the control group who did not
get monetary reward. Money could be earned or lost after each trial block on the basis of
both averaged reaction  time and averaged percentage correct responses. When performance
improved compared to the performance of the preceding trial block of the same condition,
subjects earned f  1,- for either criterion.  When it worsened,  they lost f  1,-.  When it did not
change, subjects did not lose or earn anything. The task performance of the first three trial
blocks of the experiment was compared to the scores of the last three relevant trial blocks
of the training session.

For the stimulus degradation experiment, the mean age was 22.00 years (SD 2.49 years) for
the control group and 22.70 years  (SD 5.21 years)  for the reward group. Regarding  the  S-R

compatibility experiment, the mean age of the control group was 22.30 years (SD 2.60 years)
and 20.60 years (SD 5.21 years) for the reward group. With regard to the force production
speed experiment,  the mean age  was 22.15 years  (SD 2.70 years)  for the control group and
20.85  years  (SD 1.63 years)  for the reward group.
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4.4 Experimental procedure

4.4.1 Training session

All subjects were trained one day before the experimental session. At the training session,
the subjects were first informed about the experimental task, whereafter the maximal
voluntary force    (MVF) was determined.    MVF was determined   for   each   o f   the   four
participating fingers. Subjects were instructed to exert a peak-force (a short lasting   fast
maximal force exertion) on one of the four transducers in a predetermined order. The
transducer which had to be pressed was indicated by a reaction stimulus, that is LVS for the
left index finger, LDS for the left thumb, RDS for the right thumb, and RVS for the right
index finger (see section  4.2.1   for the meaning  of the letters). The sequence   of  MVF
exertions  of the four fingers was repeated four times  at a moderately  slow  rate. The highest
value of MVF of each finger during the four trials was used as reference for the training and
experimental sessions.

The training session began with an instruction trial block of 20 trials. Next, the subjects
received 6 groups of three trial blocks consisting of 20 trials each. In each group, the three
task difficulty levels were presented in a fixed order, that is in an increasing order of task
difficulty. After performing a group of three consecutive  trial blocks, averaged reaction time
scores and percentage correct response scores of these blocks were evaluated. Halfway (after
performing a group of 9 consecutive trial blocks) there was a pause of 10 min (see also Fig.
4.8).

First part Low ..derate     High     [1   Law        ...rge      High         Law        Maderte       High    [

T        T T E T        T T E T        T T E

V

10 min break

4

Second part Low       ..derate     High     [1   LO.        .0derate      High     ]    LO.        Maderge       High   [

T        T T E T        T T E T        T T E

Figure 4.8 Procedure for training session; E: performance evaluation; T: trial block
of 20 trials.
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4.4.2 Experimental session

On the day of the experiment, electrodes for recording of EMG, ECG and respiration were
affixed    on   the   skin   of the subjects. The experiment started   with a training trial block
consisting of sixty trials of the low task difficulty level. In total, 6 experimental trial blocks
were presented to the subjects. Each difficulty level was presented in blocks of sixty trials
and  there  were two blocks  for each level (first presentation and second presentation). During
the first three trial blocks, the three task conditions were presented in a random order, and
during the second group of three blocks the same was done. The order of the task difficulty
levels was properly balanced over subjects for all experiments. Within a subject, task
difficulty levels were presented in a stratified random order. Each two trial blocks were
preceded and followed by a rest period, lasting about 5 min (see also part B of Fig. 4.2).
After every trial block, subjects were asked to express their subjectively perceived mental
effort during the performed task on the RSME.
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Figure 4.9 EMG electrode positions.
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4.5 Recording of physiological responses

All physiological signals were recorded during periods   of  9 s (experiment   1)   or   10   s
(experiment 2 and 3), that is from 1 s before WS till 1 s after termination of KR (see also
part A of Fig. 4.2). Experiment  1  deviated  from the other two experiments  due to a technical
problem. For this experiment, all physiological signals were recorded from 0.6 s before WS
till 0.4 s after termination of KR. During each of the 5 min rest periods, 30 sweeps of 9 s
duration in experiment 1 and 10 s in experiment 2 and 3 were sampled with a fixed inter-
trial-interval of 1 s. So, the total number of sweeps within each experiment was 480 per
physiological variable.
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Figure 4.10 Processing of EMG data.
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4.5.1 EMG activity

Facial muscle activity was recorded bipolarly by means of Beckmann Ag/AgC1 surface

electrodes  (size 2 mm, contact area 4 mm, and housing  11  mm in diameter). Electrodes  were
placed with their centers 15 mm apart over the left and right frontalis, temporalis, corrugator

supercilii, orbicularis oculi, zygomaticus major, and orbicularis oris inferior muscle (See Fig.
4.9).

All EMG signals were first pre-amplified a 1000 times in the experimental room and
depending    on the strength    of the signal further amplified    in the experimenter    room.
Thereafter the signals were band-pass filtered with a -3 dB high-pass cut-off frequency at 20

Hz   (43 dB down/octave)   and   a   -3 dB low-pass cut-off frequency   at   520   Hz   (13.5   dB
down/octave). The signals    were then full-wave linearly rectified, whereafter   they    were
smoothed by low-pass filtering with a -3 dB cut-off frequency at 50 Hz (29 dB down/octave).
A graphical representation of these processes is shown in figure 4.10. The smoothed signals

were then real-time digitized with an AD-converter (12 bits) with a sampling rate of 100 Hz
and stored on disk of a MASSCOMP SLS-5400 computer.

4.5.2 Heart rate

To record the electrocardiogram (ECG), two Ag/AgCI electrodes were placed over the lower
ribs on either side of the trunk of the subject, using the same reference electrode as for the
EMG electrodes. The ECG signal was amplified 125 times, then band-passed filtered with
a -3 dB high-pass cut-off frequency at 2 Hz (6 dB down/octave) and a -3 dB low-pass cut-off
frequency normally  at  1 2.5  Hz  or when there  was a large T-wave  in  the ECG signal  at  25

Hz (29 dB down/octave). Next, ECG signals were led to a module which transformed the
intervals between two subsequent R-waves into an equivalent DC level (cardiotachogram

(CTG)). An example  of this transformation is shown  in Fig.  4.11. The output of this module
was like the EMG signals digitized with a sampling rate of 100 Hz.

Because of the fact that the heart rate module needs two subsequent heart beats to produce

an   equivalent DC level, the output  of this module is always delayed. Therefore a special

correction program, written in FORTRAN, was developed to transform the CTG into a
corrected  new CTG, expressed in beats per minute  BPM  (see  Fig.  4.11). This correction

procedure resulted   into a shift  of  the new signal, leaving empty spaces  at  the  end.   As  was
already mentioned before, data points were sampled in sweeps of 9 s (experiment 1) or 10
s  (experiment  2  and  3).  Due  to the shift, empty spaces arising  at  the  end  of a sweep  were

filled with data points equivalent to the last transformed CTG data point.
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Figure 4.11 Processing steps from ECG, via a CTG to a corrected new CTG (see text
for further explanation).

4.5.3 Respiration

Respiratory activity was measured by means of a respiration module, consisting of an elastic
tube placed around the upper part of the thorax of the subjects. Changes in the length of this
tube were measured. These changes occurred due to fluctuations in circumference of the
thorax caused by inspiration and expiration. Variations in length were determined by
measuring the differences between the running time of a signal (originating from a oscillator
with a frequency of 575 Hz) which was sent and received through the tube. More precisely,
the difference in phase of the signals was transduced to a DC level. This signal was digitized
with a sampling rate of 100 Hz.

4.6 Data reduction procedures

Within each experiment, EMG activity and heart rate were studied On tWO levels, a tonie and
a phasic level. Respiration was studied  only  on the phasic level. The tonie level refers  to  the
effects of time-on-task (TOT) within trial blocks and throughout the experimental session,
and the phasic level refers to activity during the course  of a single trial.

For investigating the effects of TOT on the physiological measures throughout the
experimental session, the total sampled data points within a trial were averaged to 1 point
(see also part A and B of Fig. 4.2), which resulted into 480 data points, each representing
a trial mean. Regarding EMG, these data points were then expressed as a percentage of a
baseline value, which was defined as the mean EMG amplitude value of the 30 data points

during the first rest period. Heart    rate    data were reduced    in   the    same    way,    but   were
expressed in beats per minute, not relative to the first rest period.
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Regarding the effects of task difficulty level and presentation order (first and second
presentation) on tonie physiological activity,  the  data were first organized  per task difficulty
level and for the first and second presentation of each difficulty level with their surrounding
rest periods. EMG activity was then expressed as a percentage of a baseline value, which
was defined as the mean EMG amplitude value of the preceding rest period (see part C of
Fig. 4.2). Heart rate data were organized in the same way, but were expressed as difference
scores from the preceding rest period. Physiological data were then averaged over subjects.

In order to investigate phasic physiological activity, the sampled raw data points in every trial
were reduced first by calculating averages over 10 successive data points, resulting into 10
data points per second. Next, EMG activity was expressed as a percentage of a baseline
value, which was defined as the mean EMG amplitude value of the period just before WS
onset. Heart rate and respiratory activity within a trial were expressed as differences scores
relative to the baseline period. All valid trials (see section 4.2.1) were then averaged per task
difficulty level over subjects.

4.7 Experimental design and statistical analysis

An overall analysis of the data of the three experiments was performed first, testing some
of the main interests. One main interest was whether the three experiments differed from
each other with regard to tonie and phasic facial EMG responses, but also with regard to task
performance, subjective mental effort, tonie and phasic heart rate responses, and phasic
respiratory responses. This main effect will be denoted further as the factor Experiment. A
next main interest was whether there were overall effects of monetary reward (denoted as the
factor Reward). Within each experiment, the difficulty level of the task variable was varied.
Three different levels of increasing task difficulty were used, a low task difficulty level, a
moderate difficulty level, and a high difficulty level. This brings us to another main interest,
namely the overall effects of task difficulty level (factor Task Difficulty). Furthermore, trials
belonging to a particular task difficulty level were presented in blocks and each level was
presented two times in a counter-balanced order, which brings us to the next main interest,
namely the overall effects  of the first versus the second presentation (factor Presentation).
Another way to examine energetical processes, besides the manipulation of monetary reward,
is to investigate effects of Time-on-Task (factor TOT). Overall effects of TOT (that is overall
linear and quadratic trends in response scores across the six trial blocks and across trials
within trial blocks) was another main interest. With regard to facial EMG activity, an extra
factor was investigated, namely the effect  of left versus right recording side (factor  Side).
Interactions between factors were also studied. The effects of the variables mentioned above,
except the factor Experiment, will also be tested for each of the three performed experiments
separately.

A conventional way of statistical analysis of experimental data is to look for omnibus effects
first, followed by one or more post-hoc tests of subeffects, such as comparisons between
means or polynomial trend contrasts. Using this method a correction procedure   has   to   be
used to protect against inflated Type I error due to multiple tests, for example an extension
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of the Schefft procedure (Tabachnick & Fidell,  1989). To avoid this, a priori tests of specific
contrast variables were used here for analyzing task performance scores and physiological
data. To test the experimental manipulations, multivariate analysis of variance (MANOVA)
for repeated measures in the statistical computing package SPSS/pc + was applied on certain
a priori chosen contrast variables such as differences between means and linear and quadratic
polynomial trends. Because of the a priori character of these tests, they were performed with
the  conventional  Type  I  error  of  .05.  (cf Hays, 1988; Tabachnick & Fidell,   1989).

4.7.1 Training session

4.7.1.1 Task performance

MANOVA's were performed on the mean RT scores and the CR scores of the six trial
blocks (see section 4.2.3) with Task Difficulty (3) and TOT (6) as within subjects factors.
Furthermore, linear and quadratic trend contrast scores were computed, by means    of
computation of orthogonal polynomials, across the RT and CR scores associated with the
three task difficulty levels. Trend components were also computed across the RT and CR
scores of the six trial blocks. Significant effects of Task Difficulty on the linear and quadratic
trend components across trial blocks were followed by testing of the trend components on
each  of the three Task Difficulty levels, separately.

The RT scores and the CR scores of the last group of three trial blocks were used to test if
there were any differences beforehand between the two subject groups (the control and the
reward group), which participated in the experimental session. For this, a MANOVA was
performed on RT and CR scores with Task Difficulty (3) as a within subjects factor and
Group (2) as a between subjects factor. Regarding these scores, there should be no main
effect of Group, nor a significant interaction between Group and Task Difficulty.

4.7.2 Experimental session

4.7.2.1 Task performance and subjective mental effort

MANOVA's were performed on the RT, CR, FPS, and RSME scores of the six trial blocks
with Reward (2) as a between subjects factor and Task Difficulty (3) and Presentation (2) as
within subjects factors. With regard  to the effects  of Task Difficulty, the scores associated
with the three task difficulty levels were transformed into linear and quadratic trend contrast
scores, by means of computation of orthogonal polynomials. Significant effects of Reward
or Presentation on the linear and quadratic trend components across the three levels of Task
Difficulty were followed by testing of simple contrast effects, that is testing of the trend
components  on each level of Reward or Presentation, separately.  For the preceding overall
analysis (see section 4.7), the same procedure was used with Experiment as an extra
independent variable.
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Regarding time course of the RT, CR, FPS and RSME scores across the six trial blocks,
MANOVA's were performed on these scores with Reward (2) as between subjects factor and
TOT (6) as within subjects factor. With regard to the effects of TOT, the scores were
transformed into linear and quadratic trend contrast scores, by means of computation of
orthogonal polynomials. Significant effects of Reward on the linear and quadratic trend
components across the six trial blocks were followed by testing of trend components in each
group, separately. For the preceding overall analysis, the same procedure was used with
Experiment  as an extra independent variable.

4.7.2.2 Physiological responses

4.7.2.2.1 Effects on tonie EMG activity

Tonic activity during the course of the experiment

Throughout the experimental session, the EMG activity during every trial block was averaged
and expressed as a difference score relative to a baseline value, which was defined as the
mean   value   of  the two surrounding rest periods. This resulted   into 6 rest-task difference
scores, each representing a task period.

First it was tested if mean tonie EMG activity differed from the surrounding rest periods. To
do this, MANOVA's were performed on the averaged rest-task difference scores with
Reward (2) as a between subjects factor and Side (2) as within subjects factor. For the
preceding overall analysis,    the same procedure    was   used with Experiment   as an extra
independent variable.

In order to investigate the time course throughout the experiment, MANOVA's were
performed on the 6 rest-task difference scores with Reward (2) as a between subjects factor
and TOT (6) and Side (2) as within subjects factors. For the effects of TOT, the scores were
transformed into linear and quadratic trend contrast scores, by means of computation of
orthogonal polynomials. Significant effects of Reward   or  Side   on the linear and quadratic
trend components across the six task periods were followed by testing of trend components
on each level of Reward or Side, separately. With regard to the preceding overall analysis,
the same procedure was used with Experiment as an extra independent variable.

Tonic activity across trials within trial blocks

It was tested first if mean tonie EMG activity differed from the surrounding rest periods.
This was done by performing MANOVA's on rest-task difference scores with Reward (2)
as a between subjects factor and Task Difficulty (3), Side (2) and Presentation (2) as within
subjects factors. For the effects of Task Difficulty, the scores associated with the three task
difficulty levels were transformed into linear and quadratic trend contrast scores, by means
of computation of orthogonal polynomials. Significant effects of Reward, Presentation or
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Side, on the linear and quadratic trend components across the three levels of task difficulty
were followed by testing of the trend components on each level of Reward, Presentation, or
Side, separately. With regard to the preceding overall analysis, the same procedures were
used with Experiment as an extra independent variable.

Regarding the time course across trials within trial blocks, EMG activity was divided into
three equal time periods and averaged into three points. These scores were then expressed
as difference scores relative to the mean value of the two surrounding rest periods. This
resulted into 3 rest-task difference scores. MANOVA's were performed on these scores with
Reward (2) as a between subjects factor and Task Difficulty (3), Presentation (2), Side (2)
and TOT (3) as within subjects factors. In order to investigate the effects of TOT, the scores
were transformed into linear and quadratic trend contrast scores, by means of computation
of orthogonal polynomials. Significant effects of Reward, Task Difficulty, Presentation, or
Side on the linear or quadratic trend components across trials within trial blocks were
followed by testing of the trend components on each level of Reward, Task Difficulty,
Presentation,  or Side, separately.   As the preceding overall analysis is concerned,  the  same
procedure was used with Experiment as an extra independent variable.

4.7.2.2.2 Effects on phasic EMG activity

Phasic EMG responses were only investigated during a 3-s period within a trial, extending
from one second after the presentation of the warning signal to the presentation of the
reaction signal  (see also section 4.2.1). First  it was tested  if mean EMG activity during  this
period differed from the baseline period. For this, EMG activity during the 3-s period was
expressed as a difference score relative to the averaged EMG activity during the preceding
baseline period. MANOVA's were performed on these scores with Reward (2) as a between
subjects factor and Task Difficulty (3) and Side (2) as within subjects factors. With regard
to the effects   of Task Difficulty, the scores associated   with the three task difficulty levels
were transformed into linear and quadratic trend contrast scores, by means of computation
of orthogonal polynomials. Significant effects of Reward or Side, on the linear and quadratic
trend components across the three levels of task difficulty were followed by testing of the
trend components on each level of Reward or Side, separately. For the preceding overall
analysis, the same procedure was used with Experiment as an extra independent variable.

With regard to the time course during the 3-s period, EMG activity was divided into three
parts and averaged into three points. MANOVA's were performed on these scores with
Reward (2) as a between subjects factor and Task Difficulty (3), Time (3) and Side (2) as
within subjects factors. Regarding the effects of Time, the scores were transformed into
linear and quadratic trend contrast scores, by means of computation of orthogonal
polynomials. Significant effects of Reward, Task Difficulty, or Side, on the linear or
quadratic trend components during the foreperiod were followed by testing of the trend
components on each level of Reward, Task Difficulty,  or Side, separately.  For the preceding
overall analysis, the same procedure was used with Experiment as an extra independent
variable.

41



Chapter 4

4.7.2.2.3 Effects on tonie heart rate

Tonic activity during the course of the experiment

For heart rate, it was tested if the first rest period differed between the two subject groups.
Therefore, a oneway-ANOVA with Reward (2) as a between subjects factor was performed
on the mean value of the first rest period. As far as the preceding overall analysis is
concerned, the same procedure was used with Experiment as an extra independent variable.

Regarding the analysis of tonie heart rate throughout the experimental session, the activity
during every task period was averaged and expressed as a difference score relative to
baseline value, which was defined as the mean value of the two surrounding rest periods.
This resulted into 6 rest-task difference scores, each representing a task period.

First   it was tested   if mean tonie heart rate differed  from the surrounding rest periods.   For
testing this effect, a MANOVA was performed on averaged rest-task difference scores with
Reward (2) as a between subjects factor. For the preceding overall analysis, the same
procedure   was  used with Experiment  as an extra independent variable.

A MANOVA was performed on the 6 rest-task difference scores with Reward (2) as a
between subjects factor and TOT (6) as a within subjects factor. For the effects of TOT, the
scores were transformed into linear and quadratic trend contrast scores, by means of
computation of orthogonal polynomials. Significant effects of Reward on the linear and
quadratic trend components across the six task periods were followed by testing of trend
components in each group separately. For the preceding overall analysis, the same procedure
was  used with Experiment  as an extra independent variable.

Tonic activity across trials within trial blocks

It was tested first if mean tonie heart rate differed from the surrounding rest periods. Thus,                   
a MANOVA was performed on rest-task difference scores with Reward (2) as a between
subjects factor  and Task Difficulty  (3) and Presentation  (2) as within subjects factors.   For
the  effects  of Task Difficulty, the scores associated  with the three task difficulty levels  were
transformed into linear and quadratic trend contrast scores, by means of computation of
orthogonal polynomials. Significant effects of Reward or Presentation on the linear and
quadratic trend components across the three levels of task difficulty were followed by testing
of the trend components    on each level of Reward or Presentation separately.     For    the

preceding overall analysis, the same procedures were used with Experiment as an extra
independent variable.

Regarding the time course of tonie heart rate across trials within trial blocks, heart rate was
divided into three equal parts and averaged to three points. These scores were then expressed
as difference scores relative to the two surrounding rest periods. All this resulted into 3 rest-
task difference contrast scores. A MANOVA was performed On these scores with Reward
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(2) as a between subjects factor, and Task Difficulty (3), Presentation (2), and TOT (3) as
within subjects factors.  For the effects of TOT, the scores were transformed into linear and
quadratic trend contrast scores, by means of computation of orthogonal polynomials.
Significant effects of Reward, Task Difficulty, or Presentation on the linear and quadratic
trend components within trial blocks were followed by testing of the trend components on
each level of Reward, Task Difficulty, or Presentation, separately. As the preceding overall
analysis is concerned, the same procedure was used with Experiment as an extra independent
variable.

4.7.2.2.4 Effects on phasic heart rate

Magnitudes were assessed of different minima and maxima in the phasic heart rate during
the WS-RS interval   (see   Fig. 4.12), relative   to the pre-WS baseline period:   a) a first
acceleration (Al) within the WS-RS interval, b) a deceleration (D) at the moment of
presenting  RS,  and  c) a second acceleration (A2) within  a two seconds interval  from  500  ms
before termination of RS until 1500 ms thereafter. However, throughout the project it became
clear that the first acceleration already started before the presentation of the warning signal
(see   Fig.   5.29). This deceleration was probably caused   by the small inter-trial-interval,
resulting in clear expectations about the timing of the warning signal and the subsequent
reaction signal, therefore leading to an early anticipatory deceleration. Furthermore, the
classical deceleration and acceleration after the warning signal are superimposed upon this
early deceleration. Due to this fact, the first deceleration could not be distinguished at all and
therefore was not included in the statistical analysis. Although the Al was not very explicit,
it was included in the analysis.The assessed scores were averaged across valid trials (see
section 4.2.1) within trial blocks.
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Figure 4.12 An example of phasic heart  rate, with markings of assessed data points  on
which statistical analysis was performed.
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It was tested first  if the three assessed averaged scores differed  from the baseline period.   For
this, MANOVA's were performed On these scores with Reward (2) as a between subjects
factor, and Task Difficulty (3) as a within subjects factor. Regarding the effects of Task
Difficulty, the assessed averaged scores associated  with the three task difficulty levels  were
transformed into linear and quadratic trend contrast scores, by means of computation of            
orthogonal polynomials. Significant effects of Reward on the linear and quadratic trend          i
components across the three levels of Task Difficulty were followed by testing of the trend                
components on each level of Reward, separately.  For the preceding overall analysis, the same
procedure was used with Experiment as an extra independent variable.

4.7.2.2.5 Effects on phasic respiration

For phasic respiratory activity  (see  Fig.  4.13), the minimum value relative  to the pre-WS
baseline period was assessed,  that is the score at the moment of presenting RS. The minimum
is indicative of an expiration. The obtained scores were then averaged within trial blocks.

First it was tested if the averaged score differed from the baseline period. This was done by
performing a MANOVA on this score with Reward (2) as a between subjects factor, and
Task Difficulty (3) as a within subjects factor. For the effects of Task Difficulty, the assessed
scores associated with the three task difficulty levels were transformed into linear and
quadratic trend contrast scores, by means of computation of orthogonal polynomials.
Significant effects of Reward on the linear and quadratic trend components across the three
levels of Task Difficulty were followed by testing of the trend components on each level of
Reward, separately. For the preceding overall analysis, the same procedure was used with
Experiment  as an extra independent variable.
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Figure 4.13 An example of phasic respiration, with marking for data point on which
statistical analysis was performed.
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Chapter 5

OVERALL EFFECTS OF EXPERIMENTAL VARIABLES

5.1  Introduction

In this chapter results will be presented of a foregoing overall analysis of three experiments,
performed for this thesis. In each experiment, effects on facial EMG activity were studied
by manipulating distinct information processing stages, by using different experimental task
variables. In all experiments, subjects had to make an isometric manual response up to a
fixed force level. The speed  of this isometric response was called the force production speed

(FPS). The three experiments only differed    in the demands placed   on the investigated

processing stages. The first experimental task variable was visual stimulus degradation
(experiment 1), the second task variable was semantic stimulus response (S-R) compatibility
(experiment  2),   and the third was force production speed (experiment  3). From stimulus
degradation  it is assumed  that it affects a perceptual information processing stage,  from  S-R
compatibility it is assumed that it affects a central processing stage, and from force
production speed  it is assumed  that it affects a motor stage. The first main interest regarding
the overall analysis was whether the three experiments differed from each other with regard

to tonie and phasic facial EMG responses, but also with regard to task performance,
subjective mental effort, tonie and phasic heart rate, and phasic respiratory responses. This
main effect will be denoted further as the factor Experiment. Within each experiment, one

group of subjects was always stimulated to better task performance by means of monetary
reward. This brings us to the second main interest, namely overall effects of reward (denoted
as the factor Reward). Reward is viewed  here  as an aspecific energetical manipulation  (see
section 1.1). Within each experiment, the difficulty level  of  the task variable was varied.
Three different levels of increasing task difficulty  were  used,  a  low task difficulty level,  a
moderate difficulty level,  and a high level. This brings us to the third main interest, namely

the overall effects  of task difficulty  level ( factor Task Difficulty). Another  way to examine
aspecific energetical processes, besides the manipulation by reward,   is to investigate effects
of Time-On-Task (factor TOT). Overall effects  of  TOT   was the fourth main interest.   In

addition, trials belonging to a particular task difficulty level were presented in blocks and
each difficulty level was presented in two blocks in a counter-balanced order, which brings
US to the fifth main interest, namely the overall effects of the first versus the second

presentation of each task difficulty level ( factor Presentation). With regard to phasic and tonie
facial EMG activity, an extra factor was investigated, namely the effect  of left versus right

recording side (factor Side). Interactions between factors  were also studied.

The procedure of the experiments has been described in chapter 4. In total, 120 subjects

participated within the three experiments, from which   60 were assigned   to   the 3 control

groups, and 60 to the 3 reward groups. Within each experiment, there were 20 female and
20 male subjects, from which half of each participated in a control and half in a reward

group.  Mean  age  for the stimulus degradation experiment  was 22.35 years  (SD 4.05 years),
for the S-R compatibility experiment the mean age was 21.45 years (SD 2.50 years), and for
the force production speed experiment  the  mean  age  was 21.50 years  (SD 2.30 years).
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5.2  Results

5.2.1 Task performance and subjective mental effort

5.2.1.1 Reaction time

Mean reaction time (RT) scores for the two subject groups and for the three experiments are
presented in Table 5.1. Overall  effects  of Task Difficulty and Reward   on RT scores   are
shown  in  Fig.  5.1. The overall effect  of TOT,  that  is  the time course  of RT scores across
the six trial blocks, is shown in Fig. 5.2, and the overall effect of Presentation is shown in
Fig 5.3. Supplementary  mean RT scores are presented in Table  5.2.

Effects of Experiment,  Reward, and Task Difficulty

In general, mean RT scores did not differ between the three experiments, that is no
significant effect of Experiment was found. Overall, the reward groups showed a somewhat
faster mean RT score, as compared to the control groups (see Table 5.1) However, the effect
of Reward just failed to reach significance (F(1,114)= 3.67, p=.058). Effects of Reward
on RT scores did not differ between the three experiments, meaning that there was no
significant interaction between Experiment and Reward.

Table 5.1 Mean RT scores for the two subject groups, overall and for the three

experiments.

Force

Stimulus S-R Production

Overall Degradation Compatibility Speed

Reward groups 727.82 716.00 743.36 724.11

Control groups 767.21 733.79 815.72 752.32

Total group 747.52 724.79 779.54 738.21

The overall effect of Task Difficulty on RT scores could be described as curvilinearly
increasing, because there was a significant positive linear trend (F(1,114) = 428.41,p< .001)
and a significant negative quadratic trend (F(1,114)= 12.34, p< .005), across the three task
difficulty levels. A significant effect of Experiment was found  on the linear  (F(2,114) =
32.00,  p < .001) and quadratic trend component (F(2,114) =  4.12,  p < .05), across levels.
Simple effects analysis showed that for the stimulus degradation experiment there was a
significant positive linear trend across levels (F(1,114)=  83.92,  p < .001),  but  also  for  the
S-R compatibility experiment (F(1,114)= 340,77,  p < .001),  and  for the force production
speed experiment   (F(1,114) =6 7.7 3,p< .001). However, the linear trend component
appeared to be about the same for the stimulus degradation and the S-R compatibility
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experiment, but appeared to be smaller for the force production speed experiment. The
contribution of this component to the total variation in RT scores across the three levels of
task difficulty was 99.98%, 99.54%, and 88.17% for the stimulus degradation, S-R
compatibility, and force production speed experiment, respectively. Regarding the effect of
Experiment on the quadratic trend component across levels, simple effects analysis showed
that only for the force production speed experiment there was a significant negative quadratic
trend across the three levels of task difficulty (F(1,114)= 17.53, p<.001) Altogether, this
implicated that Task Difficulty had about the same impact for the stimulus degradation and
S-R compatibility experiment, but it had a smaller impact for the force production speed

experiment.

REACTION nME
1000 1000

i Stimulus degradation   Reward groups
0 S-R compatibility 0 Control groups

900 -   0 Force production speed 900 -

800 - 800 -
5

700

. 1 1,-,-     D---1, ,
9- Ii--1 600 - I
500              500 . |

Low Moderate High Low Moderate High
Task difficulty level Task difficulty level

Figure 5.1 Effects of task difficulty level on RT scores for the three experiments (left
panel)  and  for  the two subject groups (right panel).

The linear trend component did not, but the quadratic trend component across the three levels
of task difficulty differed between the two subject groups (F(1,114)= 5.11, p< .05) Simple
effects analysis showed that for the control groups there was a significant negative quadratic
trend across levels (F(1,114) =   16.66,   p < .001),  but  for the reward groups a significant
quadratic trend was not found. So, the increasing effect of task difficulty level on RT scores
was curvilinear for the control groups and linear for the reward groups. Effects of Reward
on the linear and quadratic trend components across the three levels of task difficulty did not
differ between the three experiments.

Effects of Time-On-Task and Presentation

With regard to the overall effect of TOT, faster RT scores were found across trial blocks,
as  indicated  by a significant negative linear trend (F(1,114)=   10.86,  p<.005). The linear
and quadratic trend component across trial blocks did not differ between the three
experiments. Furthermore, the quadratic trend component did not, but the linear trend
component across trial blocks did differ between  the two subject groups  (F(1,114) =  6.79,
p < .05). Simple effects analysis showed  that  for the reward groups there  was a significant
negative linear trend across trial blocks (F(1,114)=17.41, p<.001),but no significant linear
trend was found   for the control groups. This implicated that overall. reaction   time   of  the

50



Overall effects of experimental variables

reward groups became faster during the experimental session, and remained fairly constant
for the control groups. Effects of Reward on the linear and quadratic trend components
across trial blocks did not differ between the three experiments.
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Figure 5.2 Time course of RT scores across trial blocks for the three experiments (left
panel)  and  for  the two subject groups (right panel).
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Figure 5.3 Effects of presentation on RT scores for the three experiments (left panel)
and  for  the two subject groups (right panel).

Faster reaction times throughout the experimental session also led to an overall significant
effect of Presentation (F(1,114)= 21.52, p< .001), that is a faster mean RT was found for
the second presentation. This effect did not differ between the three experiments, but it
differed between the two subject groups, as apparent from a significant interaction between
Presentation and Reward   (F(1,114)=   15.08,   p < .001). Simple effects analysis showed   a
significant effect of Presentation for the reward groups (F(1,114)=  36.31, p < .001), but not
for the control groups. The interaction between Presentation and Reward did not differ
between the three experiments, meaning that this effect was about the same for all
experiments. Furthermore, a significant effect of Presentation was found on the linear
(F(1,114)= 18.05, p< .001) and the quadratic trend component (F(1,114)= 6.34, p< .05),
across the three levels   of task difficulty. Simple effects analysis showed   that   for the first
presentation there  was a significant positive linear trend across levels (F(1,114) = 394.66,
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Table 5.2 Mean RT scores involving presentation for the two subject groups, overall
and for the three experiments.

STIMULUS DEGRADATION

First presentation Second presentation

Overall Low Mod. High Overall Low Mod. High

REW 724.30 662.05 722.51 788.33 707.70 655.03 706.20 761.88

CON 735.15 678.12 733.39 793.95 732.03 674.84 740.36 780.88

Total 729.72 670.08 727.95 791.14 718.86 664.93 723.28 771.38

STIMULUS-RESPONSE COMPATIBILITY

First presentation Second presentation

Overall Low Mod. High Overall Low Mod. High

REW 762.59 639.00 751.17 897.60 724.13 623.28 722.03 827.08

CON 820.07 690.44 836.74 933.03 811.37 689.05 844.12 900.94

Total 791.33 664.72 793.95 915.32 767.75 656.16 783.08 864.01

FORCE PRODUCTION SPEED

First presentation Second presentation

Overall Low Mod. High Overall Low Mod. high

REW 738.91 676.57 759.00 781.15 709.31 654.03 728.43 745.48

CON 750.16 680.00 765.88 804.59 754.48 694.67 785.97 782.80

Total 744.53 678.28 762.44 792.87 731.90 674.35 757.20 764.14

OVERALL

First presentation Second presentation

Overall Low Mod. High Overall Low Mod. High

REW 741.93 659.21 744.23 822.36 713.71 644.11 718.89 778.15

CON 768.46 682.85 778.67 843.86 765.96 686.19 790.15 815.32

Total 755.19 671.03 761.45 833.11 739.84 665.15 754.52 799.84

p< .001), but also for the second presentation (F(1,114)= 318.26, p< .001). However, the
linear trend component appeared to be greater for the first presentation than for the second
presentation. The contribution of this component to the total variation in RT scores across
the three levels  of task difficulty   was   99.56 %   and   96.56 % during the first and second
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presentation, respectively. Regarding the effect of Presentation   on the quadratic trend
component, simple effects analysis showed that only for the second presentation there was
a significant negative quadratic trend (F(1,114)= 20.54, p<.001), meaning that the effect
of Task Difficulty on the overall RT scores was greater during the first presentation, as
compared to the second. Effects of Presentation on the linear and quadratic trend component
across the three levels of task difficulty did not differ between the three experiments, nor
between the two subject groups, and interaction effects of Presentation and Reward on these
components did not differ between the three experiments.

5.2.1.2 Correct responses

Mean percentage correct response (CR) scores for the two subject groups and for the three

experiments are presented in Table 5.3. Overall effects of Task Difficulty and Reward  on CR
scores are shown in Fig. 5.4. The overall effect of TOT on CR scores, is shown in Fig. 5.5,
and the overall effect of Presentation is shown  in  Fig 5.6. Supplementary  mean CR scores

are  presented in Table  5.4.

Effects of Experiment, Reward, and Task Difficulty

Mean CR scores differed between the three experiments (F(2,114) =  77.98,  p < .001).  In
general, the reward groups showed a higher mean CR score as compared to the control

groups (F(1,114)= 10.15, p<.005), but effects of Reward on CR scores did not differ
between the three experiments.

Table 5.3 Mean CR scores for the two subject groups, overall and for the three

experiments.

Force

Stimulus S-R Production

Overall Degradation Compatibility Speed

Reward groups 91.07 95.92 94.72 82.58

Control groups 87.62 92.76 93.14 76.94

Total group 89.34 94.34 93.93 79.76

Overall, the effect of Task Difficulty on CR scores could be described as linearly decreasing,
because of a significant negative linear trend (F(1,114)= 124.78, p< .001), across the three
levels    of task difficulty. A significant effect of Experiment was found    on the linear
(F(2,114)= 61.81, p< .001) and quadratic trend component across levels (F(2,114)= 3.20,
p < .05). Simple effects analysis showed that for the stimulus degradation experiment there
was no significant linear trend across levels, but for the S-R compatibility experiment a
significant negative linear trend was found (F(1,114)= 13.94, p<.001), and also for the
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force production speed experiment  (F(1,114) =   234.36,  p < .001). Regarding  the  last  two
experiments, the linear trend component appeared to be the greatest for the force production
speed experiment. The contribution of linear trend component to the total variation in CR
scores across the three levels  of task difficulty  was  94.94%,   and  98.91 %   for  the   S-R
compatibility and force production speed experiment, respectively.     As the effect    of
Experiment is concerned on the quadratic trend component, simple effects analysis showed
that only for the force production speed experiment there was a significant positive quadratic
trend (F(1,114) =   5.07,   p < .05). Altogether, this implicated  that Task Difficulty  had  no
impact on CR scores for the stimulus degradation experiment, but with regard to the S-R
compatibility and the force production speed experiment it had a significant impact, which
was the largest  for  the  last  one.
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Figure 5.4 Effect of task difficulty level on CR scores for the three experiments (left
panel)  and  for  the two subject groups (right panel).

The linear trend component did not, but the quadratic trend component across the three levels
of task difficulty did differ between the two subject groups (F(1,114)= 4.79, p < .05). Simple
effects analysis showed that there was only a small indication for a positive quadratic trend
(F(1,114) =  3.46,  p=.065)  for the control groups,  but  for the reward groups no quadratic
trend was found. Effect of Reward on the linear trend component did not, but effect of
Reward on the quadratic trend component across levels did differ between the three
experiments (F(2,114) = 4.07, p < .05). Simple effects analysis showed that only for the force
production speed experiment there was a significant effect of Reward on the quadratic trend
component (F(1,114) =  12.74, p < .005). This effect will be discussed later in chapter 8.

Effects of Time-On-Task and Presentation

No significant overall effect of TOT was found on CR scores. CR scores remained fairly
constant throughout the experimental session. The linear and quadratic trend component
across trial blocks did not differ between the three experiments, nor between the two subject
groups, and effects of Reward on these components did not differ between the three
experiments.
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Figure 5.5 Time course of CR scores across trial blocks for the three experiments (left
panel)  and  for  the two subject groups (right panel).

Because CR scores remained fairly constant throughout the experimental session, a significant
overall effect of Presentation was not found. Effects of Presentation did not differ between
the three experiments, nor between the two subject groups. Interaction effects of Presentation
and Reward did not differ between the three experiments. Furthermore, significant effects
of Presentation on the linear and quadratic components across the three levels of task
difficulty were not found. Effect of Presentation on the quadratic trend component did not,
but effect of Presentation on the linear trend component across the three levels of task
difficulty did differ between the three experiments (F(2,114)= 5.11, p< .01) Simple effects
analysis showed that only for the force production speed experiment there was a significant
effect of Presentation  on the linear trend component (F(1,114) =  7.89,  p < .01). This effect
will be discussed later in chapter 8. Effects of Presentation on the linear and quadratic trend
components across levels did not differ between the two subject groups, and interaction
effects of Presentation and Reward on these components did not differ between the three
experiments.

CORRECT RESPONSES
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Figure 5.6 Effects of presentation on CR scores for the three experiments (left panel)
and fur the two subject groups (right panel).
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Table 5.4 Mean CR scores involving presentation for the two subject groups, overall
and  for the three experiments.

STIMULUS DEGRADATION

First presentation Second presentation

Overall Low Mod. High Overall Low Mod. High

REW 95.94 96.00 96.17 95.67 95.89 96.00 96.33 95.33

CON 93.69 94.83 93.75 92.50 91.83 91.00 91.67 92.83

Total 94.82 95.42 94.96 94.08 93.86 93.50 94.00 94.08

STIMULUS-RESPONSE COMPATIBILITY

First presentation Second presentation

Overall Low Mod. High Overall Low Mod. High

REW 94.94 96.50 96.00 92.33 94.50 95.83 94.50 93.17

CON 93.14 95.75 93.58 90.08 93.14 95.58 94.08 89.75

Total 94.04 96.13 94.79 91.21 93.82 95.71 94.29 91.46

FORCE PRODUCTION SPEED

First presentation Second presentation

Overall Low Mod. High Overall Low Mod. high

REW 83.28 90.58 84.00 75.25 81.89 90.42 82.50 72.75

CON 76.89 88.17 73.00 69.50 77.00 89.75 75.00 66.25

Total 80.08 89.38 78.50 72.38 79.44 90.08 78.75 69.50

OVERALL

First presentation Second presentation

Overall Low Mod. High Overall Low Mod. High

REW 91.39 94.36 92.06 87.75 90.76 94.08 91.11 87.08

CON 87.91 92.92 86.78 84.03 87.32 92.11 86.92 82.94

Total 89.65 93.64 89.42 85.89 89.04 93.10 89.01 85.01

5.2.1.3 Force production speed

Regarding the force production speed (FPS) scores, it should be noted that force production
speed was the task variable in the third experiment. Mean FPS scores for the two subject
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groups   and   for the three experiments are presented in Table 5.5. Overall effects   of  Task
Difficulty and Reward on FPS scores are shown in Fig.  5.7. The overall effect of TOT is
shown in Fig.  5.8  and the overall effect of Presentation is shown  in Fig 5.9. Supplementary
mean FPS scores are presented in Table  5.6.

Effects of Experiment, Reward, and Task Difficulty

Overall,   mean FPS scores differed between the three experiments (F(2,114) =   50.69,
p < .001). This effect  was  to be expected because  it was manipulated  in the force production
speed experiment. In that experiment, the FPS score for the low task difficulty level had to
be   as   quick as possible. The moderate difficulty level   was   set two times that score   at   an
individual level, and was set three times for the high level. Altogether, the reward groups
showed a faster  mean  FPS as compared  to the control groups  (F(1,114) =7.9 3,p< .01).
Effects of Reward on FPS scores did not differ between the three experiments.

Table 5.5 Mean FPS scores for the two subject groups, overall and for the three

experiments.

Force

Stimulus S-R Production

Overall Degradation Compatibility Speed

Reward groups 59.82 54.01 47.06 78.38

Control groups 68.30 58.89 53.91 92.11

Total group 64.06 56.45 50.48 85.25

In general, the effect of Task Difficulty on the FPS scores could be described as curvilinearly
increasing, because of a significant positive linear trend (F(1,114)= 791.78, p<.001), and
a significant positive quadratic trend (F(1,114) =  7.90,  p < .01), across the three levels  of
task difficulty. A significant effect of Experiment was found on the linear trend component
(F(2,114) =   8 4 5.3 1,p< .001),   but  not  on the quadratic trend component. Simple effects
analysis showed that for the stimulus degradation experiment there was no significant linear
trend across levels, but for the S-R compatibility experiment a significant negative linear
trend was found (F(1,114)= 4.13, p< .05), and a significant positive linear trend was found
for the force production speed experiment (F(1,114) = 2477.27,   p <.001).   For  the  S-R
compatibility experiment, mean FPS became faster with increased incompatibility between
stimulus and response, while for the force production speed experiment mean FPS became
slower. Again, it must be noted that the FPS was manipulated in the force production speed

experiment.

A significant effect of Reward was found on the linear trend component (F(1,114)= 6.07,
p < .05),  but  not  on the quadratic trend component across the three levels  of task difficulty.
Simple effects analysis showed that for the control groups there was a significant positive
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linear trend across levels (F(1,114)= 468.24,  p < .001),  but  also  for the reward groups
(F(1,114)= 329.60, p< .001). The linear trend component appeared to be about the same
for both subject groups. The contribution  of this component   to the total variation   in   FPS
scores across the three levels  of task difficulty  was  99.83%,  and  99.55%  for the control
groups and reward groups, respectively. This implicated   that the increasing effect across
levels was about the same for both subject groups. Effects of Reward on the linear
component across levels differed between the three experiments  (F(2,114) =  6.52,  p < .005),
but effects of Reward On the quadratic trend component did not differ between the three
experiments. Simple effects analysis showed that only for the force production speed
experiment there was a significant effect of Reward on the linear trend component across
levels (F(1,114) =  18.81,  p < .001). This effect will be discussed later in chapter  8.
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Figure 5.7 Effect of task difficulty level on FPS scores for the three experiments (left
panel)   and   for  the two subject groups (right panel).

Effects of Time-On-Task and Presentation

With regard to the overall effect of TOT on the FPS scores, significantly faster FPS scores
were  found, as indicated by a significant negative linear trend across trial blocks (F(1,114)=
6.68,  p < .05). The linear and quadratic trend components across trial blocks  did not differ
between the three experiments, nor between the two subject groups, and effects of Reward
on these components  did not differ between the three experiments.

Faster FPS scores throughout the experimental session also led to an overall effect of
Presentation (F(1,114)=  17.98,  p<.001),  that isa faster mean FPS was found during the
second presentation, as compared to the first. Effects of Presentation did not differ between
the three experiments, nor between the two subject groups. Interaction effects of Reward and
Presentation also did not differ between the three experiments.

Furthermore, significant effects of Presentation  on the linear  and the quadratic components
across the three levels of task difficulty were not found, and effects of Presentation on the
linear and quadratic trend component across levels did not differ between the three
experiments, nor between the two subject groups. Interaction effects of Presentation and
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Table 5.6 Mean FPS scores involving presentation for the two subject groups, overall
and for the three experiments.

STIMULUS DEGRADATION

First presentation Second presentation

Overall Low Mod. High Overall Low Mod. High

REW 55.77 54.68 55.17 57.44 52.26 52.16 53.05 51.56

CON 60.89 59.85 61.16 61.66 56.89 54.88 58.19 57.60

Total 58.33 57.27 58.17 59.55 54.57 53.52 55.62 54.58

STIMULUS-RESPONSE COMPATIBILITY

First presentation Second presentation

Overall Low Mod. High Overall Low Mod. High

REW 50.39 51.86 50.86 48.43 43.73 44.13 44.89 42.16

CON 54.07 56.20 53.52 52.49 53.74 55.82 54.11 51.29

Total 52.23 54.03 52.19 50.46 48.74 49.98 49.50 46.73

FORCE PRODUCTION SPEED

First presentation Second presentation

Overall Low Mod High Overall Low Mod. high

REW 78.91 39.68 80.85 116.21 77.85 38.86 79.87 114.82

CON 92.18 46.54 93.99 136 00 92.05 45.47 93.09 137.60

Total 85.54 43.11 87.42 126.10 84.95 42.17 86.48 126.21

OVERALL

First presentation Second presentation

Overall Low Mod. High Overall Low Mod. High

REW 61.69 48.74 62.29 74.03 57.94 45.05 59.27 69.51

CON 69.05 54.20 69.56 83.39 67.56 52.06 68.46 82.16

Total 65.37 51.47 65.92 78.71 62.75 48.55 63.87 75.84

Reward on the linear and quadratic trend components across levels did not differ between the
three experiments.
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Figure 5.8 Time course of FPS scores across trial blocks for the three experiments (left
panel)  and  for  the two subject groups (right panel).
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Figure 5.9 Effects of presentation on FPS scores for the three experiments (left panel)
and  for  the two subject groups (right panel).

5.2.1.4 Subjective mental effort

Mean subjective mental effort scores of the Rating Scale Mental Effort (RSME) for the two
subject groups and for the three experiments are presented in Table 5.7. Overall effects of
Task Difficulty and Reward on RSME scores are shown in Fig. 5.10. The overall effect of
TOT is shown  in  Fig.  5.11  and the overall effect of Presentation is shown  in  Fig  5.12.
Supplementary  mean RSME scores are presented in Table  5.8.

Effects of Experiment,  Reward, and Task Difficulty

Overall,   mean RSME scores differed between the three experiments (F(2,114) =   6.55,
p < .005). In general, no significant overall difference was found between the two subject
groups, and effects of Reward on RSME scores did not differ between the three experiments.

In general, there was a significant effect of Task Difficulty, which could be described as
linearly increasing, because of a significant positive linear trend (F(1,114)= 56.35, p<.001)
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across the three levels of task difficulty. A significant effect of Experiment was found on the
linear trend component across levels (F(2,114) =  7.57,  p < .005),  but  not  on the quadratic
trend component. Simple effects analysis showed that for the stimulus degradation experiment
there was a significant positive linear trend across the three levels of task difficulty
(F(1,114)= 5.00, p< .05),butalsoforthe S-R compatibility experiment (F(1,114)= 55.51,
p <  .001),and the force production speed experiment (F(1,114)=  11.00, p< .005) However,
the linear trend component appeared to be about the same for the force production speed and

S-R compatibility experiment, but appeared to be smaller for the stimulus degradation
experiment. The contribution of linear component to the total variation in RSME scores
across levels   was   99.99%,   99.98%,   and   95.82%   for the force production speed,   S-R

compatibility, and stimulus degradation experiment respectively. Altogether, this implicated
that for the RSME scores, task difficulty level had about the same impact for the force
production speed and S-R compatibility experiment, but it had a lower impact for the
stimulus degradation experiment. Effects of Reward    on the linear and quadratic trend
components across the three levels of task difficulty did not differ between the three

experiments.

Table 5.7 Mean RSME scores for the two subject groups, overall and for the three

experiments.

Force

Stimulus S-R Production

Overall Degradation Compatibility Speed

Reward groups 55.03 51.10 55.98 58.00

Control groups 50.93 42.56 49.56 60.68

Total group 52.98 46.83 52.77 59.34
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Figure 5.10 Effect of task difficulty level on RSME scores for the three experiments
(left panel) and for the two subject groups (right panel).
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Effects of Time-On-Task and Presentation

With regard to the overall effect of TOT, significant higher RSME scores were found, as
indicated  by a significant positive linear trend (F(1,114)=  25.06,  p<.001). The quadratic
trend component across trial blocks did not, but the linear component did differ between the
three experiments  (F(2,114) =  5.86,  p < .005). Simple effects analysis showed a significant
positive linear trend for the stimulus degradation experiment (F(1,114) = 8.73, p < .005), and
force production speed experiment (F(1,114) =   27.86,   p <.001),   but  not   for   the   S-R
compatibility experiment. Regarding the first two, the positive linear trend component
appeared to be largest for the stimulus degradation experiment. The contribution of the linear
trend component  to the total variation  in RSME scores across trial blocks  was  98.77 %  and
95.98% for the stimulus degradation and force production speed experiment respectively. So,
for the RSME scores TOT had no impact during the experimental session for the S-R
compatibility experiment, but with regard to the stimulus degradation and force production
speed experiment, TOT had the greatest impact during the first one. The linear and quadratic
trend components across trial blocks did not differ between the two subject groups, and
effects of Reward on these components  did not differ between the three experiments.
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Figure 5.11 Overall time course across trial blocks for the three experiments (left
panel)  and  for  the two subject groups (right panel)

Higher RSME scores throughout the experimental session also led to an overall effect of
Presentation  (F(1,114) =   19.61,p< .001), more mental effort was experienced during  the
second presentation. This effect was different for the three experiments, as apparent from a
significant interaction between Presentation and Experiment (F(2,114) =   4.62,   p < .05).
Simple effects analysis showed significant effects of Presentation for the stimulus degradation
experiment (F(1,114) =     6.92,    p < .05),    and the force production speed experiment
(F(1,114) = 21.78, p < .001), but not for the S-R compatibility experiment. These effects will
be discussed later in chapters 6 and 8, respectively. Interaction effects between Presentation
and Reward did not differ between the three experiments. Furthermore, significant effects
of Presentation on the linear and quadratic components across the three levels of task
difficulty were not found. Effect of Presentation on the linear trend component did not, but
effect of Presentation on the quadratic trend component across levels did differ between the
three experiments  (F(2,114) =5.1 1,p< .01). Simple effects analysis showed  that  only  for
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Table 5.8 Mean mental effort (RSME) scores involving presentation for the two subject

groups, overall and for the three experiments.

STIMULUS DEGRADATION

First presentation Second presentation

Overall Low Mod. High Overall Low Mod. High

REW 47.85 44.35 48.20 51.00 54.35 51.75 55.90 55.40

CON 38.57 34.15 37.70 43.85 46.55 43.90 48.35 47.40

Total 43.21 39.25 42.95 47.42 50.45 47.83 52.13 51.40

STIMULUS-RESPONSE COMPATIBILITY

First presentation Second presentation

Overall Low Mod. High Overall Low Mod. High

REW 55.57 48.15 53.10 65.40 56.40 49.50 55.70 64.00

CON 48.95 34.45 51.30 61.10 50.17 39.05 52.55 58.90

Total 52.26 41.30 52.20 63.28 53.28 44.28 54.13 61.45

FORCE PRODUCTION SPEED

First presentation Second presentation

Overall Low Mod. High Overall Low Mod. high

REW 50.77 46.05 53.10 53.15 65.23 64.75 63.53 69.00

CON 55.07 49.10 57.20 58.90 66.30 60.05 65.10 73.75

Total 52.92 47.58 55.15 56.03 65.77 62.40 61.95 71.38

OVERALL

First presentation Second presentation

Overall Low Mod. High Overall Low Mod. High

REW 51.39 46.18 51.47 56.53 58.66 55.33 57.85 62.80

CON 47.53 39.23 48.73 54.62 54.34 47.67 55.33 60.02

Total 49.46 42.71 50.10 55.58 56.50 51.50 56.59 61.41

the force production speed experiment there was a significant effect of Presentation on the
quadratic trend component (F(1,114)= 18.81, p< .001). This effect will be discussed later
in chapter 8. Effects of Presentation on the linear and quadratic trend components across
levels did not differ between the two subject groups, and interaction effects of Presentation
and Reward on these components did not differ between the three experiments.
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Figure 5.12 Overall effect of presentation level for the three experiments (left panel)
and  for  the two subject groups (right panel).

5.2.2 Physiological responses

Overall effects of the experimental task variables were studied on a tonie and phasic
physiological level. Tonie physiological activity referred to effects of TOT, that is the time
course throughout the whole experimental sessions, the time course within trial blocks, as
well as the comparison between the first presentation and second presentation of a trial block
at  each difficulty level. Phasic activity referred  to  the time course during the foreperiod  of
valid trials. Processing of the physiological signals and the used statistical analysis method
has been described in chapter  4.

5.2.2.1 Effects on tonic EMG activity

5.2.2.1.1 Tonie EMG activity during the course of the experiment

The time course of tonie EMG activity during the whole experimental session for the three
experiments is shown  in  Fig.  5.13,  for  the two subject groups  in Fig.  5.14,  and  for  the  two
recording sides   in  Fig.   5.1 5. The right panels of these figures  show the baseline corrected
averaged results of every task period over which the statistical analysis has been performed,
that is over the rest-task contrast scores.

Effects of Experiment, Reward, and Side

As  can  be   seen  in  Fig.   5.13   to  Fig.   5.15, each facial muscle showed a typical response
pattern throughout a task period. Furthermore, some facial muscles showed clear task effect,
whereas other muscles showed only minor effects. The response patterns of each facial
muscle will be discussed further in section 5.2.2.1.2.
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Figure 5.13 Mean EMG activity of the three experiments during the course of the
experimental session (left panels) and of every task period minus the average of the
surrounding rest periods (right panels).

In general, mean EMG activity during task periods as compared to the surrounding rest
periods was significantly elevated for frontalis (F(1,114)=   26.05, p<.001), corrugator
supercilii (F(1,114)= 153.48,  p<.001), and orbicularis oris inferior  (F(1,38) =  46.92,
p < .001). Temporalis, orbicularis oculi, and zygomaticus major showed no significant  rest-
task  differences.

Overall rest-task contrast scores differed between the three experiments for temporalis

(F(2,114)= 4.37, p < .05) and zygomaticus major (F(2,114)= 5.77, p <.01). Simple effects
analysis showed that there were significant rest-task differences for the temporalis in the
force production speed experiment (F(1,114)=  11.36, p < .001). This effect will be discussed
later in chapter 8. For the zygomaticus major, simple effects analysis showed that there were
significant rest-task differences   in the stimulus degradation experiment (F(1,114)=   4.81,
p < .05), and force production speed experiment (F(1,114) = 6.67, p < .05). These effects will
be discussed later in chapter   6   and   8, respectively. Regarding the other muscles,    no
significant differences between the three experiments were found.

As   far as rest-contrast scores are concerned, overall effects of Reward were found   for

temporalis (F(1,114) = 5.31, p < .05) and zygomaticus major (F(1,114)= 4.03, p<.05). For
both muscles, the reward groups showed a greater rest-task difference, that is more lowered
EMG  activity as compared  to the control groups  (see  Fig.  5.14). The other muscles showed
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Figure 5.14 Mean EMG activity of the two subject groups during the course of the
experimental session (left panels) and of every task period minus the average of the
surrounding rest periods (right panels).

no such effects of Reward. With regard to all investigated facial muscles, overall effects of
Reward on the rest-task contrast scores did not differ between the three experiments.

Regarding the overall rest-task contrast scores of the two recording sides, a significant effect
of Side  was only found  for the orbicularis oculi (F(1,114) =  6.02,  p < .05). A greater  rest-
task difference was found for the left recording  side as compared to the right recording  side.
For all investigated facial muscles, effects of Side did not differ between the three
experiments, nor between the two subject groups, and interaction effects between Side and
Reward did not differ between the three experiments.

Efrects of Time-On-Task

The overall time course across the six baseline corrected task periods of the corrugator
supercilii was denoted by a significant positive linear trend across task periods (F(1,114) =
6.01,   p<.05). A significant overall negative quadratic trend was found for frontalis
(F(1,114)=  8.86,  p<.005)  and a significant overall positive quadratic trend was found  for
orbicularis oculi  (F(1,114) =7.32,  p< .01). Negative overall quadratic trends just failed  to
reach significance for temporalis (F(1,114)= 3.81, p=.054) and corrugator supercilii
(F(1,114)=  3.61,  p=.060). Time courses across task periods of zygomaticus major  and
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Figure 5.15 Mean EMG activity of the two recording sides during the course of the
experimental session (left panels) and of every task period minus the average of the
surrounding rest periods (right panels).

orbicularis oris inferior could not be described in overall linear or quadratic trends.

For temporalis the quadratic trend component across the six task periods did not, but the
linear trend component across task periods did differ between the three experiments
(F(2,114) =3.4 3,p< .05). Simple effects analysis showed   that   only   for the stimulus
degradation experiment there    was a significant positive linear trend    (F(1,114) =    4.2 7,
p < .05). With regard to the other muscles, the linear and quadratic trend components across
task periods did not differ between the three experiments.

Regarding all investigated facial muscles, the linear and quadratic trend components across
task periods did not differ between the two recording sides, and effects of Side on these
components  did not differ between the three experiments.

The linear trend component across task periods did not, but the quadratic trend component
did differ between  the two subject groups  (F(1,114)=  4.16,  p < .05)  for the temporalis.
Simple effects analysis showed that only for the control groups there was a significant
negative quadratic trend  (F(1,114)=  7.96,  p < .01).   For the other muscles,   the  linear  and
quadratic trend components across task periods did not differ between the two subject groups,
and effects of Reward on these components did not differ between the three experiments.
However, for frontalis there was a tendency towards significance (F(1,114) =  2.99, p =.054).
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Effects of Side on the linear and quadratic trend components did not differ between the two
subject groups, and interaction effects between Side and Reward on these components did not
differ between the three experiments.

5.2.2.1.2 Tonie EMG activity across trials within trial blocks

In the previous paragraph it was noticed that each facial muscle showed a typical response

pattern during task periods.  Fig. 5.16 shows the overall average response patterns  of each
facial muscle during task periods, that is the averaged time course across trials within trial
blocks. Regarding overall mean tonic EMG activity within trial blocks, EMG was either
elevated or did not differ from the surrounding rest periods. Significantly elevated overall
EMG  activity was found for frontalis (F(1,114) = 27.77,  p < .001), corrugator supercilii
(F(1,114)= 152.72, p < .001), and orbicularis oris inferior (F(1,38)= 50.29, p< .001). No
significant overall differences between task periods and surrounding rest periods were found
for temporalis, orbicularis oculi, and zygomaticus major.

Some muscles showed continuously increasing EMG activity across trials within trial blocks,
whereas others did not. Increasing EMG activity, denoted by a significant positive linear and
a negative quadratic trend was found for frontalis (linear trend:  F(1,114) =  50.62,  p < .001;
quadratic trend: F(1,114)= 13.40, p<.001), corrugator supercilii (linear trend: F(1,114)=
186.68, p <.001; quadratic trend: F(1,114)= 70.72 p<.001), and orbicularis oris inferior
(linear trend: F(1,114)= 5.68, p<.05; quadratic trend: F(1,114)= 6.53, p<.05). EMG
activity of these three muscles could be regarded as true EMG gradients, because mean
overall EMG activity was significantly higher as compared to the surrounding rest periods.
EMG activity across trials of the temporalis was indicated by a significant positive linear
trend (F(1,114) =  28.26, p < .001). No significant overall trends across trials were found for
the orbicularis oculi and zygomaticus major.

Effects of Experiment, Reward, Side, and Task Difficulty

Fig 5.17. shows    the mean results    of   the time course within trial blocks    for the three
experiments,  Fig 5.1 8  for the two subject groups,  F i g.5.1 9  for the two recording sides,  Fig
5.20  for the three levels  of task difficulty,  and  Fig.  5.21  for  the two presentations.

Overall rest-task contrast scores differed between the three experiments for temporalis

(F(2,114)= 5.24, p < .01) and zygomaticus major (F(2,114)= 8.96, p < .001). Simple effects
analysis showed that there were significant rest-task differences for the temporalis for the
force production speed experiment (F(1,114) =  8.45,p< .005). This effect will be discussed
later in chapter  8.  For the zygomaticus major, simple effects analysis showed that there  were
significant rest-task differences  for the stimulus degradation experiment  (F(1,114) =   11.42,

p < .005), and force production speed experiment (F(1,114) =  6.49,  p < .05). These effects
will be discussed later in chapter  6  and 8, respectively. No significant overall differences
between task periods and surrounding rest periods were found  for the other muscles.
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Figure 5.16 Overall average EMG activity patterns across trials within trial blocks.

Overall effects of Reward on rest-task contrast scores were found for temporalis  (F(1,114) =
6.41, p<.05) and zygomaticus major (F(1,114) = 6.11, p < .05). For both muscles, the
reward groups showed a greater negative rest-task difference as compared to the control
groups. The other muscles showed  no main overall effects of Reward. Effects of Reward  did
not differ between the three experiments  for  any  of the investigated muscles. A greater  rest-
task difference was found on the left recording side as compared to the right side for the
orbicularis oculi (F(1,114) =  4.42,  p < .05),  and a tendency towards significance was found
for the corrugator supercilii (F(1,114)= 4.42, p=.05). No overall effects of Side on the rest-
task contrast scores were found for the other muscles. Effects of Side did not differ between
the three experiments for any of the investigated muscles. For the orbicularis oris inferior,
the effect of Side was different for the two subject groups, as apparent from a significant
interaction between  Side and Reward   (F(1,114)=   4.65,   p< .05). Simple effects analysis
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showed   that an effect   of  Side   was only found   for the control groups (F(1,114) =   8.14,
p < .01),  where  more EMG activity was found  on the left recording  side.  For the other
muscles, effects of Side did not differ between the two subject groups. For the corrugator
supercilii, the interaction effect between Side and Reward was different for the three
experiments   (F(2,114) =   4.45,p< .05) . Simple effects analysis showed  that  only   for  the
stimulus degradation experiment there was a significant interaction between Side and Reward
(F(1,114)=5.85,   p<.05). This effect  will be discussed later in chapter 6. Regarding   he
other facial muscles, interaction effects between Side and Reward did not differ between the
three experiments.

FRONTALIS TEMPORAUS

 '300    - Stimulus degradation  300 - _ Stimulus degradation

3 2 5 0-  - „ -  E::„„9:= „' Speed E 250 - - - -
S-R compatibility
Force production speed

E ma - 0 200

2,150 0150-
 
a 1 0 0      ,..,- _  -

  100     U.A„.4.1-':."."==I'--=di, At,'4*r*
e 50

Task                   Rest                  50 -
Rest Task Rest

8
Rest

0,                   0,
1 30                   90        120             1         30                    90        120

Trials Trials

CORRUGATOR SUPERCILII ORBICUlARIS OCUU

*300    - Stimulus degradation ' 300 - - Stimulus degradation
- 250 - - - S-R compatibility

  250 -  - - -
S-R compatibility

  Force production speed        .,.,·„- Force production speed

  200- : 200/ f0               1>1- 7
L.==           11„ - AL.»-<-.=„ ---......11            -/

5                                                          5

*
50-

Rest Task Rest  
50-

Rest Task Rest
Ul

0, ·   ·   0,
1 30                   90        120             1         30                    90        120

Trials Trials

ORBICULARIS ORIS INFERIOR ZYGOMATICUS MAJOR
300 -

          - Stimulus degradation '*'300 - - Stimulus degradation
0 250 -  -  S-R compatibility # 250 -   - S-R compatibility

Force production speed g Force production speed

0 200- 0 200 -
i
0 150 -   ».« il:- -,4-  -0

 - 100 -v··"  4.·-'•-44· 11,1% '        *
*  50

-
Rest

T„,                   Re"               E  ': -
Rest Task              Rest

0  ,
1 30                    90        120             1         30                   90        120

Trials Trials

Figure    5.17    Mean EMG activity across trials within trial blocks    for the three
experiments.
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For all investigated facial muscles, significant overall effects of Task Difficulty were not
found on the rest-task difference scores, meaning that there were no significant overall linear
or quadratic trends across the three levels   of task difficulty. Regarding all investigated
muscles, the linear and quadratic trend components across levels did not differ between the
three experiments. Furthermore, the linear and quadratic trend components across the three
levels of task difficulty did not differ between the two subject groups, nor between the two
recording sides, and effects of Side on these components did not differ between the two
subject groups.
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Figure 5.18 Mean EMG activity across trials within trial blocks for the two subject
groups.

As the orbicularis oculi is concerned, the effect of Reward on the quadratic trend component
across the three levels  of task difficulty differed between the three experiments  (F(2,114) =
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3.69,  p < .05). The effect of Reward on linear trend component across levels did not differ.
Simple effects analysis showed that there was only a significant effect of Reward on the
quadratic trend component across the three levels of task difficulty for the force production
speed experiment  (F(1,114) =  5.79,  p < .05). This effect  will be discussed later in chapter
8. For the other muscles, effects of Reward on linear and quadratic trend components across
the three levels of task difficulty did not differ between the three experiments.
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Figure  5.19  Mean EMG activity across trials within trial blocks  for  the two recording
sides.

Effects of Side on the linear trend component across the three levels of task difficulty
differed between the three experiments for frontalis (F(2,114) = 3.29, p < .05) and orbicularis
oris inferior (F(2,114)=  3.23, p<.05). The effect of Side on the quadratic trend components
of these two muscles did not differ. Simple effects analysis showed that for frontalis there
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was a significant effect of Side on the linear trend component across levels only for the S-R
compatibility experiment (F(1,114)= 7.15, p<.01), and this was also the case for the
orbicularis oris inferior (F(1,114)= 4.95, p<.05) These effects will be discussed later in
chapter 7. For the other muscles, the effect of Side on linear and quadratic trend components
across levels did not differ between the three experiments. The interaction effect between
Side and Reward on the linear trend component differed between the three experiments for
orbicularis oculi (F(2,114)= 5.29, p<.01) and orbicularis oris inferior (F(2,114)= 3.51,
p < .05). The interaction effect between Side and Reward on the quadratic trend component
of these two muscles did not differ between the three experiments. Simple effects analysis

showed that there was a significant interaction effect between Side and Reward on the linear
trend component only fur the force production speed experiment for orbicularis oculi
(F(1,114) = 8.49, p < .005) and the orbicularis oris inferior (F(1,114)=7.37, p<.01) These

effects will be discussed later in chapter 8. For the other muscles, the interaction effect
between Side and Reward on the linear and quadratic trend components across levels did not
differ between the three experiments.

With regard to the orbicularis oculi, the linear trend component across trials within trial
blocks differed between the three experiments (F(2,114) = 3.47, p < .05). The quadratic trend

component of this muscle did not differ between the three experiments. Simple effects
analysis showed that only for the stimulus degradation experiment there was a significant
linear trend (F(1,114) =  6.58, p < .05). For the other muscles, the linear and quadratic trend

components across trials did not differ between the three experiments. Regarding all
investigated muscles, the linear and quadratic trend components across trials  did not differ
between the two subject groups, nor between the two recording sides. However, for the
zygomaticus major there was a tendency towards a significant effect of Side on the linear
trend component (F(1,114) =  3.69, p=.057), but not on the quadratic trend component.  For

all investigated muscles, effects of Reward on the linear and quadratic trend components

across trials did not differ between the three experiments.

For all investigated muscles, effects of Side on the linear and quadratic trend components

across trials did not differ between the two subject groups, nor between the three

experiments. As the zygomaticus major is concerned, the interaction effect of Side and
Reward  on the linear trend component differed between the three experiments  (F(2,114) =

3.20,  p < .05). The interaction effect  of Side and Reward  on the quadratic trend component
did not differ between the three experiments. Simple effects analysis showed that only for
the stimulus degradation experiment there was a significant interaction effect of Side and
Reward   on the linear trend component   (F(1,114)=   5.82, p<.05). Regarding the other

muscles, interaction effect of Side and Reward on the linear and quadratic trend components

across trials  did not differ between the three experiments.

With regard to all facial muscles, significant effects of Task Difficulty on the linear and
quadratic trend components across trials were not found. Effects of Task Difficulty on the
linear and quadratic trend components across trials did not differ between the three

experiments, nor between the two subject groups, and also not between the two recording

sides.
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Figure 5.20 Mean EMG activity across trials within trial blocks for the three levels of
task  difficulty.

Effects of Presentation

Overall effects regarding Presentation on rest-task contrast scores were found for frontalis
(F(1,114)= 11.98, p<.005) and corrugator supercilii (F(1,114)= 24.47, p< .001), but not
for the other facial muscles. For both muscles, a greater overall rest-task difference was
found during the second presentation. For all investigated muscles, the effect of Presentation
did not differ between the three experiments. With regard   to the zygomaticus major,   the
effect of Presentation was different for the two subject groups, as apparent from a significant
interaction between Presentation and Reward (F(1,114) =   5.75,  p < .05). Simple effects
analysis showed that an effect of Presentation was almost found for the reward groups
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(F(1,114) = 3.90, p=.051), but not for the control groups.  For the other muscles, effects of
Presentation did not differ between the two subject groups. Interactions between Presentation
and Reward did not differ between the three experiments.
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Figure 5.21 Mean EMG activity across trials within trial blocks for the first and second

presentation.

Regarding all investigated facial muscles, significant interactions between Presentation and
Side were not found, and these interactions did not differ between the three experiments, nor
between the two subject groups. Interaction effects between Presentation, Reward, and Side
did not differ between the three experiments.

Significant effects of Presentation on the linear or quadratic trends across the three levels of
task difficulty were not found for any of the investigated muscles. For orbicularis oculi, the
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effect Presentation on the linear trend component across levels differed between three
experiments (F(2,114) =  3.64,  p < .05). The effect Presentation  on the quadratic trend
component of this muscle did not differ between the three experiments. Simple effects
analysis showed that there was a significant effect of Presentation on the linear trend
component across the three levels of task difficulty for the S-R compatibility experiment
(F(1,114)= 8.32, p<.01), and force production speed experiment (F(1,114)= 4.50,
p < .05),  but  not  for the stimulus degradation experiment. These effects  will be discussed
later in chapters 7 and 8, respectively. For the other muscles, effects of Presentation on
linear and quadratic trend components across levels did not differ between the three
experiments. For zygomaticus major, the effect of Presentation   on the quadratic trend
component across the three levels of task difficulty differed between two subject groups
(F(1,114)=  6.42,  p<.05). The effect of Presentation  on the linear trend component across
levels did not differ between two subject groups. Simple effects analysis showed that there
was only a significant effect of Presentation on the quadratic trend component across levels
for the reward groups (F(1,114)=   5.33,   p<.05).   For the other muscles, effects   of
Presentation on linear and quadratic trend components across levels did not differ between
the two subject groups. For all investigated facial muscles, interaction effects between
Presentation and Reward on the linear and quadratic trend components across levels did not
differ between the three experiments.

For orbicularis oculi, a significant effect of Presentation was found   on the linear trend
component across trials  (F(1,114)=   13.78,  p < .001),  and a tendency towards significance
was   found for frontalis (F(1,114)=  3.76,   p=.055). With regard to these two muscles,
significant effects of Presentation were not found on the quadratic trend component across
trials. Simple effects analysis showed  that for orbicularis oculi there  was a significant positive
linear trend across trials  for the second presentation (F(1,114) =  10.28,  p < .005), but not for
the first presentation. Regarding the other muscles, significant effects of Presentation on the
linear and quadratic trend components across trials were not found. For corrugator supercilii,
the effect of Presentation on the linear trend component differed between the three
experiments (F(2,114) =  4.82,  p < .05). The effect of Presentation  on the quadratic trend
component did not differ between the three experiments. Simple effects analysis showed that
there was a significant effect of Presentation on the linear trend component for the force
production speed experiment (F(1,114)=  5.98,  p<  .05),and a tendency towards significance
for the stimulus degradation experiment (F(1,114) =  3.77, p=.055). These effects  will  be
discussed later in chapter 6 and 8, respectively. For the other muscles, the effect of
Presentation on linear and quadratic trend components across trials did not differ between the
three experiments. As the temporalis is concerned, the effect of Presentation on the linear
trend component across trials differed between two subject groups (F(1,114) =  5.06, p < .05).
The effect of Presentation on the quadratic trend component did not differ between two
subject groups. Simple effects analysis showed that there was a significant effect of
Presentation  on the linear trend component  only  for the control groups   (F(1,114) =   6.01,
p < .05).  For the other muscles, the effect of Presentation on linear and quadratic trend
components across trials   did not differ between   the two subject groups. Regarding    all
investigated facial muscles, interaction effects between Presentation and Reward on the linear
and quadratic trend components across trials did not differ between the three experiments.
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A significant interaction effect between Presentation and Task Difficulty on the linear trend
component across trials was found  for the frontalis  (F(1,114)=  4.63,  p < .05),  and  on  the

quadratic trend component  of the orbicularis oculi (F(1,114) =  4.41,  p < .05). A significant
interaction effect between Presentation and Task Difficulty was not found on the quadratic
trend component, for frontalis, and for orbicularis oculi on the linear trend component.
Simple effects analysis showed for the frontalis, that there was a significant effect of Task
Difficulty  on the linear trend component during the second presentation (F(1,114)=  5.17,
p < .05). For orbicularis oculi, simple effects analysis could not differentiate the interaction
effect between Presentation and Task Difficulty on the quadratic trend component. With
regard to the other muscles, interaction effects between Presentation and Task Difficulty on
the linear and quadratic trend components across trials were not found.

For all investigated muscles, interaction effects between Presentation and Task Difficulty on
the linear and quadratic trend components across trials did not differ between the three
experiments, nor between the two subject groups. Interaction effects between Presentation,
Reward, and Task Difficulty On the linear and quadratic trend components across trials did
not differ between the three experiments.

5.2.2.2 Effects on phasic EMG activity

In Fig. 5.22, the overall averaged phasic EMG responses of the investigated facial muscles
are shown. Fig. 5.23 shows the mean results for the three experiments, Fig. 5.24 for the two
subject groups,  Fig 5.25 for the two recording sides,  and Fig 5.26 for the three levels of task

difficulty.

As can be seen from Fig. 5.22, each muscle showed a particular response pattern. During
the foreperiod, mean EMG activity of the investigated muscles was either elevated or
lowered. Elevated EMG activity was found for frontalis (F(1,114) =  10.58,  p < .005)  and
corrugator supercilii (F(1,114)= 77.08, p< .001), and lowered EMG activity was found for
temporalis (F(1,114)= 22.04, p<.001), orbicularis oculi (F(1,114)= 83.07, p<.001),
zygomaticus major (F(1,114)= 131.10, p< .001), and orbicularis oris inferior (F(1,114)=
70.36, p<.001).

Regarding the time course of the EMG activity during the foreperiod, two main types of
preparatory activity could be distinguished, that is a continuously increasing and a
continuously decreasing time course. Significantly  increasing EMG activity during  the
foreperiod, that is significant overall positive linear trends were found for the frontalis
(F(1,114)= 8.49, p<.005) and corrugator supercilii (F(1,114)= 84.36, p<.001)
Continuously decreasing EMG activity, that is significant overall negative linear trends were
found for temporalis (F(1,114)= 63.98, p< .001), orbicularis oculi (F(1,114)= 156.40,
p < .001), zygomaticus major (F(1,114)= 152.17, p<.001), and orbicularis oris inferior
(F(1,38)= 36.52, p< .001).
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Figure 5.22 Overall average EMG activity patterns within trials.

Effects of Experiment. Reward, Side, and Task Difficulty

The amount of EMG activity during the foreperiod differed significantly between the three

experiments fur zygomaticus major (F(2,114) =   4.40,   p < .05),   and   for the corrugator
supercilii there   was a tendency towards significance (F(2,114) =   2.98,   p =.055).    No
significant differences between the three experiments were found for the other muscles.
Overall effects of Reward on the mean EMG activity during the foreperiod were found for
frontalis (F(1,114)= 6.58, p< .05), temporalis (F(1,114)= 10.74, p< .01),and zygomaticus
major (F(1,114)= 5.50, p< .05). For these muscles, the reward groups showed less EMG
activity than the control groups. The other muscles showed no overall effects of Reward.
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Regarding all investigated facial muscles, effects of Reward on mean EMG activity during
the foreperiod did not differ between the three experiments.
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Figure 5.23 Mean EMG activity within trials  for the three experiments.

Significantly more EMG activity during the foreperiod was found for the left recording side
as  compared  to the right  side  for the corrugator supercilii (F(1,114) =  6.72,  p < .05).  No
overall effects of Side were found for the other muscles. Effects of Side differed between the
three experiments for temporalis (F(2,114) =3.6 5,p< .05) and orbicularis oculi  (F(1,114) =
3.92,   p <.05). Simple effects analysis showed  that for temporalis there  was a significant
effect of Side only for the force production speed experiment (F(1,114) = 5.04, p < .05). This
effect will be discussed later in chapter 8. For orbicularis oculi, simple effects analysis
showed a significant effect of Side only  for the stimulus degradation experiment (F(1,114) =
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5.52,  p < .05). This effect will also be discussed later, in chapter 6.  As the other muscles are
concerned, effects of Side did not differ between the three experiments. Effects of Side did
not differ between  the two subject groups,   for all investigated facial muscles. With regard
to the zygomaticus major, interaction between Side and Reward differed between the three
experiments (F(2,114) = 3.52, p < .05). Simple effects analysis showed that only for the force
production speed experiment there was a significant interaction between Side and Reward
(F(1,114)= 7.26, p<.01). This effect will be discussed later in chapter 8. For the other
muscles, interaction effects between Side and Reward did not differ between the three
experiments.
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Figure 5.24 Mean EMG within trials for the two subject groups.

83



Chapter 5

For orbicularis oculi, the overall effect of Task Difficulty on EMG activity during the
foreperiod was denoted by a significant negative quadratic trend across the three levels of
task difficulty (F(1,114) =  4.25,  p < .05),  and  for the zygomaticus major the effect of Task
Difficulty was indicated by a significant negative linear trend across levels  (F(1,114) =  4.90,
p < .05).  Regarding the other muscles, no significant overall linear or quadratic trends across
the three levels of task difficulty were found.
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Figure 5.26 Mean EMG within trials for the three levels of task difficulty.

With regard to all investigated facial muscles, the linear and quadratic trend component
across the three levels   of task difficulty  did not differ between the three experiments,   nor
between  the two subject groups,   and   also not between  the two recording sides. Effects   of
Reward on these components    did not differ between the three experiments.     For    the
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temporalis, the effect of Side on the quadratic trend component across the three levels of task
difficulty differed between the three experiments (F(2,114) =  3.74, p < .05). Effects of Side
on the linear trend component across levels did not differ between the three experiments.
Simple effects analysis showed a significant effect of Side on the quadratic trend component
across levels only  for the force production speed experiment (F(1,114) =  6.28,  p < .05).  This
effect will be discussed later in chapter 8. For corrugator supercilii, the effect of Side On the
linear trend component across the three levels of task difficulty differed between the three
experiments  (F(2,114) =  4.72,  p < .05). Effects  of  Side  on the quadratic trend component
across levels did not differ between the three experiments. Simple effects analysis showed
a significant effect of Side on the linear trend component across levels only for the S-R
compatibility experiment  (F(1,114) =  7.58,  p < .01. This effect  will  also be discussed later,
in  chapter  7.   As the zygomaticus major is concerned, the effect  of  Side  on the linear  and
quadratic trend component differed between the three experiments (linear: F(2,114) =  3.31,
p<.05); quadratic: F(2,114)= 3.09, p<.05). Simple effects analysis showeda significant
positive linear trend across the three levels of task difficulty only for the force production
speed experiment (F(1,114) =  5.57,  p < .05),  and a small indication for a negative quadratic
trend across levels was found only  for the stimulus degradation experiment (F(1,114) =  3.46,
p =.066).   Regarding the other muscles, effects  of  Side  on the linear and quadratic trend
components across the three levels of task difficulty did not differ between the three
experiments. For orbicularis oculi, the effect of Side on the linear trend component across
levels differed between  the two subject groups. The effect  of  Side   on the quadratic trend
component did not differ between the two subject groups. Simple effects analysis showed a
significant effect of Side on the linear trend component across levels only for the control
groups (F(1,114)= 5.05, p< .05). For the other muscles, effects of Side on the linear and
quadratic trend components across the three levels of task difficulty did not differ between
the two subject groups. With regard  to all investigated muscles, interaction effects between
Reward and Side On the linear trend component across levels did not differ between the three

experiments.

For the frontalis, the quadratic trend component during the foreperiod differed between the
three experiments (F(2,114) =  3.41,  p < .05). The linear trend component  did not differ.
Simple effects analysis showed that there was a significant positive quadratic trend only for
the S-R compatibility experiment (F(1,114) =  5.34,  p < .05). With regard  to the orbicularis
oculi and zygomaticus major the linear trend component during the foreperiod differed
between the three experiments (orbicularis oculi:   F(2,114) =   3.98,   p < .05; zygomaticus
major:   F(2,114) =   3.98,   p < .05). The quadratic trend components  did not differ. Simple
effects analysis showed that for the orbicularis oculi there was a significant negative linear
trend during the foreperiod  for the stimulus degradation experiment (F(1,114)=  90.62,
p < .001),  but also  for the S-R compatibility experiment (F(1,114)=  38.24,  p < .001),  and
the force production speed experiment (F(1,114)=  35.49, p<.001) However, the linear
trend component appeared to be about the same for the three experiments. The contribution
of the linear component  to the total variation  was  99.99%,  99.99%,  and  99.39%  for  the
stimulus degradation, force production speed, and S-R compatibility experiment, respectively.
Simple effects analysis showed that for the zygomaticus major there was a significant
negative linear trend during the foreperiod for the stimulus degradation experiment
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(F(1,114)= 91.69, p<.001), but also for the S-R compatibility experiment (F(1,114)=
38.50, p<.001), and force production speed experiment F(1,114)= 31.20, p<.001).
However, the linear trend component appeared to be slightly different for the three
experiments. The contribution of the linear component  to the total variation  was  99.75 %,
99.63 %,  and 99.75 %  for the stimulus degradation, S-R compatibility, and force production
speed experiment, respectively. Altogether, this implicated that although the trend
components are statistically of comparable magnitude, in an absolute sense they are clearly
different: stimulus degradation leads to the strongest decline. Regarding the other muscles,
the linear and quadratic trend components during the foreperiods did not differ between the
three experiments.
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Figure 5.25 Mean EMG within trials for the two recording sides.
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Regarding frontalis, temporalis, corrugator supercilii, and zygomaticus major, the linear
trend component during the foreperiod did not, but the quadratic trend components did differ
between the two subject groups (frontalis: F(1,114)= 7.88, p< .01; temporalis: F(1,114)=
13.28, p<.001; corrugator supercilii: F(1,114)= 6.41, p<.05; and zygomaticus major:
F(1,114) =6.3 3,p< .05).   For the orbicularis oris inferior, the quadratic trend component
during the foreperiod did not, but the linear trend component did differ between the two
subject groups (F(1,114) = 4.73, p < .05). With regard to the orbicularis oculi, the linear and
quadratic trend components during the foreperiod did not differ between the two subject
groups. Simple effects analysis showed  that  for the frontalis and corrugator supercilii there
were significant positive quadratic trends during the foreperiod only for the reward groups
(frontalis: F(1,114)= 5.73, p< .05; corrugator supercilii: F(1,114)= 5.08, p< .05). Simple
effects analysis showed that for the temporalis there was a significant negative quadratic trend
during the foreperiod  for the control groups (F(1,114) =  4.39,   p < .05),  but a significant
positive quadratic trend was found for the reward groups (F(1,114)= 9.35, p < .005). Simple
effects analysis showed that for the zygomaticus major there was a significant positive
quadratic trend during the foreperiod  for the reward groups (F(1,114)=  6.82,  p<.05),  but
no significant quadratic trend was found for the control groups. Simple effects analysis
showed that for the orbicularis oris inferior there was a significant negative linear trend
during the foreperiod  for the reward groups (F(1,114) =  7.52,  p < .01),  but  also  for  the
control groups (F(1,114)=33.63,p<.001) However, the linear trend component appeared
to be greater for the control groups. The contribution of this component to the total variation
was  99.79 %,   and  94.88 %   for the control groups and reward groups respectively.   For  all
investigated muscles, effects of Reward on the linear and quadratic trend components during
the foreperiods did not differ between the three experiments.

With regard to all investigated muscles, Side did not have any significant effects on the linear
and quadratic trend components during the foreperiods, and effects of Side on the linear and
quadratic trend components during the foreperiods did not differ between the two subject
groups, nor between the three experiments. Interaction effects of Side and Reward on the
linear and quadratic trend components during the foreperiods did not differ between the three
experiments.

For   frontalis, the linear trend component during the foreperiod   did   not,   but the quadratic
trend component did differ between the three levels  of task difficulty (F(1,114) =  8.60,
p < .005). Simple effects analysis showed that there  was a tendency towards a significant
positive quadratic trend during the foreperiod  for  the  low task difficulty level (F(1,114) =
3.61,  p =.060),  but no significant quadratic trends were found for the moderate and high task
difficulty level. Regarding the other muscles, significant effects of Task Difficulty on the
linear and quadratic trend components during the foreperiods were not found. Regarding the
corrugator supercilii, the effect of Task Difficulty on the quadratic trend component during
the foreperiods did not, but the effect of Task Difficulty on the linear trend component did
differ between the three experiments   (F(1,114) =3.58,   p< .05). Simple effects analysis
showed that there was a significant effect of Task Difficulty on the linear trend component
during the foreperiod   only   for the force production speed experiment   (F(1,114) =   4.81,
p < .05). This effect  will be discussed later in chapter  8.   For the zygomaticus major,   the
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effect of Task Difficulty on the linear trend component during the foreperiods did not, but
the effect of Task Difficulty on the quadratic trend component did differ between the three
experiments (F(1,114) =   3.68,   p < .05). Simple effects analysis showed that there   was   a
significant effect of Task Difficulty on the quadratic trend component during the foreperiod
only for the stimulus degradation experiment (F(1,114) = 7.691, p < .01). This effect will be
discussed later in chapter 6. With regard to the other muscles, effects of Task Difficulty on
the linear and quadratic trend components during the foreperiods did not differ between the
three experiments. Regarding all investigated facial muscles, effects of Task Difficulty on
the linear and quadratic trend components during the foreperiods did not differ between the
two subject groups, nor between  the two recording sides, and interaction effects between
Task Difficulty and Reward on these components did not differ between the three
experiments.

5.2.2.3 Effects on tonic heart rate

5.2.2.3.1 Tonic heart rate during the course of the experiment

The time courses of tonie heart rate during the course of the whole experimental session for
the three experiments  and  for  the two subject groups is shown  in  Fig .   5.2 7. The right panels
of this figure show the baseline corrected averaged results of every task period over which
the statistical analysis has been performed, that is over the rest-task contrast scores.

Ejfects of Experiment and Reward

Mean overall heart rate during task periods, as compared to the surrounding rest periods, was

significantly elevated  (F(1,114) =    1 3.6 7, p<.001). Rest-task contrast scores   did not differ
between the three experiments, nor between the two subject groups, and effects of Reward
on the rest-task difference scores did not differ between the three experiments.

Effects  of Time-On-Task

The overall time course across the six baseline corrected task periods was denoted by a
significant negative linear trend (F(1,114)=  7.40, p<.01). The linear and quadratic trend
components across task periods did not differ between the three experiments. The quadratic
trend component did not, but the linear trend component across task periods did differ
between  the two subject groups (F(1,114) =4.8 1,p< .05). Simple effects analysis showed
that  there   was a negative linear trend  only   for the reward groups (F(1,114)=    12.08,
p <  . 005). So, heart rate decreased during the course   of the experimental session   for   the
reward groups, whereas for the control groups heart rate remained fairly constant across.
Effects of Reward on the linear and quadratic trend components across task periods did not
differ between the three experiments.
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Figure 5.27 Mean heart rate during the course of the experiment (left panels) and the
baseline corrected task periods (right panels), for the three experiments (upper panels)
and the two subject groups (lower panels).

5.2.2.3.2 Tonic heart rate across trials within trial blocks

The left upper panel  of  Fig. 5.2 8 shows the overall average heart rate response across trials
within trial blocks. Average heart rate within trial blocks  did not significantly differ from  that
during the surrounding rest periods. Regarding the overall time course across trials, heart
rate activity was not characterized by a significant positive or negative linear trend, but by
a significant positive quadratic trend (F(1,114)- 21.54, p< .001)

Effects Of Experiment, Reward, and Task Difficulty

Overall rest- task contrast scores did not differ between the three experiments, nor between
the two subject groups and effects of Reward on these contrast scores did not differ between
the  experiments.

No significant overall effect of Task Difficulty was found, meaning that there was no
significant overall linear or quadratic trend across the three levels of task difficulty. The
linear and quadratic trend components across levels did not differ between the three
experiments, nor between the two subject groups, and the effect of Reward on these
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components did not differ between the three experiments. The linear trend component across
trials within trial blocks did not, but the quadratic trend component did differ between the
three experiments (F(2,114)=  5.03, p<.01) Simple effects analysis showed that there was
a significant positive quadratic trend across trials only for the S-R compatibility experiment
(F(1,114) = 27.77, p < .001). The linear and quadratic trend components across trials did not
differ between the two subject groups, and effects of Reward on these components did not
differ between the three experiments.
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Figure 5.28 Average heart rate, overall (left upper panel), for the experiments (right
upper panel),    the two groups (left middle panel), the difficulty levels (right lower
panel), and presentation (left lower panel).
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A significant effect of Task Difficulty on the linear and quadratic trend components across
trials was not found. The effect of Task Difficulty on the linear trend component across trials
did not, but the effect of Task Difficulty on the quadratic trend component across trials did
differ between the three experiments (F(2,114) =   3.43,   p < .05). Simple effects analysis
showed that there was a nearly significant effect of Task Difficulty on the quadratic trend
component just  for the force production speed experiment (F(1,114)= 3.86, p=.052). This
effect   will be discussed later in chapter 8. Effects   of Task Difficulty   on the linear   and
quadratic trend components across trials did not differ between the two subject groups, and
interaction effects of Task Difficulty and Reward on these components did not differ between
the three experiments.

Effects of Presentation

A significant overall effect of Presentation on the rest-task contrast scores was not found, and
this effect did not differ between the three experiments, nor between the two subject groups,
and interaction effects between Presentation and Reward did not differ between the three
experiments.

Regarding the overall rest-task contrast scores, significant effects of Presentation on the
linear or quadratic trend components across the three levels of task difficulty were not found.
The effect Presentation on the quadratic trend component across levels differed between three
experiments (F(2,114) =    5.14,   p < .01). The effect Presentation   on the linear trend
component did not differ between the three experiments. Simple effects analysis showed that
there was a significant effect of Presentation on the quadratic trend component for the force
production speed experiment (F(1,114)= 6.43, p<.05), and a tendency towards significance
for  the S-R compatibility experiment (F(1,114) =   3.86, p=.052). These effects  will  be
discussed later in chapters 7 and 8, respectively. The effect of Presentation on linear and
quadratic trend components across levels did not differ between the two subject groups, and
interaction effects between Presentation and Reward on the linear and quadratic trend
components across levels did not differ between the three experiments.

With regard to the overall rest-task contrast scores, a significant effect of Presentation was
found  on the linear trend component across trials (F(1,114) =  23,04,  p < .001),  and  on  the
quadratic trend component across trials (F(1,114) =  6.92,  p < .05). Simple effects analysis
showed a significant positive linear trend across trials only for the second presentation
(F(1,114) =  9.2,  p <.005), but a significant negative quadratic trend was found for the first
presentation (F(1,114) =    30.76,   p < .001) and second presentation (F(1,114) =    8.76,
p < .005).  However, the quadratic trend component across trials appeared  to be greater  for
the first presentation. The contribution of this component to the total variation was 95.03 %
and  35.01%  for the first and second presentation respectively. The effect of Presentation  on
the linear trend component differed between the three experiments (F(2,114) =    7.24,
p <.005). The effect of Presentation on the quadratic trend component did not differ between
the three experiments. Simple effects analysis showed that there was a significant effect of
Presentation on the linear trend component only for the S-R compatibility experiment
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(F(1,114) =  34.55,  p < .05). This effect  will be discussed later in chapter  7. The effect  of
Presentation on linear and quadratic trend components across trials did not differ between the

two subject groups, and interaction effects between Presentation and Reward on these

components did not differ between the three experiments.

A significant interaction effect between Presentation and Task Difficulty was found on the
positive linear trend component across trials (F(1,114)=  7.08,  p< .01),  but  not  on  the
quadratic trend component. Simple effects analysis showed that there was a significant effect

of Task Difficulty on the positive linear trend component during the second presentation

(F(1,114) =  5.74,  p < .05). Interaction effects between Presentation and Task Difficulty on
the linear and quadratic trend components across trials did not differ between the three

experiments, nor between  the tWO subject groups. Interaction effects between Presentation,

Reward,     and Task Difficulty on these components    did not differ between the three

experiments.

5.2.2.4 Effects on phasic heart rate

Overall average phasic heart rate activity within trials is shown  in the left upper panel  of Fig.
5.29. This figure also shows  the mean results  for the three experiments,  for  the two subject

groups, and for the three levels of task difficulty.

As has been explained in chapter 4, different relative minima and maxima within a trial have

been assessed with regard to phasic heart rate, a (first) acceleration some time after

presenting WS, succeeded     by a deceleration     and a (second) acceleration following
presentation  of  RS.

Effects of Experiment. Reward, and Task Difficulty

Heart rate at the moment of the first acceleration did not differ between the three

experiments, nor between the tWO subject groups, and effects of Reward did not differ
between the three experiments.

Task Difficulty had no significant effect on the heart rate at the moment of the first
acceleration. The linear and quadratic trend component across the three levels of task
difficulty did not differ between the three experiments, nor between the two subject groups,

and effects of Reward on these components did not differ between the three experiments. A

significant overall total deceleration was found (F(1,114)= 182.64,  p < .001). However,
heart   rate   at this point  did not differ between the three experiments, nor between  the   two

subject groups, and effects of Reward did not differ between the three experiments.

Task Difficulty had no significant effect on the heart rate deceleration. The linear and
quadratic trend component across the three levels of task difficulty did not differ between the
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three experiments, nor between the two subject groups, and effects of Reward on these
components  did not differ between the three experiments.
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Figure 5.29 Basic heart rate response (left upper panel), mean activity for the three
experiments (right upper panel), the subject groups (left lower panel), and the three task
di fficulty levels (right lower panel).

A significant overall total second acceleration was found (F(1,114) =  64.79,  p < .001). Heart
rate  at this point differed between the three experiments  (F(2,114)=  6.50,  p< .001),  but  not
between the two subject groups, and effects of Reward did not differ between the three
experiments. Simple effects analysis showed significant second accelerations for the stimulus
degradation experiment (F(1,114) =  25.22,  p <.001)  and  the S-R compatibility experiment
(F(1,114) =  48.86,  p < .001), while  for the force production speed experiment there  was  a
tendency towards significance (F(1.114)=3.73,p=.056) These effects  will be discussed
later in chapter 6,7, and 8, respectively.

Task Difficulty had a significant effect on the heart rate at the moment of the second
acceleration, which was characterized by a significant negative linear trend across the three
levels of task difficulty (F(1,114)=  14.39, p < .001). The quadratic trend component across
the three levels of task difficulty did not, but the linear trend component across levels did
differ between the three experiments (F(2,114)=   13.76, p<.001). Simple effects analysis
showed that there was a significant negative linear trend across the three levels of task

I difficulty only for the force production speed experiment (F(1,114)= 41.44, p< .001). The
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linear and quadratic trend component across the three levels of task difficulty did not differ
between the two subject groups, and effects of Reward on these components did not differ
between the three experiments.

5.2.2.5 Effects phasic respiratory activity

Overall average phasic respiratory activity within trials is shown in the left upper panel of
Fig. 5.30. This figure also shows the mean results for the three experiments, for the two
subject groups, and for the three levels of task difficulty. From this figure, it can seen that
during the foreperiod, subjects showed expiratory activity.
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Figure 5.30 Basic respiratory activity (left upper panel), mean activity   for the three
experiments (right upper panel), the subject groups (left lower panel), and the three task

difficulty levels (right lower panel).

Effects of Experiment, Reward, and Task Difficulty

At the moment of the presentation of RS, respiratory activity was significantly below baseline
(F(1,114) =  71.05,  p < .001). Respiratory activity at this moment did not differ between the
three experiments, nor between the two subject groups, and effects of Reward did not differ
between the three experiments.
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Task Difficulty had no significant effect on respiratory activity at the moment of the
presentation of RS. The linear and quadratic trend component across the three levels of task
difficulty did not differ between the three experiments, nor between the two subject groups,
and effects of Reward on these components did not differ between the three experiments.

Due to a mechanical effect, a transient increase in the respiration signal occurred during
response execution. This signal peak can be considered as an artifact which is caused by the
pressure wave traveling through the body at the moment of the execution of the brisk,
forceful manual response.   This peak value significantly differed from baseline (F(1,114)=
6.01,  p < .001),  but  did not differ between the three experiments, nor between  the  two
subject groups, and effects of Reward did not differ between the three experiments.

Task Difficulty had a significant effect on the response peak, which was characterized by a
significant negative linear trend across the three levels  of task difficulty  (F(1,114) =  7.79,
p < .01). The quadratic trend component across the three levels of task difficulty did not, but
the linear trend component across levels did differ between the three experiments (F(2,114) =
16.58,  p < .001). Simple effects analysis showed that there was a significant positive linear
trend across the three levels of task difficulty for the S-R compatibility experiment
(F(1,114)=  4.52,  p<.05),  and a significant negative linear trend across the three levels  of
task  difficulty  for the force production speed experiment  (F(1,114)=  35.42,  p< .001).  The
linear and quadratic trend component across the three levels of task difficulty did not differ
between the two subject groups, and effects of Reward on these components did not differ
between the three experiments.

5.3 Summary and conclusions

The overall analysis showed that mean reaction time of the three separate experiments did
not differ from each other. Furthermore, there was no statistical support that mean reaction
time was affected by monetary reward. Reaction time was only affected by the different task
difficulty levels, where it increased with an increasing task difficulty level. This effect did
not differ between the two subject groups, but it differed between the three experiments.
Task difficulty levels had a smaller effect in the force production speed experiment as
compared to the other two experiments. Looking at the time course of the reaction time
scores, it can be concluded that monetary reward had a motivating effect. Reaction time of
the reward groups became faster throughout the experimental session, whereas during the
same period reaction time of the control groups remained constant. For the reward group,
this effect also led to a faster mean reaction time for the second presentation than for the first
presentation.

The three experimental variables had different effects on the mean percentage correct
responses. This effect was mainly caused by the deviating force production speed experiment,
where the mean percentage correct response score was much lower as compared to the other
two experiments. Monetary reward clearly affected the percentage correct responses.    In
comparison with the control groups, the reward groups gained more correct responses. Task
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difficulty level also affected the mean percentage correct responses, which decreased with
increasing difficulty. This effect was the same for the two subject groups, but with regard
to the three experiments it was found to be the most pronounced for the force production
speed experiment. Throughout the experimental session, the percentage correct responses did

not  change  and  was not affected by monetary reward.

With regard to the force production speed it must be noted that it was manipulated as the
experimental variable in the third experiment. However, some findings are worth noting.
First, the reward groups showed a faster overall force production speed as compared to the
control groups. Second, task difficulty level affected force production speed in the force
production speed experiment, which was to be expected, but also in the S-R compatibility
experiment. In that experiment, force production speed decreased with an increased task
difficulty. Third, overall force production speed became faster throughout the experimental
session, which also led to a faster overall force production speed for the second presentation.

Mean subjective mental effort scores did not differ between the two subject groups, but it
differed between the three experiments. The lowest score was given    for the stimulus
degradation experiment, the highest for the force production speed experiment, with the score
for the S-R compatibility experiment in between. Task difficulty level clearly affected the
mental effort scores. A higher mean mental effort was reported with a higher task difficulty
level. In addition, the impact  of this effect was about  the  same  for  the S-R compatibility  and
force production speed experiment, but was lower for the stimulus degradation experiment.
Overall higher mental effort scores were also reported throughout the experimental session,
leading to a higher mean score for the second presentation. This effect did not differ between
the two subject groups, but it differed between the three experiments. The time course of the
mental effort scores did not change for the S-R compatibility experiment, but increased for
the stimulus degradation and force production speed experiment, with the greatest impact for
the stimulus degradation experiment.

In sum, it can be concluded that effects of task difficulty level on reaction time and
percentage correct responses deviated for the force production speed experiment. Monetary
reward showed main effects on the percentage correct response and force production speed,
but the two subject groups did not statistically differ from each other with regard to reaction
time and mental effort scores. Time-On-Task had no negative effects. Reaction time of the
reward groups became faster, and for both subject groups force production speed became
faster, percentage correct response scores remained constant and subjective mental effort
scores   were continuously increasing throughout the experimental sessions.

Task effects were found for frontalis, corrugator supercilii, and orbicularis oris inferior.
Heart  rate  was also elevated during task periods.  The time course  of task performance scores
throughout the experimental sessions remained constant or slightly improved and subjective
mental effort scores continuously increased. These findings seems to indicate that aspecific
energetical resources were continuously being mobilized. Throughout the experimental
session, tonie EMG activity of five facial muscles remained constant. One muscle, the
corrugator supercilii, showed a continuously increasing EMG, whereas heart rate
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continuously decreased, mainly caused by the reward groups. The time course of overall
tonie EMG activity of the investigated facial muscles seemed to be better in accordance with
the task performance scores and subjective mental effort scores than overall tonic heart rate.
Significant effects of reward were not found on the EMG activity of the investigated facial
muscles, but mean heart rate differed between the two subject groups. Only one muscle
showed a significant effect of Side. Larger tonic EMG responses were found during task
periods   on   the   left   recording   side as compared   to the right   side   of the orbicularis oculi.
Furthermore, the linear trend component across task periods throughout the experimental
session of the temporalis differed between the three experiments. Throughout the stimulus
degradation experiment, this muscle showed continuously increasing EMG activity, but EMG
activity remained fairly constant during the S-R compatibility and furce production speed
experiment. The time course of the subjective mental effort scores also showed the greatest
impact during the stimulus degradation experiment. Effects of Experiment on rest-task
difference scores were only found for two facial muscles, temporalis and zygomaticus major.
As for task performance, the force production speed experiment seemed to be the reason for
this effect. For this experiment, temporalis and zygomaticus major showed decreasing EMG
activity during the task periods or, in other words, they showed an inhibition effect, which
was mainly caused  by the reward groups.

Within task periods, EMG activity of frontalis, corrugator supercilii, and orbicularis oris
inferior, curvilinearly increased. In other words, EMG-gradients were found for these
muscles. Time course of the heart rate was signified by a positive quadratic trend, mainly
caused by the S-R compatibility experiment. The quadratic effect was caused by elevated
heart rate at the very beginning of the task periods, which then rapidly decreased, and
subsequently slowly increased throughout the end of the task periods. Significant effects were
not found on the EMG-gradients, between the three experiments, between the two recording
sides, and between the two subject groups. Within task periods, EMG activity of the
temporalis linearly increased, and for the orbicularis oculi linearly increasing EMG activity
was found only for the stimulus degradation experiment.

Faster reaction times for the reward groups, and a faster overall force production speed
score, together with higher reported overall mental effort scores, were found for the second
presentation. Two facial muscles also showed significant effects of presentation. Frontalis and
corrugator supercilii showed more EMG activity during the second presentation.

As far as the phasic physiological responses are concerned, most muscles (temporalis,
orbicularis oculi, zygomaticus major, and orbicularis oris inferior) showed a linearly
decreasing EMG activity during the foreperiod. The two upper facial muscles (frontalis and
corrugator supercilii) showed linearly increasing EMG activity during the foreperiod. Heart
rate showed the characteristic deceleration prior to the presentation of the reaction stimulus,
together with a tendency to expiration. Response patterns of EMG activity, heart rate, and
respiratory activity were basically the same for each of the three experiments and for each
of the three levels   of task difficulty. Monetary reward significantly affected   mean   EMG
activity during the foreperiod of the frontalis, temporalis and zygomaticus major. These
muscles showed less mean EMG activity for the reward groups as compared to the control
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groups. Furthermore, monetary reward affected the time course of EMG activity of most
facial muscles, probably reflecting a more efficient preparatory process (see section 9.5.3.1).
With  regard to phasic heart  rate and respiratory activity, significant transient effects  were
found during the period of response execution. For respiration this effect was clearly related

to the peak forces of the performed motor response. A decreasing peak force resulted in a

decreasing respiratory response peak. Heart rate showed the same effect, namely a decreasing
heart rate with decreasing peak forces. So, the effect found for the second heart rate
acceleration might  be  due  to a mechanical effect related  to the response.
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THE EFFECTS OF STIMULUS DEGRADATION

6.1   Introduction

In this chapter results of the experiment will be described in which effects on tonie and
phasic facial EMG activity were studied by manipulating the perceptibility of reaction stimuli
in a warned four-choice reaction-time-task and whereby subjects had to make an isometric
manual response  up  to a fixed force level (target force). The speed  of this isometric response
was called the force production speed (FPS) and the target force was related to the maximal
voluntary force   (MVF).   It is assumed   that this manipulation affects an early stage   in   the

information processing sequence, which is involved in the encoding of a stimulus.

Manipulation has been accomplished by degrading the reaction stimuli, i.e. by superimposing
checkerboard patterns (see section 4.2.2.1). Stimuli were presented in blocks of sixty trials
with  knowledge of results   (KR) in every trial.   In this experiment, three different levels  of
increasing task difficulty were used, none degraded stimuli, moderately degraded stimuli, or
strongly degraded stimuli. A particular task difficulty level was presented in two separate
blocks  in  a counter-balanced order, resulting  in a total  of six trial blocks. Effects of Stimulus
Degradation on task performance, subjective mental effort, tonie and phasic heart rate, and
phasic respiratory activity were studied also. Another objective   of this experiment  was   to
investigate the manipulation of energetical processes by Time-on-Task (TOT) on tonie
physiological activity and by monetary reward on tonie and phasic physiological activity.  The
procedure of the experiment has been described in chapter 4.

6.2 Results

6.2.1 Task performance and subjective mental effort

6.2.1.1 Training session

All participating subjects   (N =40) received an intensive training,   one day before   the
experimental session. The procedure of the training session and the statistical analysis of the

acquired  data  have been described in chapter  4.

Table 6.1 Mean RT scores.

Stimulus
Degradation RT (ms)

None 747.64

Total group Moderate 827.10

Strong 866.93
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The mean reaction time (RT) scores and the mean percentage correct response (CR) scores
averaged across trial blocks and averaged across subjects are shown in Table 6.1 and Table
6.2,  respectively. The effect  of TOT,  that  is  the time course of the RT  and CR scores across
the six trial blocks for each of the three levels of Stimulus Degradation, are shown in Fig.
6.1.

6.2.1.1.1 Reaction time

Effects of Task Difficulty

As  can  be  seen from Table  6.1, an increasing Stimulus Degradation,   that  is an increasing
task difficulty level, resulted in higher  mean RT scores. The statistical analysis revealed  that
this finding could be described as a curvilinear effect across the three levels of Stimulus
Degradation, because of a significant positive linear trend (F(1,39) = 371.02, p<.001), and
a significant negative quadratic trend (F(1,39)= 39.77, p< .001)

Effects of Time-On-Task

A significant effect of TOT was found on the time course of RT scores across the six trial
blocks, characterized  by a significant negative linear trend  (F(1,39)=  96.23,  p < .001)  and
a significant positive quadratic trend  (F(1,39) =   10.34,  p < .005).  So, RT scores improved
curvilinearly due to training.

REACTION TIME CORRECT RESPONSES

1300 120
- No degradation - No degradation
- - - Moderate degradation - - - Moderate degradation

1100- Strong degradation 100  - Strong degradation
*..+ -

 900 -t- - - - - - -4. . % 80-- - - - -I l- - - * - - -I. - - - - - - -I l- * - - - -p..-- ---
700 - - 60-

500 , i 40  ,
1 2 3 4 5 6 1 2 3 4 56

Trial block Trial block

Figure 6.1 Time course of RT (left panel) and CR scores (right panel) across trial
blocks, averaged over subjects   (N =40)   for   each   of the three levels of Stimulus
Degradation.

The linear trend component across trial blocks  did  (F(1,39) =  23.56,  p < .001),  but  the
quadratic trend component did not differ between the three levels of Stimulus Degradation.
Simple effects analysis showed that there were negative linear trends for the no degradation
condition  (F(1,39) =  30.28,  p < .001),  for the moderate degradation condition  (F(1,39) =
111.31, p < .001), and for the strong degradation condition (F(1,39)=  98.11, p< .001) (see
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also  Fig. 6.1). However, the negative linear trend component appeared  to be largest  for the
strong degradation condition, followed by the moderate and no degradation conditions
respectively. The contribution  of the linear component  to the total variation   in RT scores
across trial blocks  was  91.56%,  95.33%,  and  96.31%   for  the no, moderate, and strong
degradation conditions, respectively. This implicates  that the training  had the largest impact
on the RT scores for the strong degradation condition.

6.2.1.1.2 Correct responses

Effects of Task Difficulty

Increasing the level of task difficulty did not have a significant effect on the CR scores (see
Table   6.2),   that   is   the CR scores remained constant across the three levels of Stimulus
Degradation.

Table 6.2 Mean CR scores.

Stimulus
Degradation CR (%)
None 91.58

Total group Moderate 91.83

Strong 92.92

Effects of Time-On-Task

A significant effect of TOT on CR scores across the six trial blocks was found, characterized
by a significant positive linear trend (F(1,39)= 58.55, p< .001) and by a significant negative
quadratic trend    (F(1,39) =3 3.4 5,p< .001), across trial blocks. CR scores improved
curvilinearly during the training session. The linear and quadratic trend component across
trial blocks did not differ between the three levels of Stimulus Degradation.

6.2.1.1.3 Conclusions

Reaction time was successfully manipulated by Stimulus Degradation whereas percentage
correct responses was not affected by Stimulus Degradation. Furthermore, for both scores
there was a significant effect of TOT, both measures improved during the training session.

For the experimental session,  half of the subjects participated  in the control group  (N =20)
and the other half (N=20) participated in the experimental group, that is in the reward group
(see also chapter 4). The averaged RT and CR scores for the two subject groups, attained
during  the last trial block of the training session are shown in Table  6.3. As these scores  are
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concerned, no significant differences or interactions were found regarding   the two subject
groups, meaning that they did not differ beforehand.

Table 6.3 Mean RT and CR scores attained in the last trial block of
the training session.

Stimulus
Degradation RT (ms) CR (%)

None 731.53 94.50

Reward group Moderate 785.39 95.25

Strong 808.02 95.00

None 694.48 93.00

Control group Moderate 706.04 94.00

Strong 818.87 94.00

6.2.1.2 Experimental session

The procedure of the whole experiment and the statistical analysis of the acquired data have
been  described in chapter  4. The effects   of the different experimental variables are shown
in Fig. 6.2 to Fig. 6.5.

6.2.1.2.1 Reaction time

Effects of Reward and Task Difficulty

The reward group did not show faster RTs, that is no significant effect of Reward was found.
Increasing the level of task difficulty resulted in linearly increasing RT scores, characterized
by a significant positive linear trend (F(1,38) = 376.56, p < .001), across the three levels.  No
significant interaction between Reward and Stimulus Degradation was found, and the linear
and quadratic trend component across the three levels of Stimulus Degradation did not differ
between the two subject groups.

Etrects of Time-On-Task

Overall, RT scores   did not change significantly across trial blocks,   that   is no significant
linear or quadratic trend was found. The linear and quadratic trend component across trial
blocks did not differ between the two subject groups.
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Figure 6.2 Effects of Stimulus Degradation (upper left panel), time (upper right panel),
and presentation (lower two panels)  on RT scores.

Effects of Presentation

Overall mean RT scores seemed to be somewhat faster for the second presentation. However,
the effect of Presentation failed to be statistically significant (F(1,38)=  3.77, p=.060) There
was no significant interaction between Presentation and Reward, and the linear and quadratic
trend component across the levels of Stimulus Degradation did not differ between the two
presentations.

6.2.1.2.2 Correct responses

Effects of Reward and Task Difficulty

The reward group scored significantly more correct responses, as compared to the control
group (F(1,38) = 4.48, p < .05). CR scores did not change significantly with increasing level
of task difficulty (see Fig. 6.3), and a significant interaction between Reward and Stimulus
Degradation was not found. The linear and quadratic trend component across the three levels
of Stimulus Degradation did not differ between the two subject groups.
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Figure 6.3 Effects of Stimulus Degradation (upper left panel), time (upper right panel),
and presentation (lower two panels) on CR scores.

Effects of Time-On-Task

CR scores did not change across trial blocks, that is no significant linear or quadratic trend
was found. The quadratic trend component across trial blocks did not, but the linear trend
component did differ between  the two subject groups   (F(1,38) =5.3 5,p< .05). Simple
effects analysis revealed that subjects in the control group showed a significant negative
linear trend across trial blocks  (F(1,38) =5.87,  p<.05),  that  is a deterioration of CR scores

during the course of the experiment.

Effects of Presentation

A main effect of Presentation on CR scores was found (F(1,38) = 4.32, p <.05), caused by
lower CR scores during the second presentation, as compared to the first presentation. The
interaction between Reward and Presentation was not significant. The linear trend component
across the levels of Stimulus Degradation differed between  the two presentations  (F(1,38)=
5.77,p< .05). Simple effects analysis showed that during the first presentation there  was  a

significant negative linear trend across the three levels  (F(1,38) =  4.68,  p < .05),  but  no
significant linear trend was found for the second presentation. This means that during the
first presentation CR scores were affected by Stimulus Degradation, but not during the
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second presentation  (see  Fig.  6.3). The quadratic trend component across the three levels  of
Stimulus Degradation did not differ between the two presentations.

6.2.1.2.3 Force production speed

Effects of Reward and Task Difficulty

Regarding the FPS scores, no significant effect of Reward was found. On visual inspection,
it seems that the FPS scores became somewhat slower with increasing task difficulty level.
However, this effects failed  to be characterized  by a positive linear trend  (F(1,38) =  3.46,
p =.071).   There  was no significant interaction between Reward and Stimulus Degradation.
The linear and quadratic trend component across the three levels of Stimulus Degradation did
not differ between the two subject groups.
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Figure 6.4 Effects of Stimulus Degradation (upper left panel), time (upper right panel),
and presentation (lower two panels) on FPS scores.

Efrects of Time-On-Task

FPS scores changed across trial blocks, as indicated by a significant negative linear trend
F(1,38) =   16.22,  p < .001). Subjects showed a faster FPS throughout the experiment.   The
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linear and quadratic trend component across trial blocks did not differ between the two
subject groups.

Effects of Presentation

An  effect of Presentation  on FPS scores was found  F(1,38) = 9.98, p < .005), caused  by  a
faster FPS during the second presentation, as compared to the first presentation. A significant
interaction with Reward was not found, and the linear and quadratic trend component across
the levels of Stimulus Degradation also did not differ between the two presentations.

6.2.1.2.4 Subjective mental effort

Effects of Reward and Task Difficulty

No significant differences were found between  the two subject groups. Increasing   the   task
difficulty level resulted into higher subjective mental effort scores, characterized by a
significant positive linear trend (F(1,38) = 8.65,p<.01) There was no significant interaction
between Reward and Stimulus Degradation, and the linear and quadratic trend component
across the levels of Stimulus Degradation did not differ between the two subject groups.
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Figure 6.5 Effects of Stimulus Degradation (upper left panel), time (upper right panel),
and presentation (lower two panels) on mental effort scores.
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Effects Of Time-On-Task

Mental effort scores changed across trial blocks, and were characterized by a significant
positive linear trend (F(1,38) =  13.83, p < .001). So, increasing subjective mental effort was
reported during the course of the experiment. The linear and quadratic trend component
across trial blocks did not differ between the two subject groups.

Efrects of Presentation

A main effect of Presentation was found (F(1,38)= 13.48, p<.005), that is as compared to
the first presentation subjects reported a higher subjective mental effort during the second

presentation. There was no significant interaction between Reward and Stimulus Degradation,
and the linear and quadratic trend component across the levels of Stimulus Degradation did
not differ between the two presentations.

6.2.1.2.5 Conclusions

Regarding RT scores, increasing the task difficulty level by means of stimulus degradation
resulted into longer RTs, but monetary reward did not have significant effects. CR scores
were not affected by Stimulus Degradation, but Reward   led   to an overall higher score.
Furthermore, due to effects of TOT, CR scores of the control group deteriorated across trial
blocks. FPS scores were somewhat affected by Stimulus Degradation, they became slower
with increasing degradation, and FPS scores became faster throughout the experimental
session. Monetary reward did not affect the FPS scores.

In general, performance of both groups was quite good, because their percentage correct
responses  were  over  90 %. The findings regarding task difficulty level were accompanied  by

increasing subjective mental effort scores, and by continuously increasing subjective mental
effort during the course of the experimental session. Effects of Presentation were found for
CR, FPS and mental effort scores. During the second presentation, CR scores were
decreased, mean FPS was faster, and mental effort scores were higher. The experimental
manipulation could be regarded as successful.

6.2.2 Physiological responses

Effects of Stimulus Degradation and effects of Reward on physiological responses were
studied  on a tonie and phasic level. Tonic physiological activity is referred  to as effects  of
TOT, that is the time course during the whole experimental session, the time course within
trial blocks, as well the comparison between the first and second trial block for each level
of Stimulus Degradation. Phasic activity refers to the time course during the foreperiod of
valid trials (see section 4.2.1) Processing  of the physiological signals  and the statistical
analysis have been described in chapter 4.
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Physiological responses were only recorded during the experimental session and not during
the training session.

6.2.2.1 Effects on tonic EMG activity

6.2.2.1.1 Tonic EMG activity during course of the experiment

The time course and effects of monetary reward on the time course of tonie EMG activity
during the experimental session are shown in Fig. 6.6. For illustrative purposes, the EMG
amplitude percentage scores were averaged between the right and left recording sides. The
left  panels  of Fig.  6.6  show  the mean results  of the time course  for  the two subject groups
during the experimental session. The right panels show the baseline-corrected averaged
results of every task period. The statistical analysis   has been performed on these rest-task
contrast scores.

EMG activity as compared to the surrounding rest periods was elevated for frontalis
(F(1,38)= 12.53, p < .005), corrugator supercilii (F(1,38)= 27.84, p< .001), and orbicularis
oris  inferior  (F(1,38) =   14.45,  p < .001). Temporalis, zygomaticus major, and orbicularis
oculi showed no significant differences.

Effects of Reward and Side

All investigated muscles showed, regarding the rest-task differences, no overall effects   of
Reward or Side, and there were also no significant interactions regarding Reward and Side.

Effects of Time-On-Task

The time course over the baseline corrected task periods of the temporalis was characterized
by  a significant positive linear trend  (F(1,38) =  4.99,  p< .05),  and  for the frontalis  by  a
significant negative quadratic trend (F(1,38)=  6.57,  p< .05).  No  significant overall trends
were found for the other muscles. For all investigated muscles, the linear and quadratic trend
component across the six task periods did not differ between the two subject groups.

The quadratic trend component did not, but the linear trend component did differ between
the two recording sides for frontalis (F(1,38) = 5.30, p < .05) and orbicularis oculi (F(1,38)=
4.94,  p < .05).  For both muscles, simple effects analysis showed that the positive linear trend
component for the right recording side showed a tendency towards significance (frontalis:
F(1,38)= 3.79, p<.10; orbicularis oculi: F(1,38)= 3.37, p<.10), but the linear trend
components for the left recording side were not significant. Regarding the other muscles. the
linear and quadratic trend component did not differ between the two recording sides.
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Figure 6.6 Mean EMG activity of the two subject groups during the course of the
experiment (left panels) and of every task period minus the average of the surrounding
rest periods (right panels).

6.2.2.1.2 Tonic EMG activity across trials within trial blocks

Figure 6.7 shows the mean results of the time course across trials within trial blocks for the
three levels of Stimulus Degradation (left panels) and for the two subject groups (right
panels). For illustrative purposes, the EMG amplitude percentage scores were averaged
between the right  and left recording sides.

Regarding mean tonie EMG activity within trial blocks as compared to the surrounding rest
periods, elevated EMG activity was found for frontalis   (F(1,38) =    15.46,   p < .001),
corrugator supercilii (F(1,38)= 31.02, p< .001), orbicularis oris inferior (F(1,38)= 17.19,
p< .001), and zygomaticus major   (F(1,38) =5.43,p<.05).No significant differences
between task and rest periods were found for temporalis and orbicularis oculi.

Effects of Reward, Side, and Task Difficulty

Reward, Side, and Stimulus Degradation significantly affect the overall rest-task difference
scores for any of the investigated muscles. For all muscles, significant interactions between
Reward and Stimulus Degradation were not found. The linear and quadratic trend component
across the levels   of task difficulty  did not differ between  the two subject groups.
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Figure 6.7 Mean EMG activity across trials within trial blocks for the three levels of
Stimulus Degradation (left panels)  and  for  the two subject groups (right panels).

For the corrugator supercilii, a significant interaction was found between Reward and Side
(F(1,38) =  6.06,  p <.05). Simple effects analysis showed  that the control group showed  no
significant differences between the right  and left recording  side,   and  that the reward group
showed a tendency towards  more EMG activity  in  the left recording  side  (F(1,38) =  3.76,
p < . 10). The other muscles showed no significant interactions between Reward  and  Side.

Regarding the time course of EMG activity across trials within trial blocks, some muscles
showed continuously increasing EMG activity, and other muscles did not. Increasing EMG
activity was characterized by significant positive linear and negative quadratic trends for
frontalis (linear trend: F(1,38)= 34.87, p< .001; quadratic trend: F(1,38)= 17.42, p< .001)
and corrugator supercilii (linear trend: F(1,38)= 73.86, p< .001; quadratic trend: F(1,38)=
22.14  p<.001).  The EMG activity of these two muscles could be regarded  as  true  EMG
gradients, because for both muscles the overall EMG activity was significantly higher as
compared to the surrounding rest periods. Positive linearly increasing EMG activity, that is
significant positive linear trends were found for the temporalis  (F(1,38)=  11.58,  p < .005),
and orbicularis oculi  (F(1,38) =  5.95,  p < .05). For these two muscles, the overall  EMG
activity  was not elevated as compared  to the surrounding rest periods.   So, the linear effects
could be regarded as a gradually decreasing inhibition effect. No significant overall trends
were found for the zygomaticus major and orbicular oris inferior.
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The time courses of the investigated EMG responses were not influenced by Stimulus
Degradation or Reward, that is the linear and quadratic trend component across trials did not
differ between the three levels of Stimulus Degradation and between the two subject groups.
However,   for the corrugator supercilii there  was a tendency  (F(1,38) =   3.43,  p < .072)
towards a significant effect of Reward on the linear trend (see Fig. 6.7).

A significant effect of Side was found On the quadratic trend component across trials for the
orbicularis oris inferior   (F(1,38) =   5.42,   p < .05). Simple effects analysis could   not
differentiate this interaction. The linear trend component across trials of the orbicularis oris
inferior did not differ between the two recording sides. For the other muscles, no effects of
Side were found on the linear and quadratic trend components across trials.
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Figure 6.8 Mean EMG activity during the first and second presentation.
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EjIects of Presentation

Figure 6.8 shows the mean results of the time course across trials within trial blocks for the
two presentations. A significant main effect of Presentation on the rest-task difference was
found for corrugator supercilii  (F(1,38)=  6.65,  p < .05); for frontalis there  was a tendency
towards significance  (F(1,38)=  3.37,  p<.10). For corrugator supercilii, a higher rest-task
difference was found during the second presentation. For the other muscles, main effects of
Presentation were not found. A significant interaction between Presentation and Reward was
found for zygomaticus major  (F(1,38) =  4.59,  p < .05),  but  not  for the other muscles.  So,
only for zygomaticus major the effect of Presentation was different for the two subject
groups. Simple effects analysis demonstrated   that the control group showed a tendency
towards  more EMG activity  for the second presentation  (F(1,38) =3.3 2,p< . 10), whereas
the reward group showed no significant differences between the first and second presentation.
No significant interactions were found between Presentation and Stimulus Degradation
regarding all muscles. For all investigated muscles, the linear and quadratic trend component
across trials  did not differ between  the two presentations.

6.2.2.2 Effects on phasic EMG activity

Figure 6.9 shows the mean results of the time course during a trial, averaged over valid trials
(see chapter 4) for the three levels of Stimulus Degradation (left panels) and for the two
subject groups (right panels). Again, for illustrative purposes, the EMG amplitude percentage
scores were averaged between the right and left recording sides.

Mean EMG activity during the foreperiod was elevated, lowered, or did not differ when
compared with the preceding baseline. For the corrugator supercilii mean EMG activity was
elevated (F(1,38)=  30.51,  p< .001). EMG activity was lowered for temporalis (F(1,38)=
14.79, p < .001), orbicularis oculi (F(1,38)= 21.31, p < .001), zygomaticus major (F(1,38)=
63.40, p< .001), and orbicularis oris inferior (F(1,38)= 46.66, p< .001). Frontalis did not
show significant differences between foreperiod and baseline.

Effects of Reward,  Side, and Task Difficulty

Reward did not have a significant effect on the mean EMG activity during the foreperiod for
any of the investigated muscles. Significantly more EMG activity on the left recording side
was  found for the orbieularis oculi (F(1,38)=  4.93,  p < .05). The other muscles showed  no
significant effects of Side. Stimulus Degradation had a significant effect on the mean EMG
activity of the orbicularis oculi during the foreperiod, which was characterized by a negative
quadratic trend across the three levels (F(1,38)= 6.81, p< .05). Mean EMG activity of the
other muscles during foreperiod    was not affected by Stimulus Degradation. Significant
interactions regarding Stimulus Degradation, Reward, or Side were not found.
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Figure 6.9 Mean EMG activity within trials for the three levels of Stimulus
Degradation (left panels)  and  for  the two subject groups (right panels).

With regard to the time course during the foreperiod, three types of preparatory activity
could be distinguished, that is continuously increasing EMG activity, decreasing EMG
activity, and no change in EMG activity. Continuously increasing EMG activity, that is a
significant positive linear trend was found  for the corrugator supercilii  (F(1,38)=   51.54,
p< .001). Continuously decreasing EMG activity,  that is a significant negative linear trend
was  found for temporalis  (F(1,38)=  6.50,  p< .001), orbicularis oculi  (F(1,38)=  63.22,
p< .001), zygomaticus major (F(1,38)= 64.40, p< .001), and orbicularis oris inferior
(F(1,38)= 33.07, p<.001). No changes in the time course were found forthe frontalis.
Reward did not have significant effects on linear and quadratic trends of the investigated
muscles.

Side had a significant effect on the linear trend component of the orbicularis oris inferior
(F(1,38)= 5.41, p<.05) Simple effects analysis showed a significant negative linear trend
for the right recording side (F(1,38)= 36.02, p< .001), but also for the left recording side
(F(1,38) =  28.34,  p < .001). The negative linear trend component seemed  to be greater  for
the right recording    side    than    for    the left recording    side,    but the contribution    of    this
component to the total variation in EMG during the foreperiod  was  99.79%  and  99.97 %  for
the  right  and left recording side respectively. This implicates  that the linear increase   was
about the same for both recording sides. For the other muscles, Side did not have any effects
on the linear and quadratic trend component.
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The quadratic trend component of the zygomaticus major differed between the three levels
of Stimulus Degradation   (F(1,39)=   6.64,   p < .05). Simple effects analysis could   not
differentiate this effect. The linear trend component of the zygomaticus major did not differ
between the three levels. For the other muscles, no effects of Stimulus Degradation were
found on the linear and quadratic trend components.

6.2.2.3 Effects on tonic heart rate

The upper left panel of Fig. 6.10 shows the mean results of the time course of the tonic heart
rate for the two subject groups during the experimental session. The upper right panel shows
the baseline corrected averaged results of every task period over which the statistical analysis
has been performed, that is over the rest-task contrast scores. The left upper middle panel
of Fig. 6.10 shows  the mean results  of the time course across trials within trial blocks  for
the three levels of Stimulus Degradation, and the right upper middle panel for the two subject
groups.

6.2.2.3.1 Tonie heart rate during course of the experiment

Effects of Reward

From  Fig.  6.10 it seems  that  the two subject groups differed  from each other with respect
to the baseline heart rate. This aspect was tested with a oneway-ANOVA On the first rest
period.  This test showed that the effect of Reward just failed to reach significance  (F(1,38)=
4.05,  p =.051). The overall heart rate during the task periods did not differ significantly from
the surrounding rest periods. The two subject groups also did not differ from each other, that
is  no significant effect of Reward was found  on the rest-task differences.

Effects of Time-On-Task

A significant positive quadratic trend across the six rest-task contrast scores (F( 1,38) =  8.07,
p < .01) was found. The quadratic trend component across the task periods did  not, but the
linear trend component did differ between the two subject groups  (F(1,38) =  4.14,  p < .05).
Simple effects analysis showed that there was a significant negative linear trend for the
reward group  (F(1,38)=  4.97,  p < .05),  but no significant linear trend was found  for  the
control group. This implicated that heart rate decreased during the course of the experiment
only for the reward group.

6.2.2.3.2 Tonic heart rate across trials within trial blocks

Mean heart rate across trials within trial blocks did not differ significantly from the
surrounding rest periods.
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Figure 6.10 Mean heart rate during the course of the experiment (upper panels), across
trials (upper middle panels), during first and second presentation (lower middle panel),
and within trials (lower panels).
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Effects of Reward and Task Dijficulty

There were no significant differences between the two subject groups. Stimulus Degradation
did not have a significant main effect, and there was no significant interaction between
Reward and Stimulus Degradation, nor did the linear and quadratic trend component across
the  levels  of task difficulty differ between  the two subject groups.

Regarding the time course across trials, no significant overall trends were found. The time
course of the heart rate was not influenced by Stimulus Degradation and Reward, that is the
linear and quadratic trend component across trials did not differ between the three levels of
Stimulus Degradation and between the two subject groups.

Effects of Presentation

A significant main effect of Presentation on the rest-task difference was not found, nor was
there a significant interaction between Presentation and Reward, nor between Presentation
and Stimulus Degradation. The linear trend component across trials did not, but the quadratic
trend component did differ between the two presentations (F(1,38)= 6.19, p < .05). Simple
effects analysis showed that there was a significant positive quadratic trend across trials for
the first presentation (F(1,38)= 6.79, p < .05), but not for the second presentation.

6.2.2.4 Effects on phasic heart rate

As has been explained in chapter 4, different points within a trial have been assessed with
regard to phasic heart  rate, a (first) acceleration  some time after presenting WS, succeeded
by a deceleration, which was followed by a (second) acceleration. The left lower middle
panel of Fig. 6.10 shows the mean results of the time course across trials within trial blocks
for the two presentations. The lower panels of Fig.  6.10 show  the mean results  of the  time
course during a trial, averaged over valid   trials (see chapter   4)    for the three levels   of
Stimulus Degradation (left panel) and for the two subject groups (right panel).

Effects of Reward and Task Difficulty

Reward and Stimulus Degradation had no significant effects on the heart rate at the moment
of the first acceleration, and a significant interaction between Reward and Stimulus
Degradation was also not found. The linear and quadratic trend component across the levels
of task difficulty did not differ between the two subject groups.

A significant overall deceleration was found    (F(1,38) =    64.17,    p < .001). Stimulus
Degradation did not have a significant effect on this deceleration, but for Reward there was
a tendency towards significance (F(1,38)=3.66,  p<.10). No significant interaction between
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Stimulus Degradation and Reward was found. The linear and quadratic trend component
across the levels of Stimulus Degradation also did not differ between the two subject groups.

A significant overall second acceleration was found (F(1,38) = 22.93, p < .001), but Stimulus
Degradation and Reward did not have a significant effect on this acceleration. A significant
effect of Reward was found on the linear trend component across the three levels of Stimulus
Degradation  (F(1,38) =   5.21,  p < .05). Simple effects analysis showed that there  was  a
significant negative linear trend  for the reward group  (F(1,38) =  4.58,  p < .05),  but  not  for
the control group. This implicated that for the reward group the second acceleration of the
heart rate decreased with increasing task difficulty level. The quadratic trend component
across the three levels of Stimulus Degradation did not differ between two subject groups.

6.2.2.5 Effects on phasic respiratory activity

The  effects on phasic respiratory activity within trials are shown  in  Fig.   6.11.   From  this
figure, it can seen that during the foreperiod, subjects showed a tendency to expiration.
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Figure 6.11 Mean respiratory activity within trials for the three levels of Stimulus
Degradation (right panel)  and  for  the two subject groups (left panel).

EjIects of Reward and Task Difficulty

At the moment of the presentation of RS, respiratory activity was significantly below baseline
(F(1,38)=  15.79, p < .001). Furthermore, no significant main effects of Reward or Stimulus
Degradation were found at the moment of the presentation of RS, nor was there a significant
interaction between Reward and Stimulus Degradation. The linear and quadratic trend
component across the levels of Stimulus Degradation also did not differ between the two
subject groups.

Due to a mechanical effect, a kind of "artefact" occurred during response execution.
Regarding this "response-peak", a tendency towards a significant negative linear trend  was
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found across the three levels of Stimulus Degradation (F(1,38)= 3.88, p=.056). The peak
decreased somewhat with increasing task difficulty. Significant main effects of Reward, or
a significant interaction involving Reward was not found. The linear and quadratic trend
component across the levels of Stimulus Degradation also did not differ between the two
subject groups.

6.2.2.6 Conclusions

Mean EMG activity within task periods was elevated for frontalis, corrugator supercilii, and
orbicularis oris inferior, as compared to the surrounding rest periods. Mean EMG activity
did not differ from the surrounding rest periods fur orbicularis oculi, zygomaticus major, and
temporalis. The reward group did not differ from the control group with regard to all
investigated muscles. As far as the time course across the six task periods is concerned,
overall EMG activity of all investigated facial muscles did not change and monetary reward
did not affect that process.

As compared to the surrounding rest periods, mean EMG activity within trial blocks was
elevated for frontalis, corrugator supercilii, orbicularis oris inferior, and zygomaticus major.
Mean EMG activity of temporalis and orbicularis oculi did not differ from the surrounding
rest   periods. With regard   to   this   type of tonie EMG activity, Stimulus Degradation   and
Reward did not have significant effects on any of the investigated muscles.

EMG gradients were found for frontalis and corrugator supercilii across trials within trial
blocks. Temporalis showed linearly increasing EMG activity. Orbicularis oculi, zygomaticus
major, and orbicularis oris inferior, did not show continuously increasing or decreasing EMG
activity. Stimulus Degradation and Reward  did not influence  the time course  of any  of  the
investigated muscles.

A main effect of Presentation was found on the rest-task difference scores within trial blocks
for corrugator supercilii, and a tendency towards significance for frontalis. For both muscles,
EMG responses were larger during the second presentation.

Mean phasic EMG activity during the foreperiod was, as compared to the preceding baseline,
elevated for corrugator supercilii, lowered for temporalis, orbicularis oculi, zygomaticus
major, and orbicularis oris inferior, and for frontalis no changes were present. Stimulus
Degradation nor Reward had clear effects  on  this  type  o f EMG activity.

With regard to the time course during the foreperiod corrugator supercilii showed
continuously increasing EMG activity. Temporalis, orbicularis oculi, zygomaticus major, and
orbicularis oris inferior showed continuously decreasing EMG activity, but no changes during
the foreperiod were found for the frontalis. Stimulus Degradation nor Reward had clear
effects on preparatory activity during the foreperiod.
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Heart rate recorded during the task periods did not differ from the surrounding rest periods
and there were no significant differences regarding the two subject groups. Furthermore, a
negative linear trend was found for tonic heart rate during the course of the experiment for
the reward group. This effect was mainly caused  by   the  fact  that this group showed  a  high
heart rate during the first  two task periods.

Rest-task differences within trial blocks of heart rate was not affected by Stimulus
Degradation, nor by Reward. The time course across trials could not be described in terms
of an overall linear or quadratic trend. Furthermore, a main effect of Presentation was not
found.

As   far as phasic heart   rate is concerned, a significant overall deceleration  and a significant
overall second acceleration was found, but Stimulus Degradation and Reward showed no
significant effects on these assessed points. Furthermore, the reward group showed a smaller
second acceleration with increasing task difficulty level.

Overall respiratory activity during the foreperiod was below baseline, so subjects showed a
tendency to expiration. Stimulus Degradation nor Reward showed significant effects on this
respiratory activity.
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Chapter 7

THE EFFECTS OF STIMULUS-RESPONSE COMPATIBILITY

7.1   Introduction

In this chapter results will be presented of the experiment in which effects on tonie and
phasic facial EMG activity were studied by manipulating the semantic stimulus-response (S-

R) compatibility in a warned four-choice reaction-time-task, and whereby subjects had to
make an isometric manual response up to a fixed force level (target force). The speed of this
isometric response was called the force production speed (FPS), and the target force was
related  to the maximal voluntary force   (MVF).   It is assumed   that this manipulation affects
a central stage in the information processing sequence, which is involved in response choice
upon a presented stimulus. Like in the previous experiment, three different levels of
increasing task difficulty were used, full compatibility or none incompatibility, moderate
incompatibility, and strong incompatibility. Stimuli were presented in blocks of trials   with
knowledge of results in every trial. Trials belonging  to a particular task difficulty level  were
presented in blocks, and each difficulty level was presented in two blocks in a counter-
balanced order, resulting in total of six trial blocks. Effects of S-R compatibility were also
studied on task performance, subjective mental effort, tonie and phasic heart rate, and phasic
respiratory activity. Another objective  of this experiment was to investigate the manipulation
of energetical processes by Time-on-Task (TOT) on tonie physiological activity and by
monetary reward on tonie and phasic physiological activity. The procedure of the experiment
has been described in chapter 4.

7.2 Results

7.2.1 Task performance and subjective mental effort

7.2.1.1 Training session

Like in the previous experiment, 40 subjects participated in the current experiment. All
subjects received an intensive training one day before the experimental session. The
procedure of the training and the statistical analysis of the acquired data have been described

in  chapter  4.

The reaction time (RT) scores and percentage correct response (CR) scores averaged over
trial blocks, and averaged over subjects are shown in Table 7.1 and Table 7.2 respectively.
The effects of TOT, that is the time course of the RT and CR scores over the six trial blocks
for each of the three levels of S-R Compatibility, are shown in Fig.  7.1.
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Effects of S-R compatibility

7.2.1.1.1 Reaction time

Effects of Task Difficulty

As  can  be  seen from Table  7.1, a higher S-R incompatibility,  that  is an increasing level  of
task difficulty, resulted in higher RT scores. The statistical analysis revealed that this finding
could be described    as a curvilinear effect across the three levels   of S-R Compatibility,
because  of a significant positive linear trend (F(1,39)= 527.50,  p < .001),  and a significant
negative quadratic trend (F(1,39)=  11.71, p < .005).

Table 7.1 Mean RT scores.

S-R

Incompatibility RT (ms)

None 730.51

Total group Moderate 910.69

Strong 1012.14

Effects of Time-On-Task

TOT had an effect on RT scores, that is a significant negative linear trend across trial blocks
was  found (F(1,39) =  51.08,  p < .001). The linear and quadratic trend component across trial
blocks did not differ between the three levels of S-R Compatibility.

REACTION TIME CORRECT RESPONSES
1300 120-  Not incompatible - Not incompatible- - - Moderately incompatjble - - - Moderately incompatible
1100- A Strongly incompatible

100 - Strongly incompatible

.*-- -·-:----- --:-------i·--7.
g 900

- - - * . - - - - - - - - --- , - - - * - - - - - - - * .I- . - -I. . %   8 0- • -             A

700- -     60

500 , 40  ,
1 2 3 4 5 6 1 2 3 4 5 6

Trial block Trial block

Figure 7.1 Time course of RT (left panel) and CR scores (right panel) across trial
blocks, averaged over subjects   (N =40)   for   each   of the three levels   of   S-R
Compatibility.
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7.2.1.1.2 Correct responses

Effects of Task Ditliculty

Increasing the level of task difficulty resulted in decreased CR scores (see Table 7.2). This
was a curvilinear effect across the three levels of S-R Compatibility, because of a significant
negative linear trend  (F(1,39)=  55.87, p < .001),  and a significant negative quadratic trend
(F(1,39)= 10.47, p<.005).

Table 7.2 Mean CR scores.

S-R

Incompatibility CR (%)

None 92.96

Total group Moderate 89.85

Strong 81.73

Effects of Time-On-Task

An effect of TOT was found on CR scores, characterized by a significant positive linear
trend (F(1,39)= 110.61, p<.001), and by a significant negative quadratic trend (F(1,39)=
3 7.7 8,   p<  . 001) across   the six trial blocks. CR scores improved curvilinearly during   the
training session. The quadratic trend component across trial blocks did not, but the linear
trend component did differ between the three levels of S-R Compatibility  (F(1,39) =  10.33,
p < .005). Simple effects analysis showed that there was a significant positive linear trend for
the not incompatible condition   (F(1,39)=    33.16,   p< .001),   but   also   for the moderate
incompatible condition (F(1,39) = 45.79, p < .001), and for the strong incompatible condition
(F(1,39) =  42.56,  p< .001) However, the positive linear trend component appeared  to  be
the largest for the strong incompatibility condition, followed by the moderate and none
incompatibility conditions respectively. The contribution of the linear trend component to the
total variation across trial blocks   was   90.93 %,   67.20%,   and   51.80%    for the strong,
moderate, and none S-R incompatibility conditions respectively. Altogether, this implicated
that training or TOT had the greatest impact on the strong incompatibility condition.

7.2.1.1.3 Conclusions

Reaction     time was successfully manipulated     by S-R Compatibility. Increasing      the

incompatibility between stimulus and response resulted in increased RT scores. Furthermore,
S-R Compatibility also influenced CR score, which decreased with increasing level of task
difficulty. Regarding the time course, overall scores of RT and CR scores improved due to
training.
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Effects of S-R compatibility

For the experimental session,  half of the subjects participated  in the control group  (N = 20)
and the other half participated  in the experimental group,  that  is the reward group  (N = 20)
(see also chapter 4). The averaged RT and CR scores for the two subject groups, attained
during  the last trial block  of the training session are shown in Table 7.3. Regarding these
scores, no significant differences or interactions were found regarding the two subject
groups, meaning that they did not differ beforehand.

Table 7.3 Mean RT and CR scores attained in the last trial block of
the training session.

S-R

Incompatibility RT (ms) CR (%)
None 698.29 93.25

Reward group Moderate 834.09 95.00

Strong 965.78 88.00

None 689.15 95.25

Control group Moderate 860.13 91.75

Strong 921.01 90.25

7.2.1.2 Experimental session

The procedure of the whole experiment and the statistical analysis of the acquired data has
been described in chapter 4. The effects of the different experimental variables are shown
in Fig. 7.2 to Fig. 7.5.

7.2.1.2.1 Reaction time

Effects of Reward and Task Difficulty

The reward group seemed to show faster RTs, but the effect of Reward failed to reach
significance  (F(1,38) =  3.65, p=.064). Increasing the level  of task difficulty resulted   into
linearly increasing RT scores, characterized by a significant positive linear trend across the
three levels (F(1,38)= 178.94, p< .001). No significant interaction between Reward and S-R
Compatibility was found. The linear trend component across the three levels    of    S-R
Compatibility did not, but the quadratic trend component did differ between the two subject
groups  (F(1,38) =  4.80,  p < .05). Simple effects analysis showed  that the control group
showed a significant negative quadratic trend across levels (F(1,38)=  6.09,  p< .05),  but  no
significant quadratic trend was found for the reward group.
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EjIects  of Time-On-Task

CR scores did not significantly change across trial blocks, and the linear and quadratic trend
component across trial blocks  did not differ between  the two subject groups.

Effects of Presentation

A main effect of Presentation was not found, nor was there a significant interaction with
Reward. The linear and quadratic trend components across the levels of S-R Compatibility
did not differ between  the two presentations.

7.2.1.2.3 Force production speed

Effects of Reward and Task Difficulty

Overall, the reward group  did  not  show a faster  FPS. A significant negative linear trend
(F(1,38) =  11.02, p < .005) was found across the levels of S-R Compatibility, and the linear
and quadratic trend component across the three levels of S-R Compatibility did not differ
between the two subject groups.

FORCE PRODUCTION SPEED
150 150-

i Reward group - Reward group
125 -   0 Control group 125 -  - - Control group

100 - 100 -

S   75 -    75

'- I-1 I-1 IC-125 - 25-

0                                          0,
None Moderate Strong                           1           2           3 4 56

Incompatibility Trial block

150 150
i Reward group I First presentation

125 -   0 Control group 125 -   0 Second presentation

100 - 100 -

    75 -    75 -

50 - -Ii-1 -6-1
25 - 1. 101.' : Ininin

First Second None Moderate Strong

Presentation Incompatibllity

Figure 7.4 Effects of S-R Compatibility (upper left panel), time (upper right panel),  and
presentation (lower two panels) on FPS scores.
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Effects of Time-On-Task

FPS scores changed across trial blocks, characterized  by a significant negative linear trend
F(1,38) =1 1.1 3,p< .001). Faster FPS scores were found throughout the experimental
session. The linear trend component differed between the two subject groups  F(1,38) =  6.60,
p < .05). Simple effects analysis demonstrated  that the reward group showed a significant
negative linear trend across trial blocks (F(1,38)=  7.50,  p< .05), but the control group did
not. This implicated that the reward group showed a faster FPS during the course of the
experiment, whereas the control group showed a fairly constant performance  (see  Fig.  7.2).
The quadratic trend component across trial blocks did not differ between the two subject
groups.

Effects of Presentation

Regarding Presentation, a main effect was found (F(1,38)= 7.47, p<.01). Subjects showed
a   faster  mean FPS during the second presentation. Furthermore, the effect of presentation
was different for the two subject groups, as apparent from a significant interaction between
Reward and Presentation (F(1,38) =6.1 3,p< .05). Simple effects analysis showed that there
was   only a significant effect of Presentation   for the reward group    (F(1,38)=    13.65,
p < .005). The linear and quadratic trend component across the levels  of S-R Compatibility
did not differ between the two presentations.

7.2.1.2.4 Subjective mental effort

Effects of Reward and Task Difficulty

No significant differences were found between the two subject groups. Increasing the task
difficulty level resulted into higher subjective mental effort, characterized by a significant
positive linear trend   (F(1,38) =   46.20,   p < .001). There   was no significant interaction
between Reward and S-R Compatibility. The linear trend component did not, but the
quadratic trend component across the levels of S-R Compatibility did differ between the two
subject groups    (F(1,38) =    4.36,    p< .05). However, simple effects analysis could   not
differentiate this effect. From Fig. 7.5 it can be seen that for the reward group the quadratic
trend seems to be positive quadratic, while for the control group it seems the be negative.

Effects of Time-On-Task

Mental effort scores did not significantly change across trial blocks. The linear and quadratic
trend component across trial blocks did not differ between the two subject groups.
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Figure 7.5 Effects of S-R Compatibility (upper left panel), time (upper right panel), and

presentation (lower two panels) on mental effort scores.

Effects of Presentation

A main effect of Presentation was not found on the mental effort scores, and there was no
significant interaction with Reward. The linear and quadratic trend component across   the
levels of S-R Compatibility did not differ between the two presentations.

7.2.1.2.5 Conclusions

Increasing the incompatibility between stimulus and response resulted into longer   RTs,
decreased CR scores, and faster FPS scores. Reward did not lead to significantly better
scores. When looking   at   the time course across trial blocks, there   was   only a significant
overall linear decrease over time for RT and FPS scores. Both became faster across trial
blocks, which also resulted in significant effects of Presentation. Increasing     the
incompatibility between stimulus and response also led to higher scores of subjective mental
effort. Furthermore, TOT did not lead to continuously increasing experienced mental effort,
as it did in the previous experiment. Overall, it can be concluded that the experimental
manipulation was successful.
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7.2.2 Physiological responses

Effects of S-R Compatibility and Reward on physiological responses were studied on a tonie
and phasic level. Tonie physiological activity referred  to the effects of TOT,  that  is  the  time
course during the whole experimental session, the comparison between the first and second
trial block for each level of S-R Compatibility, as well the time course within trial blocks.
Phasic activity was studied within the foreperiod of valid trials. Processing of the
physiological signals and the statistical analysis have been described in chapter 4.

7.2.2.1 Effects on tonic EMG activity

7.2.2.1.1 Tonic activity during course of the experiment

The time course and effects of monetary reward on the time course of tonie EMG activity
during the experimental session are shown  in  Fig.  7.6. For illustrative purposes,   the  EMG
amplitude percentage scores were averaged between the two recording sides. The left panels
of Fig. 7.6 show the mean results of the time course for the two subject groups during the
experimental session. The right panels show the baseline-corrected average results of every
task period. The statistical analysis has been performed on these rest-task contrast scores.

EMG activity as compared to the surrounding rest periods was elevated for frontalis
(F(1,38) -  10.63, p < .005), corrugator supercilii (F(1,38)= 92.12, p< .001), and orbicularis
oris  inferior  (F(1,38)=  16.45,  p< .001) Temporalis, zygomaticus major, and orbicularis
oculi showed no significant differences.

Effects of Reward and Side

All investigated muscles showed, regarding the rest-task differences, no overall effects of
Reward or Side, and there were also no significant interactions regarding Reward and Side.

Effects of Time-On-Task

The time course over the baseline corrected task periods of the corrugator supercilii was

characterized  by a significant positive linear trend  (F(1,38) =  7.73,p<.05).  For the other
muscles no significant overall trends were found.

For frontalis, the quadratic trend component differed between the two subject groups
(F(1,38) =  11.62, p < .005). Simple effects analysis showed that there was only a significant
negative quadratic trend  for the control group  (F(1,38)=   8.67,  p < .01).  The linear trend
component did not differ between the two subject groups. For the other muscles, the linear
and quadratic trend component did not differ between the two subject groups, nor between
the two recording sides.
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Figure 7.6 Mean EMG activity of the two subject groups during the course of the
experiment (left panels) and of every task period minus the average of the surrounding
rest periods (right panels).

7.2.2.1.2 Tonic activity across trials within trial blocks

Figure 7.7 shows the mean results of the time course across trials within trial blocks for the
three levels of S-R Compatibility (left panels) and for the two subject groups (right panels).
For illustrative purposes, the EMG amplitude percentage scores were averaged between the
right  and left recording sides.

The overall rest-task differences in tonie EMG activity only were significant for some
muscles. Elevated EMG activity was found for frontalis (F(1,38)=  8.71, p< .01), corrugator
supercilii (F(1,38)= 65.96, p < .001), and orbicularis oris inferior (F(1,38)= 16.57,
p < .001). No significant differences between rest and task periods were found for temporalis,
zygomaticus major, and orbicularis oculi.

Effects of Reward, Side, and Task Difficulty

Reward and S-R Compatibility did not have significant effects on the overall rest-task
differences for any of the investigated facial muscles, nor were there any significant
interactions between S-R Compatibility and Reward.
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Figure 7.7 Mean EMG activity across trials within trial blocks for the three levels of
S-R  Compatibility (left panels)   and  for  the two subject groups (right panels).

A greater rest-task difference activity was found on the left recording side as compared to
the right side for corrugator supercilii (F(1,38) = 4.55, p < .05. No main effects of Side were
found for the other muscles.

Regarding the time course of EMG activity across trials within trial blocks, some muscles
showed continuously increasing EMG activity, and other muscles did not. Increasing EMG
activity was characterized by significant positive linear and quadratic trends for frontalis
(linear trend: F(1,38)= 26.48, p<.001; quadratic trend: F(1,38)= 12.98, p<.005) and
corrugator supercilii (linear trend: F(1,38) = 58.70, p <.001; quadratic trend: F(1,38)=
22.72 p < .001).  The EMG activity of these two muscles could be regarded as true  EMG
gradients, because for both muscles the overall EMG activity was significantly higher as
compared   to the surrounding rest periods. Activity  of the temporalis was characterized   by
a significant positive linear trend (F(1,38) = 8.10, p < .01). No significant overall trends were
found for the orbicularis oculi, zygomaticus major, and orbicular oris inferior.

A significant effect of S-R Compatibility was found only on the linear trend component
across trials  of the frontalis  (F(1,38) =  5.14,  p < .05). Simple effects analysis showed  that
there  was a significant positive linear trend  for the none incompatibility condition (F(1,38) =
12.95, p < .001), for the moderate incompatibility condition (F(1,38)= 7.49,  p < .01), but
also for the strong incompatibility condition (F(1,38) =  14.19, p < .005). However, the linear
trend component appeared to be largest for the none incompatibility condition, followed by
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the moderate, and strong incompatibility conditions respectively. The contribution of linear
component  to the total variation  in EMG activity across trials  was  99.02%,  97.53 %,  and
97.15%  for the none, moderate, and strong S-R incompatibility conditions respectively.  This
implicated that for the EMG activity, S-R Compatibility had the greatest impact for the none
incompatibility condition. Regarding the other muscles, the linear and quadratic trend
components across trials  did not differ between the three levels  of S-R compatibility.  For  all
investigated muscles, no effects of Reward or Side were found on the linear and quadratic
trend components across trials.

Effects of Presentation

Figure 7.8 shows  the mean results  of the time course across trials within trial blocks  for the
two presentations. Significant main effects of Presentation on the rest-task differences were
found for frontalis (F(1,38) = 4.77, p <.05) and corrugator supercilii (F(1,38)= 8.64,
p < .01).   For both muscles, a higher rest-task difference was found during the second
presentation. Interactions with Reward were not found. For the other muscles, effects of
Presentation were not found, nor were there any significant interactions with Reward. No
significant interactions were found between Presentation and S-R compatibility in any of the
other investigated muscles.

A significant effect of Presentation was found on the linear trend component across trials for
the frontalis F(1,38)= 4.54, p<.05) and orbicularis oculi F(1,38)= 12.75, p<.001). A
significant effect of Presentation was found on the quadratic trend component across trials
for the temporalis   (F(1,38) =   5.21, p<.05). Simple effects analysis showed  that  for  the
frontalis that there was a significant linear positive trend across trials during the first
presentation  (F(1,38)=  11.80,  p< .001),  but also during the second presentation  (F(1,38) =
11.09, p < .005). However, the positive linear trend component appeared to be smaller during
the first presentation than during the second presentation. The contribution of this component
to the total variation  in EMG activity across trials   was  96.81 %   and  98.71 %   for the first
presentation  and the second presentation respectively. This implicates  that the linear increase
across trials was stronger during the second presentation. Simple effects analysis showed that
for the orbicularis oculi there was a tendency towards a significant negative linear trend
across trials during the first presentation  (F(1,38) =3.24,  p< . 10),  but no significant linear
trend was found during the second presentation. Simple effects analysis showed that for the
temporalis there was no significant quadratic trend across trials during the first presentation,
but there was a significant positive quadratic trend during the second presentation (F(1,38)=
4.27, p < .05). The quadratic trend component across trials of the orbicularis oculi and the
linear trend component across trials of the temporalis did not differ between the two
presentations. For the other muscles, no effects were found on the linear or quadratic trend

components across trials.
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Figure 7.8 Mean EMG activity during the first and second presentation.

7.2.2.2 Effects on phasic EMG activity

Figure 7.9 shows the mean results of the time course during a trial, averaged over valid trials
for the three levels of S-R Compatibility (left panels) and for the two subject groups (right
panels). EMG amplitude percentage scores were averaged between  the two recording sides

Mean EMG activity during the foreperiod, as compared to the preceding baseline, was
elevated  EMG for frontalis  (F(1,38) =  6.69,  p < .05) and corrugator supercilii  (F(1,38)=
43.20,   p < .001). EMG activity was lowered for temporalis  (F(1,38)=  6.54,  p < .05),
orbicularis oculi (F(1,38)= 45.24, p< .001), zygomaticus major (F(1,38)= 36.80, p< .001),
and orbicularis oris inferior (F(1,38)=  17.49,  p < .001).
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Figure 7.9 Mean EMG activity within trials for the three levels of S-R Compatibility
(left  panels)   and  for  the two subject groups (right panels).

Effects of Reward, Side, and Task Dimculty

For all investigated muscles no significant main effects of Reward were found. S-R
compatibility had a significant effect on the mean EMG activity of the corrugator supercilii,
characterized  by a significant positive linear trend across the three levels  (F(1,38)=7.38,
p < .05). For the other investigated muscles no main effects of S-R Compatibility were found.
No significant interactions were found between Reward  and S-R Compatibility.

Significantly more EMG activity on the left recording side was found for the corrugator
supercilii (F(1,38)= 6.46, p< .05). The other muscles showed no significant effects of Side,
nor any significant interactions between Side and Reward, nor between Side and S-R
compatibility.

With  regard  to  the time course during the foreperiod, two types of preparatory activity could
be distinguished, that is continuously increasing and continuously decreasing EMG activity.
Continuously increasing EMG activity,   that is significant positive linear trends were found
for the corrugator supercilii   (F(1,38) =   28.91,   p < .001) and frontalis   (F(1,38) =   5.50,
p < .05). Continuously decreasing EMG activity,   that is significant negative linear trends
were found for temporalis (F(1,38)= 18.30, p< .001), orbicularis oculi (F(1,38)= 51.00,
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p< .001), zygomaticus major (F(1,38)= 47.25, p< .001). Orbicularis oris inferior showed
no significant change in EMG activity.

The quadratic trend component of the frontalis differed between the three levels of S-R
Compatibility (F(1,39) = 4.36, p < .05). Simple effects analysis showed a significant positive
quadratic trend   for   the not incompatible condition   (F(1,38)=   4.38,   p< .05).   but   no
significant trends were found for the moderate and strong incompatible conditions. The linear
trend component   of the frontalis   did not differ between the three levels.    For the other
muscles, no effects of S-R Compatibility were found on the linear and quadratic trend

components.

The quadratic trend component differed between the two subject groups for temporalis

(F(1,39)= 4.98, p<.05) and zygomaticus major (F(1,39)= 6.24, p< .05). For frontalis
there   was a tendency towards significance  (F(1,39)=3.88,   p<.10).   For the temporalis,
simple effects analysis could not differentiate the quadratic trend components between the two

subject groups. For zygomaticus major, simple effects analysis showed that there was only
a significant positive quadratic trend for the reward group  (F(1,38)=  6.27,  p< .05). Reward
did not have significant effects on the linear and quadratic trend regarding the other muscles.

Side had a significant effect On the linear trend component of the orbicularis oculi (F(1,38) =
6.46, p < .05). Simple effects analysis showed a significant negative linear trend for the right
recording side (F(1,38) = 32.24, p < .001), but also for the left recording side (F(1,38)=
60.41, p<.001) However, the negative linear trend component appeared  not to be greater
for    the left recording    side    than   for the right recording    side. The contribution   of   this
component  to the total variation  in EMG activity during the foreperiod  was  99.01 %   and
99.68 %    for the right   and   left   recording   side   respectively. This implicated   that the linear
decrease during the fureperiod was about  the  same   for both recording sides.   For the other
muscles, Side did not have any effects on the linear and quadratic trend components.

7.2.2.3 Effects on tonic heart rate

The upper left panel of Fig. 7.10 shows the mean results of the time course of the tonie heart
rate for the two subject groups during the experimental session. The upper right panel shows
the baseline corrected average results of every task period over which the statistical analysis

has been performed, that is over the rest-task contrast scores. The left upper middle panel

of  Fig. 7.1 0 shows  the mean results   of  the time course across trials within trial blocks  for
the three levels of S-R Compatibility, and the right upper middle panel for the two subject
groups.   The  left  lower middle panel  of  Fig. 7.1 0 shows  the mean results  of  the time course
across trials within trial blocks for the two presentations.
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Figure 7.10 Mean heart rate during the course of the experiment (upper panels), across
trials (upper middle panels), during first and second presentation (lower middle panel),
and within trials (lower panels).
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7.2.2.3.1 Tonie heart rate during course of the experiment

The overall heart rate during the task periods was elevated as compared to the surrounding

rest periods (F(1,38)= 8.62, p<.01)

Effects of Reward

Next, it was tested if the two subject groups differed from each other with respect to the
baseline heart rate. This aspect was tested with a oneway-ANOVA on the first rest period.

This test showed that there    was no effect of Reward. Regarding the overall rest-task

differences, the two subject group also did not differ from each other.

Effects Of Time-On-Task

Regarding the time course across the six rest-task contrast scores, no significant overall
trends were found. The linear and quadratic trend component across task periods did not
differ between  the two subject groups.

7.2.2.3.2. Tonie heart rate across trials within trial blocks

Mean heart rate within trial blocks did not significantly differ from the surrounding rest

periods.

Effects of Reward and Task Difficulty

There were no significant differences between the two subject groups. S-R Compatibility did

not have a significant main effect on the rest-task difference scores, and there was no

significant interaction between Reward and S-R Compatibility.

Regarding  the time course, the overall time course was characterized  by a positive quadratic

trend (F(1,38)= 14.23, p< .005). The linear and quadratic trend component across trials did
not differ between the two subject groups or between the three levels of S-R Compatibility.

Effects of Presentation

A significant main effect of Presentation on the rest-task difference was not found, nor was
there a significant interaction with Reward, nor with S-R Compatibility. The linear

component did (F(1,38)= 23.59, p< .001), but the quadratic trend component across trials
did not differ between the two presentations. Simple effects analysis showed that there was

a significant positive linear trend across trials  for the second presentation  (F(1,38) =   5.93,
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p < .05),  but  not  for the first presentation. This implicated that heart  rate only increased
during the second presentation. The quadratic trend component across trials did not differ
between the two presentations.

7.2.2.4 Effects on phasic heart rate

As has been explained in chapter 4, different points within a trial have been assessed with
regard to phasic heart rate, that is a (first) acceleration some time after presenting WS,
succeeded by a deceleration, which was followed by a (second) acceleration. The lower
panels  of Fig.  7.10  show  the mean results  of the time course during a trial, averaged  over
valid trials (see chapter 4) for the three levels of S-R Compatibility (left panel) and for the
two subject groups (right panel).

Effects of Reward and Task Difficulty

A significant overall first acceleration was found  (F(1,38)=  26.96,  p < .001) Reward  and
S-R Compatibility did not have a significant effect on heart rate on that moment, nor was
there a significant interaction between S-R Compatibility and Reward. The linear  and
quadratic trend component across the levels of task difficulty also did not differ between the
two subject groups.

A significant overall deceleration was found (F(1,38)=  37.90,  p < .001), S-R Compatibility
and Reward did not have a significant effect on this deceleration, nor was there a significant
interaction. The linear and quadratic trend component across the levels of S-R Compatibility
also did not differ between the two subject groups.

A significant overall second acceleration was found   (F(1,38) =   55.02,   p <    .001).   S-R
Compatibility and Reward did not have significant effects on this acceleration. A significant
interaction between S-R Compatibility and Reward was not found. The linear and quadratic
trend component across the levels of S-R Compatibility also did not differ between two
subject groups.

7.2.2.5 Effects on phasic respiratory activity

The  effects on phasic respiratory activity within trials are shown  in  Fig.   7.11.   From  this
figure, it can seen that during the foreperiod, subjects showed a tendency to expiration.

Effects of Reward and Task Difficulty

At the moment of the presentation of RS, respiratory activity was significantly below baseline
(F(1,38) =  40.01,p< .001). Furthermore, no significant main effects  of S-R Compatibility
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or Reward, or any interactions were found at the moment of the presentation of RS. The
linear and quadratic trend component across the levels of S-R Compatibility did not differ
between the two subject groups.
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Figure    7.11 Mean respiratory activity within trials    for the three levels    of    S-R
Compatibility (right panel)  and  for  the two subject groups (left panel).

Regarding the response peak, there was a tendency toward a positive linear trend across the
three levels of S-R Compatibility (F(1,38) =  3.56, p=.067).  The peak increased somewhat
with increasing task difficulty. A significant main effect of Reward, or a significant
interactions between Reward and S-R Compatibility was not found. The linear and quadratic
trend component across the levels of S-R Compatibility also did not differ between the two
subject groups.

7.2.2.6 Conclusions

Mean EMG activity within task periods, as compared to the surrounding rest periods, was
elevated for frontalis, corrugator supercilii, and orbicularis oris inferior, but did not differ
for temporalis, orbicularis oculi, and zygomaticus major. The reward group did not differ
from the control group for any of the investigated muscles, nor were there significant effects
of Side. Significant interactions between Reward and Side were also not found.

Only the corrugator supercilii showed continuously increasing EMG throughout the
experimental session.  The time course of EMG activity of the other muscles remained fairly
constant. A significant effect of Reward on the time course of EMG activity was only found
for the frontalis, where for the reward group there was a significant negative quadratic trend.
Side did not affect the time course for any of the investigated muscles.

With regard to rest-task differences of EMG activity within trial blocks, frontalis, corrugator
supercilii, and orbicularis oris inferior showed elevated EMG. EMG activity of the
temporalis, orbicularis oculi, and zygomaticus major within trial blocks did not differ from
the surrounding rest periods. As far as this type of tonie EMG activity is concerned, Reward
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and S-R Compatibility did not have significant effects on any of the investigated muscles.
Only for the corrugator supercilii, a significant effect of Side was found on the rest-task
difference  scores: a greater rest-task difference was found  on  the left recording   side.

As far as the time course of EMG activity across trials within trial blocks is concerned, EMG
gradients were found for frontalis and corrugator supercilii. Temporalis showed gradually
increasing EMG activity. Orbicularis oculi, zygomaticus major, and orbicularis oris inferior,
did not show continuously increasing or decreasing EMG activity. S-R Cornpatibility and
Reward did not influence the time courses of any of the investigated muscles.

Presentation had main effects on the rest-task differences within trial blocks only for frontalis
and corrugator supercilii. Both muscles showed larger EMG responses during the second
presentation. Furthermore, it was found that Presentation had an effect on the time course
across trials for the frontalis and temporalis, where for both muscles more increasing EMG
activity was found during the second presentation than during the first presentation.

Mean phasic EMG activity during the foreperiod, as compared with the preceding baseline,
was elevated for corrugator supercilii and frontalis, lowered for temporalis, orbicularis oculi,
zygomaticus major, and orbicularis oris inferior. Only for the corrugator supercilii a
significant effect of S-R Compatibility was found, total EMG activity was more prominent
with increasing task difficulty level. Reward had no significant effects on the mean EMG
activity for any of the investigated muscles. The corrugator supercilii was the only muscle
which showed a significant effect   of   Side:    more EMG activity was found    on   the    left

recording side.

As far as the time course during the fureperiod is concerned, frontalis and corrugator
supercilii showed continuously increasing EMG activity. Temporalis, orbicularis oculi,
zygomaticus major, and orbicularis oris inferior showed continuously decreasing EMG
activity. Regarding preparatory activity during the foreperiod, Reward had significant effects
on the time courses of temporalis and zygomaticus, showing more distinctly decreasing time
courses. S-R Compatibility only had a significant effect on the quadratic trend component of
the    frontalis.     For this muscle, there    was    only a positive quadratic trend    for    the    not

incompatible condition.

Heart rate during the task periods was significantly elevated as compared to the surrounding
rest periods. Throughout the experimental session, heart rate remained fairly constant and
Reward did not affect the time course.

Within trial blocks heart rate, as compared to the surrounding rest periods, was not
significantly elevated. This effect seems to be contrary to the previous finding, but within
trial blocks, rest-task differences are calculated  in a different way (see chapter 4). Reward
and S-R Compatibility had no significant effects on the rest-task differences, nor on the time
course across trials. The overall time course    Of the heart   rate was characterized    by    a

significant positive quadratic trend. A main effect of Presentation was not found, nor was
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there a significant interaction with Reward or S-R Compatibility. Furthermore, heart rate
increased across trials during the second presentation, but not during the first presentation.

Phasic heart rate showed the classical pattern during the foreperiod. Reward and S-R
Compatibility showed no significant effects on the first acceleration, the subsequent
deceleration, or second acceleration.

During the foreperiod, subjects showed a tendency towards expiration. No significant effects
of Reward and S-R Compatibility were found upon phasic respiratory activity, nor where
there any significant interactions between Reward  and S-R Compatibility.
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THE EFFECTS OF FORCE PRODUCTION SPEED

8.1  Introduction

In this chapter the experiment will be described in which effects on tonie and phasic facial
EMG activity were studied by manipulating the speed of an isometric manual response up
to a fixed force level (target force). This speed was called the force production speed (FPS),
and the target force was related to the maximal voluntary force (MVF) of the subjects. Like
in the two previous experiments, three different levels of increasing task difficulty were used:
a fast FPS, a moderate FPS, and a slow FPS. Like in the two previous experiments, stimuli
were, presented in blocks using a warned four-choice reaction time task with knowledge of
results in every trial, and every task difficulty level was presented two times in a counter
balanced order. Effects of Force Production Speed were also studied on task performance,
subjective mental effort, tonie and phasic heart rate, and phasic respiratory activity. Another
objective of this experiment was to investigate the manipulation of energetical processes by
Time-On-Task (TOD on tonie physiological responses and by monetary reward on tonie and
phasic physiological responses. The procedure of the experiment has been described in
chapter 4.

8.2 Results

8.2.1 Task performance and subjective mental effort

8.2.1.1 Training session

Like in the two previous experiments, 40 subjects participated in the current experiment. All
subjects received an intensive training one day before the experimental session. The
procedure of the training and the statistical analysis of the acquired data have been described
in  chapter  4.

The reaction time (RT) scores and percentage correct response (CR) scores averaged over
trial blocks and averaged over subjects are shown in Table  8.1 and Table 8.2, respectively.
Effects of TOT, that is the time course of the RT and CR scores over the six trial blocks for
each  level of Force Production Speed, are shown  in  Fig.  8.1.

8.2.1.1.1 Reaction time

ESects of Task Difficulty

As can be  seen from Table 8.1, a decreasing Force Production Speed,  that  is an increasing
level  of task difficulty, resulted into higher RT scores. The statistical analysis revealed  that
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this finding could be described as a curvilinear effect across the three levels of Force
Production Speed, because  of a significant positive linear trend  (F(1,39)=  96.29,  p < .001)
and  a significant negative quadratic trend  (F(1,39) =   17.12,  p < .001)

Table 8.1 Mean RT scores.

1

Force

Production Speed RT (rns)

Fast 740.69

Total group Moderate 812.62

Slow 835.09

Effects of Time-On-Task

The time course of RT scores across the six trial blocks was not affected by TOT, that is no
significant linear or quadratic trends across trial blocks were found. Nonetheless, the linear
trend component across trial blocks did not, but the quadratic trend component did differ
between the three levels of Force Production Speed (F(1,39) = 6.41, p < .05). Simple effects
analysis showed that RT scores showed a tendency towards a positive quadratic trend during
the slow FPS condition (F(1,39) =  3.35, p < .10), but no quadratic trends were found during
the  fast and moderate FPS conditions  (see  Fig.  8.1).

REACTION TIME CORRECT RESPONSES

1300 120
-  Fast speed - Fast speed
- - - Moderate speed - - - Moderate speed

1100- Slow speed 100 - Slow speed

5 900 -. %   80 ---
' I . 1

,/.-----*.--*.----.-------:.-------../

700 60-1-

500 , 40 ,           i
1 2 3 4 5 6 1 2 3 4 5        6

Trial block Trial block

Figure 8.1 Time course of RT (left panel) and CR scores (right panel) across trial
blocks, averaged over subjects  (N =40) for each of the three levels of Force Production
Speed.
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8.2.1.1.2 Correct responses

Effects  of Task Difficulty

Increasing the level of task difficulty resulted into decreased CR scores (see Table 8.2). This
effect was also curvilinear across the three levels of Force Production Speed, because of a
significant negative linear trend   (F(1,39) = 109.02,   p<.001)  and a significant positive
quadratic trend (F(1,39)= 6.05, p< .05).

Table 8.2 Mean CR scores.

Force
Production Speed CR (%)

Fast 81.42

Total group Moderate 69.40

Slow 63.23

Effects  of Time-On-Task

An effect of TOT on CR scores across the six trial blocks was found, characterized by a
significant positive linear trend  (F(1,39) =   14.24,  p < .005),  and  by a significant negative
quadratic trend    (F(1,39) =    6.62,    p < .05) across trial blocks. CR scores improved
curvilinearly during the training session. The linear and quadratic trend component across
trial blocks did not differ between the three levels of Force Production Speed.

8.2.1.1.3 Conclusions

Reaction time was successfully manipulated by Force Production Speed, a decreasing Force
Production Speed, that is an increasing task difficulty resulted in increased RT scores.
Furthermore, Force Production Speed also influenced CR scores, which decreased with
increasing level of task difficulty. With regard to the effects of TOT, only CR scores were
affected, which improved due to training.

For the experimental session,  half of the subjects participated  in the control group  (N =20)
and the other half participated  in the experimental group,  that  is the reward group  (N = 20)
(see also chapter 4). The averaged RT and CR scores for the two subject groups, attained
during  the last trial block  of the training session are shown in Table  8.3.   As  far as these
scores are concerned, no significant differences or interactions were found regarding the two
subject groups, meaning that they did not differ beforehand.
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Table 8.3 Mean RT and CR scores attained in the last trial block
of the training session.

Force

Production Speed RT (ms) CR (%)
Fast 746.40 83.25

Reward group Moderate 804.24 69.25

Slow 853.32 66.50

Fast 723.66 86.75

Control group Moderate 805.93 71.75

Slow 815.70 66.75

8.2.1.2 Experimental session

The procedure of the whole experiment and the statistical analysis of the acquired data have
been  described in chapter  4. The effects   of the different experimental variables are shown
in Fig. 8.2 to Fig. 8.5.

8.2.1.2.1 Reaction time

Effects of Reward and Task Difficulty

The subjects in the reward group did not show significantly faster RTs, as compared to
subjects in the control group.  As in the training session, increasing the level of task difficulty
resulted in curvilinearly increasing RT scores, characterized by a significant positive linear
trend (F(1,38)= 77.59, p < .001) and a significant negative quadratic trend (F(1,38)= 30.77,
p < .001). There was no significant interaction between Reward and Force Production Speed.
The linear and quadratic trend components across the three levels of Force Production Speed
did not differ between  the two subject groups.

Effects of Time-On-Task

There were no effects of TOT On the RT scores, that is no significant linear or quadratic
trend was found. Nonetheless, the linear trend component differed between the two subject
groups  (F(1,38) =  6.01,p< .05). Simple effects analysis revealed that subjects  in the reward
group showed a significant negative linear trend across trial blocks (F(1,38) =  8.67, p < .01),
but subjects in the control group did not. This implies that subjects in the reward group
improved their RT scores during the course of the experiment, whereas subjects in the
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control group showed no changes throughout the experimental session   (see  Fig.   8.2) .   The
quadratic trend component across trial blocks did not differ between the two subject groups.

REACTION TME
1000 1000

I Reward group - Reward group
0 Control group - - - Control group

900 - 900 -

800 -0                              r--- r- , -----
it= i 600

m ...1 500   ,                        '            '            '
Fast Moderate Slow 1 2 3 4 5 6

Speed Trial block

1000 1000
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900 - 900 -

800 - 800 -
.
2                           -     ....... .................                                                                                                          5                                                                                                                                       .-

700 - 700 -

600 - 600 -

500-.1* 500 .-4
SlowFirst Second Fast Moderate

Presentation Speed

Figure 8.2 Effects of Force Production Speed (upper left panel), time (upper right
panel), and presentation (lower two panels) on RT scores.

Effects of Presentation

Overall RT scores seemed to be lower during the second presentation. However, this effect
failed  to be statistically significant (F(1,38)=  3.45,  p<=.071).  The effect of Presentation
was different for the two subject groups, as apparent from a significant interaction between
Reward and Presentation (F(1,38)= 6.21,p<.05). Simple effects analysis revealed that only

subjects in the reward group showed an effect of Presentation (F(1,38) = 9.70, p < .005), by
responding faster during the second presentation (see Fig. 8.2). Furthermore, the linear trend
component across the levels of Force Production Speed differed between the two
presentations  (F(1,38) =   5.18,  p < .05). Simple effects analysis showed that there  was  a

significant positive linear trend across levels during the first presentation (F(1,38) =  59.65,
p < .001), but also during the second presentation (F(1,38)= 74.42, p< .001). However,  the
positive linear trend component appeared to be larger during the first presentation than during
the second presentation. The contribution of this component to the total variation in RT
scores across the three levels of Force Production Speed  was  93.16%  and  81.25 %  for  the
first and second presentation, respectively. This means  that the effect of Force Production
Speed on RT scores was larger for the first presentation than for the second presentation (see
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Fig.   8.2). The quadratic trend component across the levels of Force Production Speed  did
not differ between the two presentations.

8.2.1.2.2 Correct responses

Effects of Reward and Task Dificulty

In general, subjects    in the reward group scored significantly    more correct responses
(F(1,38)=  5.03, p<.05). Overall, CR scores decreased  with an increasing level  of  task
difficulty, as characterized by a significant negative linear trend (F(1,38) = 102.74, p < .001).
The linear trend component did not, but the quadratic trend component across the levels of
Force Production Speed did differ between the two subject groups (F(1,38)=  5.34,  p < .05)
Simple effects analysis revealed that subjects in the control group showed a significant
positive quadratic trend  (F(1,38)=  7.19,  p < .05),  but no significant trend was found  for
subjects in the reward group. So, the control group showed a more pronounced effect of task
difficulty.

CORRECT RESPONSES

120- 120
I Reward group -- Reward group
0 Control group

- - - Convol group

100 - 100 -

%  80 - //--- %   80 - =------------B-.-.:---80.., 0040 .1 40  ,
Fast Moderate Slow                                    1               2              3 4 56

Speed Trial block

120 120
I Reward group I Arst presentation
0 Control group [1 Second presentation

100 - 100 -

% 80    --  -- % 80 IF ..F--- I. Il "/79. 60. .40 - < . ' .        .1
First Second Fast Moderate Slow

Presentation Speed

Figure 8.3 Effects of Force Production Speed (upper left panel), time (upper right
panel), and presentation (lower two panels) on CR scores.
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Etrects  of Time-On-Task

There were no significant effects of TOT on the time course across trial blocks of the CR
scores, that is no significant linear or quadratic trend was found, and the linear and quadratic
trend component across trial blocks did not differ between the two subject groups.

Effects Of Presentation

A main effect of Presentation on CR scores was not found, nor was there a significant
interaction with Reward. The linear trend component across the levels of Force Production
Speed did differ between  the two presentations  (F(1,38) =  4.48,  p < .05). Simple effects

analysis showed that there was a significant negative linear trend across levels during the first
presentation  (F(1,38) =  79.90,  p < .001),  but also during the second presentation  (F(1,38) =
83.71,  p < .001). However, the negative linear trend component appeared  to be somewhat
larger during the second presentation than during the first presentation. The contribution of
this component to the total variation in CR scores across the three levels of Force Production
Speed  was  99.63 % and 97.77 %   for the second and first presentation, respectively.    This
means that CR scores deteriorated stronger during the second presentation (see Fig.  8.3).  The
quadratic trend component across the levels of Force Production Speed did not differ between
the two presentations.

8.2.1.2.3 Force production speed

Effects of Reward and Task Difficulty

FPS was manipulated in this experiment and it was checked first if this manipulation was
successful.  This  was  the case indeed. A significant positive linear trend  (F(1,38) =   1059.15,
p < .001) and a negative quadratic trend were found (F(1,38)=  11.71, p<.005) across the
levels of Force Production Speed. Subjects in the reward group showed a faster FPS
(F(1,38) =  7.03,  p < .05). Furthermore, the linear trend component did differ between the
two subject groups  (F(1,38) =  8.04,  p < .01). Simple effects analysis revealed that subjects
in the reward group showed a significant positive linear trend  (F(1,38) = 398.76,  p < .001),
as did subjects in the control group (F(1,38) = 595.69, p < .001). Although the positive linear
trend component seemed to be smaller for the reward group than for the control group, the
contribution of this component to the total variation in FPS scores across the three levels of
Force Production Speed   was   99.77 %    and   99.93 %    for the reward and control group,
respectively. This means that Force Production Speed had about  the same impact  on  FPS
scores   for both subject groups   (see  Fig.   8.4). The quadratic trend component across   the
levels of Force Production Speed did not differ between the two subject groups.
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Figure 8.4 Effects of Force Production Speed (upper left panel), time (upper right
panel), and presentation (lower two panels)  on FPS scores.

Effects of Time-On-Task

There were no significant effects of TOT on the time course across trial blocks of the FPS
scores, that is no significant linear or quadratic trend was found, and the linear and quadratic
trend component across trial blocks did not differ between the two subject groups.

Effects of Presentation

An main effect of Presentation on the FPS scores was not found, nor was there a significant
interaction with Reward. The linear and quadratic trend component across the levels of Force
Production Speed  also  did not differ between  the two presentations.

8.2.1.2.4 Subjective mental effort

Effects of Reward and Task Difficulty

No significant differences were found between the two subject groups. Increasing the task
difficulty level resulted in higher subjective mental effort, characterized by a significant
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positive linear trend (F(1,38) =  9.01, p < .01). There were no significant interactions between
Reward and Force Production Speed. The linear and quadratic trend component across the
levels of Force Production Speed  did not differ between  the two subject groups.

MENTAL EFFORT
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Figure 8.5 Effects of Force Production Speed (upper left panel), time (upper right
panel), and presentation (lower two panels) on mental effort scores.

Effects  of Time-On-Task

For the mental effort scores an effect of TOT on the time course across trial blocks was
found, characterized   by a significant positive linear trend  (F(1,38)=   22.61,   p < .001).
Continuously increasing subjective mental effort was reported throughout the course of the
experiment. The linear and quadratic trend component across trial blocks did not differ
between the two subject groups.

Ejfects of Presentation

A main effect of Presentation was found on the mental effort scores (F(1,38)= 16.41,
p < .001),   that is subjects reported higher subjective mental effort during the second
presentation as compared to the first. There was no significant interaction between Reward
and Presentation. Furthermore, the quadratic trend component across the levels of Force            1
Production Speed differed between the two presentations (F(1,38) =  5.64, p < .05). However,
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simple effects analysis could not make clear the cause of this interaction. The linear trend
component across the levels of Force Production Speed did not differ between the two
presentations.

8.2.1.2.5 Conclusions

Regarding RT scores, increasing the task difficulty level of Force Production Speed resulted
in longer Rts, and monetary reward led to better scores during the course of the experimental
session. CR scores decreased with increased level of task difficulty, and monetary reward
led to a higher overall score. CR scores did not change throughout the experimental session.
FPS scores were facilitated by Reward. All this was accompanied by increasing subjective
mental effort scores across the levels of Force Production Speed, and by continuously
increasing subjective mental effort during the course of the experimental session. An effect
of Presentation was found only for the subjective mental effort, that is more mental effort
was reported during the second presentation. This aspect seemed   to be logical, because
mental effort scores increased throughout the experimental session. In general, the
experimental manipulation could be regarded as successful.

8.2.2 Physiological responses

Effects of Force Production Speed and Reward on physiological responses were studied on
a tonie and a phasic level. Tonie physiological activity referred to the effects of TOT, that
is the time course during the whole experimental session, the time course within trial blocks,
as well the comparison between the first and second trial block for each level of Force
Production Speed. Phasic activity was studied within the foreperiod of valid trials. Processing
of the physiological signals  and the statistical analysis  has been described in chapter  4.

Physiological responses were only recorded during the experimental session and not during
the training session.

8.2.2.1 Effects on tonic EMG activity

8.2.2.1.1 Tonie EMG activity during course of the experiment

The time course and effects of monetary reward on the time course Of tonie EMG activity
during the experimental session are shown in Fig. 8.6. For illustrative purposes, the EMG
amplitude percentage scores were averaged between the right and left recording sides. The
left panels  of Fig. 8.6 shows  the mean results  of the time course  for  the two subject groups
during the experimental session. The right panels show the baseline corrected averaged
results of every task period over which the statistical analysis   has been performed,   that  is
over the rest-task contrast scores.
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Figure 8.6 Mean EMG activity of the two subject groups during the course of the
experiment (left panels) and of every task period minus the average of the surrounding
rest periods (right panels).

Three different types of overall rest-task differences could be distinguished, that is elevated
EMG activity as compared to the surrounding rest periods, lowered EMG activity, and no
significant differences. Elevated EMG activity was found for frontalis  (F(1,38) =   4.99,
p<.05), corrugator supercilii (F(1,38)= 55.19, p< .001), and orbicularis oris inferior
(F(1,38)= 17.17, p<.001) Lowered EMG activity was found for temporalis (F(1,38)=
31.91, p < .001) and zygomaticus major (F(1,38)= 24.74, p< .001). The orbicularis oculi
showed no significant differences.

Effects of Reward and Side

For the temporalis, subjects in the reward group showed a greater rest-task difference, that
is more lowered EMG activity, as compared to subjects in the control group (F(1,38) =  5.25,
p <.05). The other muscles showed no overall effects of Reward.

An effect of Side was found for the zygomaticus major, that is a greater rest-task difference
was found for the right recording side than for the left side (F(1,38)= 6.19, p< .05) Effects
of Side were not found for the other muscles.

Regarding the rest-task differences of the two recording sides, EMG activity of orbicularis
oris inferior was different for the two subject groups, as apparent from a significant
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interaction between Reward   and   Side   (F(1,38)=   8.21 p<.01) Simple effects analysis
showed that a stronger rest-task difference was found for the left recording side as compared
to the right side for subjects in the control group (F(1,38)= 11.99, p<.001), while for
subjects in the reward group there were no significant differences. No significant interactions
between Reward and Side were found for the other muscles.

EjIects  of Time-On-Task

The time course over the baseline corrected task periods of the zygomaticus major was
characterized by a significant positive quadratic trend (F(1,38)= 3.19, p< .05). For the other
muscles no significant overall trends were found. Although the time course of EMG activity
of the temporalis seemed to decrease throughout the experiment, statistical support was not
found  (F(1,38) =  3.98,  p =.053). With regard  to all muscles, the linear and quadratic trend
component across the six task periods did not differ between the two subject groups, nor
between the two recording sides.

8.2.2.1.2 Tonie EMG activity across trials within trial blocks

Figure 8.7 shows the mean results of the time course across trials within trial blocks fur the
three levels of Force Production Speed (left panels) and for the two subject groups (right
panels). For illustrative purposes, the EMG amplitude percentage scores were averaged
between the right  and left recording sides.

Also, regarding mean tonie EMG activity within trial blocks, three different types of overall
rest-task patterns could be described. Elevated EMG activity was present, for frontalis
(F(1,38)= 8.68, p< .01), corrugator supercilii (F(1,38)= 57.83, p< .001), and orbicularis
oris inferior (F(1,38)= 17.21, p< .001). Lowered EMG activity, for temporalis (F(1,38)=
29.77, p<.001) and zygomaticus major (F(1,38)= 22.01, p<.001). No significant
differences between task and rest periods were found for the orbicularis oculi.

Effects  of Reward,  Side,  and Task Difficulty

A significant effect of Reward was found  for the temporalis  (F(1,38) =  4.94,  p < .05)  and
zygomaticus major  (F(1,38)=   4.97,   p < .05),  but  not  for the other muscles.   For  the
temporalis and zygomaticus major, subjects in the reward group showed a greater negative
rest-task difference as compared to subjects   in the control group  (see  Fig.   8.7) .

Force Production Speed did not have significant effects on the overall rest-task difference
scores for any of the investigated facial muscles. A greater rest-task difference activity was
found on the right recording side as compared to the left side for zygomaticus major
(F(1,38) = 6.68, p< .05) and also for the orbicularis oris inferior (F(1,38)= 4.46, p< .05).
No main effects of Side were found for the other muscles.
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Figure 8.7 Mean EMG activity across trials within trial blocks for the three levels of
Force Production Speed (left panels)  and  for  the two subject groups (right panels).

A significant interaction between Reward and Force Production Speed was found for the
orbicularis oculi (F(1,38) =  4.68,  p < .05), meaning that the effect of Reward was different
for the three levels of Force Production Speed. Simple effects analysis showed that there was
a significant effect of Force Production Speed for the reward group (F(1,38)= 4.22, p < .05),
but not for the control group. Furthermore, a significant effect of Reward was found for
orbicularis oculi   on the linear trend component  (F(1,38) =   9.34,   p < .005)   and   on   the
quadratic trend component   (F(1,38)=   4.47,   p< .05) across the three levels of Force
Production Speed. Simple effects analysis showed that there was a significant positive linear
trend (F(1,38)= 6.03, p<.05) and a significant positive quadratic trend (F(1,38) = 7.34,
p < .05) across the levels for subjects in the reward group, but not for subjects in the control
group. All this means that regarding the rest-task differences, EMG activity increased with
increased level of task difficulty for subjects in the reward group, but not for subjects in the
control group. For the other muscles, no significant interactions between Reward and Force
Production Speed were found, and the linear and quadratic trend component across the three
levels of task difficulty also did not differ between the two subject groups.

With regard to the rest-task differences of the two recording sides, EMG activity of
orbicularis oris inferior was different for the two subject groups, as apparent from a
significant interaction between Reward  and  Side  (F(1,38) =7.7 5,p< .01). Simple effects
analysis showed that this was caused by a larger EMG response for the left recording side
as compared to the right side for subjects in the control group (F(1,38) =  11.99, p < .001),
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while  for the reward group there  were no significant differences. The other muscles showed
no significant interactions between Reward and Side.

As far as the time course of EMG activity across trials within trial blocks is concerned, some
muscles showed continuously increasing EMG activity, and other muscles did not. Increasing
EMG activity was characterized by significant positive linear and quadratic trends for
frontalis (linear trend:  F(1,38)=  18.25,  p < .001; quadratic trend:  F(1,38) =  7.08,  p < .05)
and corrugator supercilii linear trend: (F(1,38)= 61.51, p< .001; quadratic trend: F(1,38)=
26.31  p < .001).The recorded EMG activity of these two muscles could be regarded  as  true
EMG gradients, because  for both muscles the overall EMG activity was significantly higher
as compared to the surrounding rest periods. Activity of the temporalis was characterized by
a significant positive linear trend (F(1,38) =  11.34,  p < .005), and because the overall  EMG
activity was lower as compared to the surrounding rest periods this effect could be regarded
as a gradual decreasing inhibition effect. No significant overall trends were found for the
orbicularis oculi, zygomaticus major, and orbicular oris inferior.

The time courses of the investigated muscles were not influenced by Force Production Speed
nor by Reward, that is the linear and quadratic trend component across trials did not differ
between the three levels of Force Production Speed nor between the two subject groups. A
significant effect of Side was found on the linear trend component across trials for the
temporalis   (F(1,38)=   6.15,   p < .05) Simple effects analysis showed that there   was   a

significant positive linear trend for the right recording side (F(1,38) = 6.94, p < .05), but also
for  the left recording  side  (F(1,38) =  13.65,  p < .005). The positive linear trend component
seemed to be smaller for the right recording side than for the left recording side, but the
contribution of this component to the total variation in EMG activity across trials was
99.94 %  and  99.98 %  for the right  and left recording side, respectively. This means  that  the
linear increase across trials was about the same for both recording sides. The quadratic trend
component across trials of the temporalis did not differ between the two recording sides. For
the other muscles, no effects of Side were found on the linear and quadratic trends.

Effects of Presentation

Figure 8.8 shows  the mean results  of the time course across trials within trial blocks  for  the
two  presentations. Main effects regarding rest-task differences of Presentation were found
for frontalis (F(1,38)= 12.14, p<.005) and corrugator supercilii (F(1,38)= 11.16,
p < .005).  For both muscles, a higher rest-task difference was found during the second
presentation. Interactions with Reward were not found. Regarding the other muscles, effects
of Presentation were not found, nor were there any significant interactions with Reward.  As
apparent from a significant interaction between Presentation and Force Production Speed
(F(2,37) = 4.63, p < .05) for the orbicularis oculi, the effect of Presentation was different for
the three levels of Force Production Speed. Simple effects analysis showed that there was a
significant effect of Force Production Speed during the first presentation  (F(1,38) =   5.02,
p<  .01),   but not during the second presentation. No significant interactions were found
between Presentation and Force Production Speed regarding the other muscles.
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Figure 8.8 Mean EMG activity during the first and second presentation.

A significant effect of Presentation was fuund on the linear trend across trials for the
corrugator supercilii  (F(2,37) =  6.49,  p < .05). Simple effects analysis showed that there  was
a significant positive linear trend across trials during the first presentation  (F(1,38)=  50.22,
p< .001), but also during the second presentation (F(1,38)= 54.21, p< .001). However, the
positive linear trend component appeared to be smaller during the first presentation than
during the second presentation. The contribution of this component to the total variation in
EMG activity across trials was 89.13 %  and 95.13 %  for the first presentation and the second
presentation respectively. This means  that the linear increase across trials was greater during
the second presentation. The quadratic trend component across trials did not differ between
the two presentations. A significant effect of Presentation was also found on the linear trend
across trials  for the orbicularis oculi   (F(2,37) =   4.48,   p < .05). Simple effects analysis
showed that there was a significant negative linear trend across trials for the first presentation
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(F(1,38)= 4.71, p< .05), but a significant positive linear trend for the second presentation
(F(1,38)=  6.24,  p<.05).  So, EMG activity  of the orbicularis oculi decreased over trials
during the first presentation, but increased over trials during the second presentation. The
quadratic trend component across trials did not differ between the two presentations. For the
other muscles, no effects were found on the linear or quadratic trend components across
trials.

8.2.2.2 Effects on phasic EMG activity

Figure 8.9 shows  the mean results  of the time course during a trial, averaged over valid trials
(see chapter 4) for the three levels of Force Production Speed (left panels) and for the two
subject groups (right panels). Again, for illustrative purposes, the EMG amplitude percentage
scores were averaged between the right and left recording sides.

Mean EMG activity during the foreperiod was elevated, lowered, or did not differ with
respect to the preceding baseline. For the corrugator supercilii EMG activity was elevated
(F(1,38)= 13.60, p<.001). EMG activity was lowered for temporalis (F(1,38)= 8.23,
p< .001), orbicularis oculi (F(1,38)= 33.46, p < .001), zygomaticus major (F(1,38)= 44.17,
p <.001),and orbicularis oris inferior (F(1,38)=  29.13, p < .001) Frontalis did not  show
significant differences regarding the baseline.

Effects of Reward.  Side, and Task Difficulty

Subjects in the control group showed significantly more elevated EMG activity as compared
to   subjects   in the reward group for frontalis   (F(1,38) =   5.58,   p < .05) and temporalis
(F(1,38)= 5.77, p <.05). For the other muscles no significant effects of Reward were found.

Force Production Speed did not have significant effects on the mean EMG activity of any of
the investigated muscles during the foreperiod.

Significantly more EMG activity on the left recording side was found for the zygomaticus
major  (F(1,38)=8.13,p<.01). The other muscles showed no significant effects  of  Side.
Significant interactions regarding Force Production Speed, Reward, or Side were not found.

With regard to the time course during the foreperiod, two types of preparatory activity could
be distinguished, that is continuously increasing or continuously decreasing EMG activity.
Continuously increasing EMG activity, that is significant positive linear trends were found
for corrugator supercilii (F(1,38)=  23,06, p < .001) and frontalis (F(1,38)= 4.15, p < .05).
Continuously decreasing EMG activity, that is significant negative linear trends were found
for temporalis (F(1,38)= 17.52, p<.001), orbicularis oculi (F(1,38)= 44.35, p<.001),
zygomaticus major  (F(1,38) =  44.57,  p < .001), and orbicularis oris inferior  (F(1,38) =
19.28, p < .001). The linear trend component of the frontalis differed between the three levels
of Force Production Speed  (F(1,39)=  4.72, p<.05) Simple effects analysis showed  a
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Figure 8.9 Mean EMG activity within trials for the three levels of Force Production
Speed (left panels)  and  for  the two subject groups (right panels)

significant positive linear trend during  the  fast FPS condition  (F(1,39)=   7.04,   p < .05),  a
tendency towards a positive linear trend during the moderate FPS (F(1,39) =  3.74,  p< . 10),
but no trend during the slow FPS condition. The quadratic trend component of the frontalis
did not differ between the three levels. Regarding the other muscles, no effects of Force
Production Speed were found on the linear and quadratic trend components.

The two subject groups differed with regard to the time course of EMG activity for some
investigated muscles during the foreperiod. For the orbicularis oculi, this was indicated by
an effect of Reward on the linear trend component (F(1,38)= 5.35, p<.05), and by an effect
of  Reward  on the quadratic trend component  for the frontalis  (F(1,38) =  7.05,  p < .05),
temporalis  (F(1,38) =  4.20,  p < .05), and corrugator supercilii  (F(1,38)=  5.13,  p < .05).
Simple effects analysis showed, a significant negative linear trend for subjects in the reward
group for the orbicularis oculi (F(1,38)= 9.45, p < .005), but also for subjects in the control
group   (F(1,38) =   40.25,   p < .001). The negative linear trend component seemed   to   be
somewhat smaller for the reward group than for the control group, but the contribution of
this component  to the total variation  in EMG activity during the foreperiod  was  99.54%  and
99.93 %  for the reward and control group, respectively. This means  that the linear increase
during the foreperiod was about  the  same  for both subject groups   (see  Fig. 8.8). Simple
effects showed that for the frontalis there was a significant negative quadratic trend for
subjects in the control group (F(1,38)= 9.32, p< .005), but not for subjects in the reward
group. For the temporalis, simple effects analysis showed that there was only a significant
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negative quadratic trend for subjects  in the control group  (F(1,38)=5.57,p<.05).  For the
corrugator supercilii, simple effects analysis showed that it was the other way around. For
this muscle, there was only a significant positive quadratic trend for subjects in the reward
group  (F(1,38) =  6.88,  p < .05),  but  not for subjects  in the control group. Reward  did  not
have significant effects on trends of the zygomaticus major and orbicularis oris inferior.

Side had a significant effect on the linear trend component of the orbicularis oris inferior
(F(1,38) =  5.63,  p < .05). Simple effects analysis showed a significant negative linear trend
for the right recording  side  (F(1,38)=  21.76,  p < .001),  but  also  for  the left recording  side

(F(1,38)=  14.92, p<.001). However, the negative linear trend component appeared  to  be
larger  for the right recording   side  than  for  the left recording   side. The contribution  of  this
component to the total variation in EMG activity during the foreperiod was 98.24% and
96.07% for the right and left recording side respectively. This means that the linear decrease
during the foreperiod was greater for the right recording side. For the other muscles, Side
did not have any effects on the linear and quadratic trend components.

8.2.2.3 Effects on tonic heart rate

The upper left panel of Fig. 8.10 shows the mean results of the time course of the tonic heart
rate for the two subject groups during the experimental session. The upper right panel shows
the baseline corrected averaged results of every task period over which the statistical analysis
has been performed, that is over the rest-task contrast scores. The upper middle left panel
of  Fig. 8.1 0 shows   the mean results  of  the time course across trials within trial blocks  for
the three levels of Force Production Speed, and the middle upper right panel for the two
subject groups. The middle lower left panel  of Fig. 8.10 shows  the mean results  of the  time
course across trials within trial blocks for the two presentations.

8.2.2.3.1 Tonie heart rate during course  of the experiment

The overall heart rate during the task periods did not differ significantly from the
surrounding rest periods.

Effects of Reward

Initially  it was tested  if  the two subject groups differed with regard  to the first rest period.
This aspect was tested with a ONEWAY-ANOVA. This teSt showed that there was a
significant effect of Reward (F(1,38) = 9.40, p < .005) subjects in the reward group showed
a higher heart rate. Regarding the overall rest-task differences,  the two subject group differed
from each other,  that is a significant effect of Reward was found (F(1,38)=  6.08,  p<.05)
The reward group showed a positive rest-task difference, whereas the subjects in the control
group showed a negative difference (see Fig. 8.10).
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Figure 8.10 Mean heart rate during the course of the experiment (upper panels), across
trials (upper middle panels), during first and second presentation (lower middle panel),
and within trials (lower panels).
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Effects  of Time-On-Task

There was a significant overall negative linear trend across  the six task periods  (F(1,38) =
8.54, p<.01), heart rate decreased during the experimental session. The linear and quadratic
trend component across  the task periods  did not differ between  the two subject groups.

8.2.2.3.2 Tonie heart rate across trials within trial blocks

Mean heart rate did not significantly differ from the surrounding rest periods.

Effects of Reward and Task Difficulty

Regarding the rest-task contrast scores, the effect of Force Production Speed was
characterized by a significant negative linear trend across the levels of task difficulty
(F(1,38) =  6.51,  p <.05). Increasing the level of task difficulty of Force Production Speed
resulted in a lower rest-task difference score. There were no significant differences between
the two subject groups, and there was no significant interaction between Reward and Force
Production Speed, nor did the linear and quadratic trend component across the levels of task
difficulty differ between the two subject groups.

As far as the time course across trials is concerned, no significant overall trends were found.
However, an effect of Force Production Speed was found on the quadratic trend component
(F(1,38) =  8.47,  p < .01). Simple effects analysis showed that there  was a significant positive
quadratic trend for the  slow FPS condition (F(1,38) =8.3 5,p< .0 1) ,  but  not for the  fast  and
moderate FPS conditions. The linear trend component across trials  did not differ between the
three levels of Force Production Speed. The time course of the heart rate was also not
influenced by Reward, that is the linear and quadratic trend component across trials did not
differ between the two subject groups.

Effects Of Presentation

A main effect regarding rest-task differences of Presentation was not found, nor was there
a significant interaction with Reward. The effect of Presentation was different for the three
levels of Force Production Speed, as apparent from a significant interaction between
Presentation and Force Production Speed (F(1,38) =  4.41,  p < .05). Simple effects analysis
showed that there was a significant effect of Force Production Speed during the first
presentation  (F(1,38) =  5.65,  p < .005),  but not during the second presentation. The linear
and quadratic trend component across trials  did not differ between  the two presentations.
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8.2.2.4 Effects on phasic heart rate

As has been explained in chapter 4, different points within a trial have been assessed with
regard to phasic heart   rate,   that   is a (first) acceleration   some time after presenting   WS,

succeeded by a deceleration, which was followed by a (second) acceleration. The lower
panels  of Fig.  8.10  show  the mean results  of the time course during a trial, averaged  over
valid trials (see chapter 4) for the three levels of Force Production Speed (left panel) and for
the two subject groups (right panel).

Efects of Reward and Task Difficulty

A significant overall first acceleration was not found, and Force Production Speed did not
have a significant effect on this acceleration. Reward did not have a significant effect on the
first acceleration. No significant interaction between Force Production Speed and Reward was
found. The linear and quadratic trend component across the levels of task difficulty also did
not differ between the two subject groups.

A significant overall deceleration was found  (F(1,38)=  91.28, p<.001) Force Production
Speed and Reward did not have a significant effect on this deceleration, nor was there a
significant interaction. The linear and quadratic trend component across the levels of Force
Production Speed  also  did not differ between  the  two subject groups.

The second acceleration failed to differ from baseline (F(1,38)= 3.68,  p=  .063), but Force
Production Speed had a significant effect on this acceleration, characterized by a significant
negative linear trend across the levels of task difficulty  (F(1,38) =  54.94,  p < .05), meaning
that at this point the heart rate acceleration became  smaller with increasing task difficulty.
Reward did not have a significant effect on the second acceleration. A significant interaction
between Force Production Speed and Reward  was not found. The linear and quadratic trend
component across the levels of Force Production Speed also did not differ between two
subject groups.

8.2.2.5 Effects on phasic respiratory activity

The  effects on phasic respiratory activity within trials are shown  in  Fig.   8.11.   From  this
figure,   it  can  seen that during the foreperiod subjects showed a tendency to expiration.

Effects of Reward and Task Difficulty

At the moment of the presentation of RS, respiratory activity was significantly below baseline

(F(1,38) =  43.20,  p < .001). Furthermore, no significant main effects of Force Production
Speed or Reward, nor interactions were found at the moment of the presentation of RS.  The
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linear and quadratic trend component across the levels of Force Production Speed did not
differ between the two subject groups.
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Figure   8.11 Mean respiratory activity within trials    for the three levels of Force
Production Speed (right panel) and for the two subject groups (left panel).

Regarding the response peak, a significant negative linear trend was found across the three
levels of Force Production Speed   (F(1,38)=   24.10,   p < .001).   The peak decayed   with
increasing task difficulty. A significant main effect of Reward was not found, nor was there
a significant interaction between Reward and Force Production Speed. The linear and
quadratic trend component across the levels of Force Production Speed also did not differ
between the two subject groups.

8.2.2.6 Conclusions

Mean EMG activity within task periods, as compared to the surrounding rest periods, was
elevated for frontalis, corrugator supercilii, and orbicularis oris inferior, lowered for
temporalis and zygomaticus major,  and did not differ for orbicularis oculi. The reward group
differed from the control group with regard to just one muscle, the temporalis, by showing
a greater negative rest-task difference. With regard   to   the time course across   the   Six   task
periods, the overall EMG activity of the facial muscles remained fairly constant, and
monetary reward  did not influence that process.

As    far   as the rest-task differences    of   EMG activity within trial blocks are concerned,
frontalis, corrugator supercilii, and orbicularis oris inferior showed elevated EMG activity
during the task periods. Temporalis and zygomaticus major showed lowered EMG activity,
and the EMG activity of the orbicularis oculi within trial blocks did not differ from the
surrounding rest periods. With regard to this type of tonie EMG activity, Force Production
Speed did not have significant effects on any of the investigated muscles. The reward group
differed from the control group with regard to three muscles. The reward group showed
larger negative rest-task differences for temporalis and zygomaticus major, and showed
increased EMG activity with increasing level of task difficulty for the orbicularis oculi,
whereas the control group did not.
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EMG gradients were found across trials within trial blocks, for frontalis and corrugator
supercilii. Temporalis showed a gradually decreasing inhibition effect. Orbicularis oculi,
zygomaticus major, and orbicularis oris inferior did not show continuously increasing or
decreasing activity. Force Production Speed and Reward did not influence the time courses
of any of the investigated muscles.

Presentation had only main effects on rest-task difference scores of frontalis and corrugator
supercilii. Both muscles showed larger EMG responses during the second presentation.
Regarding Presentation and time course of the EMG activity across trials, a greater impact
was found for the corrugator supercilii and orbicularis oculi during the second presentation.
The corrugator supercilii showed a stronger increase of EMG activity during the second
presentation, and EMG activity of the orbicularis oculi decreased during the first
presentation, but it increased during the second.

Mean phasic EMG activity during the foreperiod, as compared to the preceding baseline, was
elevated for corrugator supercilii, lowered for temporalis, orbicularis oculi, zygomaticus
major, and orbicularis oris inferior,   and  did not differ for frontalis. With regard  to  the  time
course during the foreperiod, frontalis and corrugator supercilii showed continuously
increasing EMG activity. Temporalis, orbicularis oculi, zygomaticus major, and orbicularis
oris inferior showed continuously decreasing EMG activity. Regarding preparatory activity
during the foreperiod, Force Production Speed did not have significant main effects On the
mean EMG activity, but it influenced the time course of one muscle, the frontalis, for which
there was only a linear trend for the fast FPS condition. Monetary reward also had no major
effects on the mean EMG activity, but it merely contributed to more distinctly increasing and
decreasing time courses.

Heart rate during the task periods did not differ from the surrounding rest periods. However,
the reward group responded with increasing heart rate during the task periods, whereas the
control group responded with a decreasing heart rate. Furthermore, tonie heart rate decreased
during the course of the experiment, and this was the case for both subject groups.

Within trial blocks heart rate, as compared to the surrounding rest periods, was affected by
Force Production Speed. Heart rate decreased with increasing level  of task difficulty. There
were no significant differences between the two subject groups. The time course across trials
could not be described in terms of an overall linear or quadratic trend. However, a
significant negative quadratic trend was found just for the fast FPS condition, heart rate
increased only during the fast FPS condition. Monetary reward had no effect on the time
course across trials.

With regard to rest-task differences within trial blocks, a main effect of Presentation was
absent. A significant effect of Force Production Speed was found for the first presentation,
but not for the second.
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Chapter 9

SUMMARY, GENERAL DISCUSSION, AND CONCLUSIONS

9.1  Introduction

Earlier research regarding facial EMG activity during sustained processing of information has
suggested that tonie EMG responses of some facial muscles (frontalis, corrugator supercilii,
and orbicularis oris inferior) are an index of exerted compensatory mental effort (Van Boxtel
& Jessurun, 1993; Waterink & Van Boxtel, 1994). However, these studies did not make clear
whether this activity indeed reflected the mobilization of aspecific energetical resources,   or
that it reflected the mobilization of specific energetical resources, triggered by specific aspects
of information processing  (see also section  1.1).  This last possibility, the basic question  of
this thesis, was tested within the framework of a linear cognitive-energetical stage model of
information processing (Sanders, 1983).

9.2 Theoretical framework

The  model  used  here  (see  Fig.  3.1), put forward by Sanders (1983), originated from choice
reaction time research. The model postulates different computational stages: stimulus
preprocessing, feature extraction, response choice, and motor adjustment. The total number
of computational stages, which can be divided into input, central cognitive, and output stages,
depends on the structure of the choice reaction task. If the properties of a task go beyond the
traditional structure, additional computational stages  come  into play (Sanders, 1990). Since
the introduction of the model, more computational stages have been proposed, some having
achieved a firm status (supported by two or more studies) and some holding a status which
is debatable (supported in only one study) (see Sanders, 1990, for an overview). Furthermore,
the original model also postulates that the computational stages rely upon three different types
of energetical supply or resources. The first one, called arousal, is coupled to the input stage,
the   second one which is called effort is coupled   to the central cognitive stage;   and   the   last

energetical resource which is called activation is coupled    to the output stage. These

energetical resources are regarded as specific, because each energetical resource is coupled
to only one computational stage. Following Sanders (1983), the efficiency of a computational
stage depends  on the working state of the coupled energetical resource. This efficiency  is  poor
when the working state is either sub-optimal (levels of arousal, activation, or effort  too  low)
or supra-optimal (levels of arousal, activation, or effort   too   high). Both circumstances,
noticed by a higher cognitive evaluation mechanism by means of feedback, can be
compensated through the above mentioned effort mechanism. In that case one can speak of
the mobilization of aspecific energetical resources. In the literature, this type of energy
mobilization is known as mental effort. The effort mechanism in the model of Sanders thus
has a twofold function. First, as a specific energetical resource for controlling cognitive
processing and second as a controlling and coordinating mechanism for the regulation of
arousal and activation. The evaluation mechanism also receives feedback from the task
performance and, when necessary, can change performance output by mobilizing aspecific
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energetical resources through the effort mechanism. Stress responses occur when sufficient
compensation through mental effort is not possible anymore.

Additionally, the model also indicates which task variables affect specific computational stages

in the information processing system. These variables have proven  to have significant effects
on reaction time (see Sanders,  1990, for an overview). Three of those variables (see below)
have been subject  of this thesis. Manipulation   of a specific computational stage   by   a   task

variable draws Upon the coupled energetical resource. This process should be visible in
physiological indices reflecting the mobilization  of that specific energetical resource.   In  this

thesis it was tested whether facial EMG activity reflects the mobilization of specific

energetical resources, or that it reflects the mobilization of aspecific energetical resources

(mental effort), as has been put forward in two preceding studies (Van Boxtel & Jessurun,

1993;   Waterink   & Van Boxtel,    1994). This basic question was tested by manipulating   the

information processing system by means of three different experimental task variables in three

separate choice reaction time experiments. The first task variable was stimulus degradation,
supposed to affect the input stage. The second task variable was semantic stimulus response

compatibility, supposed to affect the central cognitive stage. The third task variable was force
production speed, supposed to affect the output stage. Furthermore, energetical aspects of

information processing were investigated in each experiment by studying effects of time-on-
task and by introducing monetary reward.

9.3 Methodology

In all experiments an S 1 -S2-S3 paradigm was used, where Sl  was an auditory warning signal,
S2 the reaction stimulus, and S3 a visual representation of the quality of the performed

response (knowledge of results). The basic task was a four-choice reaction time task. The
reaction stimulus, presented four seconds after onset of the warning signal, was a combination
of three letters, indicating which of the four response alternatives had to be chosen, and what
type of response had to be generated. The basic response was a ballistic isometric flexion of
thumb or index finger of the left or right hand, whereby a particular target force (20% of the
Maximal Voluntary Force) had to be generated. The trials were presented at a rather fast rate,
requiring continuous attention. Two groups of twenty subjects participated both in each
experiment. One group was motivated to a good task performance by means of monetary

reward; the other group was not and served as the control group. In each experiment, three

difficulty levels (low, moderate,   and  high)  of the relevant task variable were investigated  in

two blocks of sixty trials per level. The sequence of the six trial blocks was counterbalanced

across subjects. Two subsequent trial blocks were always preceded and followed by a rest
period of about five minutes. All subjects were properly trained    one day before    the

experimental session. For the stimulus degradation experiment, the three difficulty levels

were: no degradation, moderate degradation, and strong degradation. Degradation    was
accomplished by masking the reaction stimulus with different checkerboard patterns. For the

S-R compatibility experiment, there were also three levels of task difficulty: compatible

(hereafter denoted as 'not incompatible'), moderately incompatible, and strongly incompatible.
In  the not incompatible condition the letters had their normal semantic meaning.   For  the
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moderately incompatible condition, subjects had to translate right hand responses to left hand
responses, and vice versa. For the strongly incompatible condition, subjects had to translate
the reaction stimulus indicating left finger to right thumb,  etc.   Also  for the force production
speed experiment there were three task difficulty levels. Level one was reaching target force
as quickly as possible, level two reaching target force at a moderate speed, and level three
reaching target furce at a slow speed.

Effects of the experimental task variables and monetary reward were studied on task
performance (reaction time, percentage correct responses, and force production speed),
subjective mental effort (by means of a rating scale), tonie EMG activity of six facial muscles
(frontalis, temporalis, corrugator supercilii, orbicularis oculi, zygomaticus major, and
orbicularis oris inferior), and tonie heart rate. Furthermore, the first presentation of a trial
block with a particular difficulty level was compared with the second presentation,
investigating the effects of time-on-task. Besides effects on tonic physiological responses,  the
effects of the three task variables and monetary reward were also investigated on phasic
responses in EMG activity, heart rate, and respiration occurring within the preparatory
interval between  S 1  and S2. Because the setup  of each experiment was basically  the  same  and
the experiments thus only differed in manipulated computational load, it was also possible to
look  at some effects of experimental variables across experiments. Interesting overall effects
are those of monetary reward and time-on-task on tonie physiological responses and that of
monetary reward on phasic responses.

9.4 Tonie physiological activity

9.4.1 Basic response patterns

9.4.1.1 Facial EMG activity

Facial EMG activity across trials within trial blocks, averaged across all trial blocks of the
three experiments, showed typical response patterns   (see  Fig.   5.16).   Mean EMG activity
within trial blocks was either elevated or did not differ as compared to the surrounding rest
periods. Elevated EMG activity was found for frontalis, corrugator supercilii, and orbicularis
oris inferior. Mean EMG activity of temporalis, orbicularis oculi, and zygomaticus major did
not differ significantly from the surrounding rest periods.

Although for most muscles visual inspection of these basic response patterns seems to show
some  differences  in  mean EMG activity between the three experiments  (see  Fig.   5.17),
significant differences were only found for temporalis and zygomaticus major. Regarding
temporalis, mean EMG activity was inhibited within trial blocks in the force production speed
experiment, but not in the stimulus degradation and S-R compatibility experiment. For the
zygomaticus major, mean EMG activity was also inhibited within trial blocks in the force
production speed experiment, but it was elevated in the stimulus degradation experiment, and
it did not differ from the surrounding rest periods in the S-R compatibility experiment.
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The time course of EMG activity across trials within trial blocks could statistically be
characterized by two types. The first type was a curvilinearly increasing EMG activity across
trials, which was found for frontalis, corrugator supercilii, and orbicularis oris inferior. This
type of tonie EMG activity is known as an EMG gradient (Malmo, 1965). Regarding these
EMG gradients, no significant differences were found between the three experiments.
Furthermore, for these three muscles the same type of EMG activity has been found in the
two preceding studies (Van Boxtel & Jessurun, 1993; Waterink & Van Boxtel, 1994), where
it was regarded as an index of the mobilization of aspecific energetical resources. With regard
to the response pattern of orbicularis oris inferior, the curvilinearly increasing EMG activity
was initiated by a transient peak at the very beginning of each trial block. Such a peak was
also present in the response patterns of temporalis, orbicularis oculi, and zygomaticus major.

The second type of time course of EMG activity across trials within trial blocks was a linearly
increasing EMG activity.   This   type of tonie EMG activity was found   for the temporalis.
Visual inspection of the response pattern of orbicularis oculi, and to a lesser extent of
zygomaticus major, also showed linearly increasing EMG activity, but these response patterns
turned out not to be statistically significant, probably due to peak responses at the very
beginning of a task. For future research it may be wise to remove the first part of a task
period when investigating  the time course of tonie EMG activity. Regarding  the time course
of the EMG activity of temporalis, orbicularis oculi, and zygomaticus major no significant
differences were found between the three experiments.

9.4.1.2 Heart rate

Heart rate across trials within trial blocks, averaged across the three experiments, did not
show a typical response pattern (see Fig. 5.28). Mean heart rate within trial blocks did not
differ significantly from the surrounding rest periods, nor did mean heart rate differ
significantly between the three experiments.

Like in some facial muscles, a transient increase at the very beginning of each trial block was
present for tonie heart rate, where it was highly prominent (see Fig. 5.28). This effect has
been attributed to a startle response at the beginning of a task (Jorna, 1992).

The time course of the tonie heart rate across trials within trial blocks could statistically be
characterized by a positive quadratic trend, for which the transient increase at the very
beginning certainly was responsible to a great extent. The recommendation of removing the
first minute   of data definitely holds for investigating   the time course of tonie heart   rate.

However, looking closer at the heart rate data of each experiment separately, where in some
trial blocks initial phasic heart rate responses lasted beyond one minute, it seems to be better
to remove the first one and half minute of data. Regarding the time course of heart rate across

trials, no significant differences were found between the three experiments.
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9.4.1.3 Task performance and subjective mental effort

Concerning task performance, reaction time did not differ between the three experiments.
Percentage correct responses did not differ between the stimulus degradation and S-R
compatibility experiment, but in the force production speed experiment it clearly deviated
from the other two experiments, by showing the lowest level of the three experiments. Force
production speed also differed between the three experiments, by showing the slowest speed
in the force production speed experiment. However, this effect was artificial, because it was
deliberately manipulated in that experiment. Mental effort scores also differed between the
three experiments. The force production speed experiment showed the highest subjective
mental effort score and the lowest score was obtained in the stimulus degradation experiment.

9.4.1.4 Conclusions

It can be concluded that the three experiments had about the same effects on tonie heart rate
and on tonie EMG activity of frontalis, corrugator supercilii, orbicularis oris inferior, and
orbicularis oculi. However, tonie EMG activity of temporalis and zygomaticus major in the
force production speed experiment showed an inhibition during task performance which was
not found for the stimulus degradation and S-R compatibility experiment. The force
production speed experiment also demonstrated a somewhat deviating pattern, regarding
percentage correct responses, where subjects showed a relatively bad performance. The
experiment was also being experienced as the most effortful. Before going deeper into a
discussion of these findings, other effects will be summarized and discussed first.

9.4.2 Effects of task variables

9.4.2.1 Effects of stimulus degradation

Each of the three difficulty levels of stimulus degradation showed the same type of tonie
EMG and tonie heart rate response pattern across trials within trial blocks (see Fig. 6.7 and
Fig.  6.10).  That is, stimulus degradation did not affect the  mean EMG activity  and mean
heart rate, nor did it affect the time course of the EMG activity and heart rate across trials.

Increasing the task difficulty level of stimulus degradation resulted into a significantly slower
reaction time and a tendency toward a slower force production speed. Percentage correct
responses was not affected by stimulus degradation. From these results it can be concluded
that the computational manipulation by stimulus degradation was successful. Furthermore, a
higher degradation level resulted in a higher subjective mental effort.

Although the computational manipulation by stimulus degradation was successful, no effects
of stimulus degradation were found on tonie physiological responses. Effects of monetary
reward and time-on-task on tonie heart rate and tonie EMG activity will be discussed in
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sections  9.4.3  and 9.4.4, respectively, after discussing first the effects  of the two remaining
task variables.

9.4.2.2 Effects of Stimulus-Response compatibility

Each of the three difficulty levels of S-R compatibility, like the three difficulty levels of
stimulus degradation, showed the same typical tonie EMG and tonie heart rate response
pattern across trials (see Fig. 7.7 and Fig. 7.10). That is, S-R compatibility did not affect the
mean EMG activity and mean heart rate, nor did it affect the time course of EMG activity
and heart rate across trials within trial blocks.

Increasing the task difficulty level of S-R compatibility resulted into a significantly slower
reaction  time,  into a lower percentage of correct responses,  and  into a faster force production
speed. Besides    the    fact   that the percentage correct responses decreased somewhat    with
increasing task difficulty, it can be concluded that like in the previous experiment the
computational manipulation was successful. A faster force production speed combined with
increasing incompatibility may be due to later initiated responses which resulted into more
pronounced ballistic flexions with higher peak-forces (see also section 9.4.2.3). Regarding
subjective mental effort, a significant effect of S-R compatibility was found. Subjects reported
more mental effort with increasing task difficulty.

The computational manipulation by S-R compatibility was successful but no effects of S-R
compatibility were found on the tonie physiological responses. Effects of monetary reward
and  time-on-task  will be discussed in sections  9.4.3  and 9.4.4, respectively.

9.4.2.3 Effects of force production speed

In comparison with the other two experiments, the basic tonie EMG and tonie heart rate
response pattern across trials within trial blocks    (see   Fig.    8.7    and    Fig. 8.10) deviated
somewhat. One striking finding was that for temporalis and zygomaticus major, mean EMG
activity was inhibited as compared to the surrounding rest periods. Force production speed
did not affect the mean EMG activity for any of the investigated muscles, but an increase in
task difficulty level resulted into a lower average heart rate.

The time course of temporalis EMG activity could statistically be characterized by a positive
linear trend, and because the mean EMG activity was below baseline, this effect could be
considered a gradually decreasing inhibition effect. The time course of EMG activity and
heart rate across trials within trial blocks  was not affected by force production speed.

Increasing the task difficulty levels of force production speed resulted into a significantly
slower reaction time, into a lower percentage of correct responses, and into a slower force
production speed.    This last aspect    was sel f-evident because    it was manipulated    in   this
experiment. Although one has to be cautious when violating an assumption of the AFM
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(Sanders, 1980), it can be concluded that the computational manipulation was successful.
Furthermore, a higher difficulty level resulted into a higher level of subjective mental effort.

Although the computational manipulation by force production speed could be regarded as

successful, no significant effects of force production speed were found on tonie EMG activity.
However, this time a significant effect was found on tonic heart rate, which decreased with
a slower force production speed towards the target force. Effects of monetary reward and
time-on-task will be discussed in sections 9.4.3 and 9.4.4, respectively.

9.4.2.4 Conclusions

According   to the results   of the three separate experiments,   it was found that tonie   EMG
responses and tonie heart rate were not affected by any of the three task variables. So, it must
be  concluded  that  they  are  not  reflecting the mobilization of specific energetical resources.

However, when some of these measures, especially tonie heart rate and tonie EMG activity
of frontalis, corrugator supercilii, and orbicularis oris inferior, would reflect the mobilization
of aspecific energetical resources (mental effort), monetary reward and time-on-task should
have some effect. Effects of these manipulations will be discussed in paragraphs 9.4.3. and

9.4.4., respectively.

9.4.3 Effects of monetary reward

9.4.3.1 Facial EMG activity

Regarding the EMG response patterns across trials within trial blocks, significant effects of
reward were found for mean EMG activity of temporalis and zygomaticus major. For both
muscles, the reward groups showed a greater negative rest-task difference than the control
groups. Significant effects of reward were not found for any of the other investigated
muscles. The time course of EMG activity across trials of all investigated muscles did not
significantly differ between the two subject groups.

As effects of reward in the three separate experiments are concerned, visual inspection of
EMG response patterns within trial blocks sometimes seems to show differences between the
two subject groups. However, statistical analysis could only distinguish the two groups for
the temporalis and zygomaticus major in the force production speed experiment, where for
both muscles, like for the overall effect, the reward group showed a greater negative rest-task
difference as compared to the control group. Significant interactions between monetary reward
and stimulus degradation, S-R compatibility, or force production speed were not found for
mean EMG activity and the time course of EMG activity of any of the investigated muscles.
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9.4.3.2 Heart rate

Concerning the heart rate response pattern across trials within trial blocks, significant overall
effects of reward were not found for the mean heart rate level and the time course Of the heart
rate.

In the three separate experiments, there were also no significant effects of reward on the
mean heart rate level and the time course of the heart rate, nor were there any significant
interactions between monetary reward and stimulus degradation, S-R compatibility, or force
production speed.

9.4.3.3 Task performance and subjective mental effort

With regard to performance scores, overall effects of reward have been found for percentage
correct responses and force production speed. However, the absolute differences in percentage
correct responses and force production speed were not large. In general, the reward groups
showed a higher average percentage correct responses and a faster average force production
speed. Average reaction times were somewhat faster for the reward groups, but the difference
just failed to reach significance. The overall ratings of subjective mental effort did not differ
between the two subject groups.

Regarding the three separate experiments, monetary reward did not result into significantly
faster reaction times   in   any   of the three experiments. Significantly higher percentages   of
correct responses were found for the reward groups in the S-R compatibility and stimulus
degradation experiment, but not in the force production speed experiment. However, it should
be noted that the absolute differences between the two subject groups in the first two
experiments were small. Both groups scored over 90% correct responses. Regarding force
production speed, the reward groups were significantly faster only in the force production
speed experiment. Monetary reward did not affect the amount of subjective mental effort in
any of the three experiments. Significant interactions between reward and stimulus
degradation, S-R compatibility, or force production speed were not found for reaction time,
percentage correct responses, force production speed, and subjective mental effort.

9.4.3.4 Conclusions

Effects of monetary reward were not found for those physiological measures which are
supposed to reflect the mobilization of aspecific energetical resources. Significant effects were
only found on EMG activity of temporalis and zygomaticus major, but were not in the
expected direction. A significant effect of monetary reward was also not found on subjective
mental effort. Furthermore, regarding task performance, a small effect of monetary reward
was  found  on the percentage of correct responses,   but  not on reaction  time.   So,  it is difficult
to draw clear conclusions about the status of the investigated physiological measures as
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indices of the mobilization of aspecific energetical resources, the effects of time-on-task have                      
to be taken in account too.

9.4.4 Effects of time-on-task

9.4.4.1 Facial EMG activity

Clear overall effects of presentation, that is effects of time-on-task, were found for mean

EMG  activity of frontalis and corrugator supercilii  (see  Fig.  5.21).  For both muscles,  more
EMG  activity was found during the second presentation  of  each  of the difficulty levels.   The

other muscles did not show this effect. Significant interactions between the effects of time-on-
task and reward on mean EMG activity were not found at all. Effects of time-on-task were
found on the time course of the EMG activity of the orbicularis oculi and on the time course

of the heart rate. For both measures, linearly increasing activity was found during the second

presentation but not during the first. Significant interactions between the effects of time-on-
task and reward on the time course were not found at all.

Regarding the three separate experiments, a significant effect of time-on-task was found for
corrugator supercilii and a tendency towards significance was found for frontalis in the
stimulus degradation experiment, but no significant effects were found for the other muscles.

In the S-R compatibility experiment, a significant effect of time-on-task was found for
corrugator supercilii, and this time also for frontalis, but no significant effects were found for
the other muscles. Regarding the force production speed experiment, time-on-task again

showed significant effects for corrugator supercilii and frontalis, but no significant effects

were   found  for the other muscles. Significant  interaction effects between time-on-task   and

monetary reward were not found for the stimulus degradation, S-R compatibility, and force

production speed experiment, nor were there any significant interactions between time-on-task
and the three computational variables.

9.4.4.2 Heart rate

Concerning mean heart rate, no overall effect of time-on-task was found either. A significant
interaction between time-on-task and reward on mean heart rate was not found. A significant
effect of time-on-task on the time course of heart rate was present, where linearly increasing

activity was recorded during the second presentation, but not during the first. A significant

interaction between time-on-task and reward  on  the time course   was not found.

Regarding the three separate experiments, no significant effect of time-on-task was found for
any of the three experiments; neither were there any significant interactions between time-on-
task and monetary reward.
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9.4.4.3 Task performance and subjective mental effort

Concerning task performance, overall effects of time-on-task were found for reaction time and
force production speed,  but  not for percentage of correct responses. A faster average reaction
time and a faster average force production speed was recorded for the second presentation.
Also for subjective mental effort, an overall effect of time-on-task was recorded. That is,
subjects reported more mental effort during the second presentation. Time-on-task did not
affect task performance scores in a negative manner, in agreement with other experiments
(e.g. Jansen, 1990; Mackworth, 1964). It seems that subjects were able to keep a constant
performance level by investing extra mental effort. This aspect was confirmed by the
subjective mental effort scores, but also by physiological responses and then especially tonie
EMG activity of the frontalis and corrugator supercilii. Significant interactions between time-
on-task and reward   on task performance scores   were not found.

With regard to the three separate experiments, a significant effect of time-on-task on reaction
time was found in the S-R compatibility experiment, where mean reaction time during the
second presentation was faster as compared to the mean reaction time of the first presentation.
A tendency towards a significantly faster reaction time during the second presentation was
found    in the stimulus degradation and force production speed experiments. A lower
percentage of correct responses during the second presentation was recorded in the stimulus
degradation experiment, but no significant differences between the two presentations were
present in the other two experiments. A faster force production speed was found during the
second presentation in the stimulus degradation and S-R compatibility experiment, but this
effect of time-on-task was not significant in the force production speed experiment. Effects
of time-on-task on subjective mental effort, that is higher reported subjective mental effort,
were found for the stimulus degradation and force production speed experiment, but not in
the S-R compatibility experiment. With regard to reaction time, percentage correct responses,
force production speed, and subjective mental effort, no significant interactions between time-
on-task and monetary reward were found for any of the three experiments.

9.4.4.4 Conclusions

Although clear effects of monetary reward on tonie EMG activity were absent, the presence
of time-on-task effects for frontalis and corrugator supercilii supports earlier conclusions that
tonie responses of these two muscles reflect the mobilization of aspecific energetical
resources, or compensatory mental effort. With regard to the orbicularis oris inferior, this
conclusion could not be maintained, because this muscle did not show a significant effect of
time-on-task. Tonie heart rate also did not show a significant effect of time-on-task and can
therefore also not be regarded as an index of compensatory mental effort.
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9.5 Phasic physiological activity

9.5.1 Basic response patterns

9.5.1.1 Facial EMG activity

The time course  of the EMG activity throughout a trial, averaged across all trials with correct
responses (valid trials) Of the three experiments, showed typical basic transient response
patterns   (see   Fig .   5.22) . EMG activity during the final three seconds   of  the four second-

foreperiod (avoiding possible disturbing phasic EMG responses upon the warning signal) were
subjected to analysis. Mean EMG activity during this period was above baseline for frontalis
and corrugator supercilii, and below baseline for temporalis, orbicularis oculi, zygomaticus
major, and orbicularis oris inferior. The time course Of the EMG activities throughout this
period could statistically be characterized by two types: linearly increasing EMG activity,
which was found for frontalis and corrugator supercilii, and linearly decreasing EMG activity,
which was found for orbicularis oris inferior, temporalis, orbicularis oculi, and zygomaticus
major. Visual inspection of the time course of frontalis, corrugator supercilii, and orbicularis
oculi showed clear transient EMG responses, for example upon the presentation of the
warning signal. Since the focus   was on preparatory processes prior   to a reaction stimulus
these aspects were not analyzed. However, they can be taken into account in future research.

With regard to the mean EMG activity during the foreperiod, the three experiments
significantly differed for zygomaticus major, where a larger inhibition was found for the
stimulus degradation experiment compared to the S-R compatibility and force production
speed experiments. Regarding mean EMG activity of the col'rugator supercilii, a tendency
towards a significant difference between the three experiments was found with more EMG
activity for the S-R compatibility experiment as compared to the stimulus degradation and
force production speed experiments. Mean EMG activity of the other muscles during the
foreperiod did not differ between the three experiments.

Concerning the time course of EMG activity, the three experiments also slightly differed. For
orbicularis oculi and zygomaticus major the linear decline during the foreperiod was found
to be the greatest for the stimulus degradation experiment as compared to the S-R
compatibility and force production speed experiment. Furthermore, for the frontalis, the basic
EMG response pattern was pronounced   the   most,    that is increasing mostly,    in    the    S-R

compatibility experiment as compared to the other two experiments. For the other muscles
no significant differences between the three experiments were found.

9.5.1.2 Heart rate

Heart rate throughout a trial, averaged across all valid trials of the three experiments, showed
the   typical phasic response pattern   (see   Fig.    5.29).    That is, heart rate first showed   a
deceleration, followed by a small acceleration, and a pronounced deceleration that reached
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its   nadir  at some point  in  time   near the response   to the reaction stimulus. This anticipatory
deceleration was then followed by an acceleration after the foreperiod. However, as can be
seen  in Fig.  5.29, the first deceleration already started before the presentation of the warning
signal. This deceleration was probably caused  by the small inter-trial-interval, resulting  in
clear expectations about the timing of the warning signal  and the subsequent reaction signal,
therefore leading to an early anticipatory deceleration. Furthermore, the classical deceleration
and acceleration after the warning signal are superimposed upon this early deceleration. Due
to this fact, the classical first deceleration could not be distinguished at all and therefore was
not included in the statistical analysis. Although the first acceleration was not very explicit,
it was included in the analysis, and it was found that the mean heart rate acceleration after
the warning signal did not differ between the three experiments.

Visual inspection of the heart rate deceleration at the moment of the presentation of the
reaction stimulus suggests a difference between the three experiments, but this could not be
confirmed statistically. The maximal heart rate after response execution was also investigated.
Here the three experiments showed different effects. Maximal heart rate acceleration after
response execution was about the same for the stimulus degradation and S-R compatibility
experiments, but was much lower for the force production speed experiment. In this
experiment, visual inspection also suggested that heart rate decelerated during the presentation
of knowledge of results. It seemed that subjects relied much more on knowledge of results
in the force production speed experiment than in the other two experiments.

9.5.1.3 Respiratory activity

The time course of respiratory activity throughout a trial, averaged across all valid trials   Of
the three experiments, showed a typical basic phasic response pattern (Fig 5.30).  It was found
that    during the foreperiod subjects showed expiratory activity. Furthermore,    due    to    a
mechanical effect, a transient increase in the respiratory signal occurred during response
execution. This "response-peak" can be considered an artifact which is caused by the pressure
wave traveling through the body at the moment of execution of a brisk forceful manual
response.

The depth of expiration at the moment of the presentation of the reaction stimulus did not
differ between the three experiments. Furthermore, regarding the response-peak there seems
to be a difference between the three experiments, upon visual inspection, but this could not
be confirmed statistically.

9.5.1.4 Conclusions

With regard to phasic EMG responses, the stimulus degradation, the S-R compatibility, and
the force production speed experiment only showed some small differences between
preparatory processes during the foreperiod. No significant differences between the three
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9.5.2.3 Effects of force production speed

Each of the three difficulty levels of force production speed showed fairly the same EMG
response pattern for most facial muscles (see Fig. 8.9). Significant effects of force production
speed   on  mean EMG activity during the foreperiod  were not found. Furthermore,   only   for
the   frontalis, a significant effect of force production speed was found   on   the time course
during the foreperiod, where the positive linear trend became smaller with increased

difficulty.

Phasic heart   rate   was not affected   by the three difficulty levels   (see  Fig. 8.10). Significant
effects of force production speed during the foreperiod were not found on heart rate
acceleration, nor on the subsequent deceleration. This time a significant effect of force
production speed was found on the second heart rate acceleration, the acceleration becoming
smaller with slower force production speed towards target force. Visual inspection   of  the
response patterns also showed that heart rate decelerated during the presentation of the
knowledge of results. This suggested that subjects in this experiment relied on knowledge of
results.

The three difficulty levels did not affect the basic respiratory response pattern (see Fig.  8.11).
Significant effects of force production speed during the foreperiod were not found on
respiratory activity   at the moment of presentation  of the reaction stimulus.

As far as the force production speed experiment is concerned, preparatory processes reflected
in facial EMG activity, heart rate, and respiration were not consistently affected. Only for the
time  course  of the frontalis a significant effect of force production speed was found.   This
effect was probably caused by aspecific energetical influences (see section  9.6.3.4) .

Force production speed was artificially slowed, leading to lower executed peak-forces,
therefore resulting into a lower heart rate acceleration after response execution (see also
Gelsema et al.,  1985)

9.5.3 Effects of monetary reward

9.5.3.1 Facial EMG activity

Significant overall effects of monetary reward on mean EMG activity were found during the
foreperiod for frontalis, temporalis, and zygomaticus major, where less mean EMG activity
was   found  for the reward groups  than  for the control groups   (see   Fig.   5.24). The other
muscles showed no significant effects of reward on mean EMG activity during the foreperiod.

The time course of EMG activity of frontalis, temporalis, corrugator supercilii, zygomaticus
major, and orbicularis oris inferior was also affected by reward. For the frontalis and
corrugator supercilii this effect was characterized by a smaller facilitation during the
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foreperiod, accompanied larger inhibitions in the other three muscles. So, it seemed that
monetary reward caused a particular mobilization of energetical resources.

Regarding the three separate experiments, significant effects of monetary reward were found
on mean EMG activity only in the force production speed experiment for frontalis and
temporalis, where for both muscles more EMG activity was found in the control group than
in the reward group. With regard to the time course during the foreperiod, monetary reward
had an effect on EMG activity of temporalis and zygomaticus major in the S-R compatibility
experiment, where for both muscles the reward group showed a smaller facilitation than the
control group. The same was found in the force production speed experiment for orbicularis
oculi and temporalis. For frontalis and corrugator supercilii, a smaller facilitation could be
observed during the first part of the foreperiod, that is a second order increase. In contrast,
the control group showed only first order increases   in EMG activity.   So,   like the overall
effect of reward on the time course, it seemed that monetary reward caused a more efficient
mobilization of energetical resources.

9.5.3.2 Heart rate

In the current study, overall effects of reward  were not found on heart rate acceleration after
the warning signal,    nor on heart rate deceleration   at the moment of presentation   of   the
reaction signal, nor on the second heart rate acceleration.

As far as the separate experiments are concerned, significant effects of reward were not found
in any of the three experiments, nor were there any significant interactions between monetary
reward and stimulus degradation, S-R compatibility, or force production speed.

9.5.3.3 Respiratory activity

Overall respiratory activity was not affected by monetary reward, that is no significant overall
effect of reward was found at the moment when the reaction signal was presented. A
significant overall effect of reward on the response peak was also not found.

In each of the three separate experiments, significant effects of reward were not found on
respiratory activity at the moment when the reaction signal was presented, nor were there any
significant interactions between monetary reward and stimulus degradation, S-R compatibility,
or force production speed.

9.5.3.4 Conclusions

For the reward groups, significantly less overall mean EMG activity was found during the
foreperiod for frontalis. temporalis, and zygomaticus major, as compared to the control
groups. With regard to the time course during the foreperiod, significant differences between
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the two groups were found for frontalis, temporalis, col:rugator supercilii, zygomaticus major,
and orbicularis oris inferior. Regarding frontalis and corrugator supercilii, EMG activity of
the reward groups was facilitated more during the last part of the foreperiod as compared to
the first part. As far as temporalis, zygomaticus major, and orbicularis oris inferior are
concerned, EMG activity was less inhibited during the last part than during the first part. This
is compatible with an optimal preparation which can only be maintained for a short period
of time (Gottsdanker, 1975; Sanders, 1983). Therefore, it is efficient to inhibit the
mobilization of energetical resources at the beginning of the foreperiod, with the intention to
release it just before the presentation of the reaction signal. So, it seemed that monetary
reward caused a more efficient use of energetical resources. Furthermore, it was hypothesized
earlier (see section   9.4.1.2) that monetary reward affects a higher supervisory control
mechanism. Thus, these findings can be attributed to mental effort. Effects of mental effort
regarding preparatory processes during the foreperiod were also put forward by Sanders
(1980) and by Van der Molen et al. (1987, 1991) According to Sanders (1980), active
preparation and timing of motor stages take place during the foreperiod. According  to  Van

der Molen et al (1991), the depth of the heart rate deceleration is related to the mobilization
of  resources   for the expected sensory and motor activities.

Regarding heart rate and respiratory activity during the foreperiod, no significant effects of
monetary reward were found. The maximal heart rate after response execution  also  did  not
significantly differ between the two subject groups. Altogether, it seems that preparatory
processes, reflecting mental effort, are better exposed in facial muscles than in heart rate or

respiratory activity.

9.6 Discussion and concluding remarks

The basic question to be answered in this thesis is whether facial muscle activity reflects the
mobilization of specific or aspecific energetical resources. This aspect  will be discussed  for
tonie facial EMG activity first, concurrently with tonie heart  rate.

In the present study, three distinct computational processes were manipulated by means  of
three different task variables in three separate experiments. With regard to tonie facial EMG
activity, significant computational effects were not found in any of the three experiments. For
tonie heart rate an effect was found only in the force production speed experiment, in the
sense that mean heart rate decreased with a slower force production speed. However, this
effect   may be attributed to greater executed forces   with a faster force production speed.

Altogether, it is concluded that tonie facial EMG activity and tonic heart rate probably are
not  reflecting the mobilization of specific energetical resources.

It has been hypothesized that aspecific energetical resources are increasingly allocated when
task difficulty increases (Gopher & Donchin, 1986; Kahneman, 1973; Navon & Gopher,

1979;   Norman & Bobrow 1975; Wickens, 1983). Important assumptions thereby   are  that
subjects are well motivated and that task performance is resource-limited (Navon & Gopher,

1979;  Wickens,   1984). So, effects  of task difficulty should be visible in tonie physiological
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responses reflecting the mobilization of aspecific energetical resources, especially tonie heart
rate and tonie EMG activity of frontalis, corrugator supercilii, and orbicularis oris inferior.
However, in the current study relevant effects of task difficulty were not found at all on these
measures. To explain the lack of this effect on the supposed indices of mental effort, it is
important to consider what type of information processing task was used. According to
Norman and Bobrow (1975), task performance can be described on a continuum, depending
on the nature    Of   the    task.    On    one side there are information processing tasks    with    a
continuous and variable output, for example tracking tasks. During this type of tasks,
response latency of the output can be seen as constant in comparison with the input, but the
quality of the output varies with the amount of aspecific energetical resources invested. On
the other side of the continuum there are tasks where a sequence of information processing
operations has to be passed upon the presentation of a stimulus, for example choice reaction
time tasks like the ones used in the current study. Here task performance output is discrete
and fixed. The quality of the response can therefore be seen as constant but in contrast to
continuous tasks, response latency of the output is variable and shortens with more invested
aspecific energetical resources. In addition, the speed accuracy ratio has to be constant. If
not, a shorter response latency can also be accomplished at the expense of the quality of the
performance output, with a constant amount of invested aspecific energetical resources
(Norman & Bobrow, 1975). Furthermore, when subjects are motivated to respond as fast as

possible but also as correct as possible, it may be assumed that all necessary (specific and
aspecific) energetical resources  are  in use (Gopher & Sanders,   1984). An increase   in  task
difficulty can therefore  only  lead to longer response latencies.   This   is  exactly  what  has  been
found in the stimulus degradation, S-R compatibility, and force production speed experiments.

Another aspect to be discussed with regard to effects of task difficulty is the deviant effect
of task performance in the force production speed experiment. As has been noted before, task
performance  can  be  seen as resource-limited (Norman & Bobrow, 1975; Sanders,   1983),
meaning that response latency can improve with an increase of the mobilization of aspecific
energetical resource, but not at the expense of the quality of the response output. In the force
production speed experiment, the quality of the response declined strongly with a slower force
production speed together with an increase in response latency, violating a basic assumption
of   the AFM (Sanders, 1980). However, the abnormal and contradictory nature   of   the
performed task has to be taken into account. Due to the fact that the moderate and high task
difficulty levels are very hard to perform and that the possibility should be left open that the
task can be considered as data-limited, with as a consequence that task performance can
hardly  or not improve  with more invested resources (Norman & Bobrow, 1975; Wickens,
1983). The fact that subjective mental effort was also high, as compared to the other two
experiments, presumes a relatively high level   of task difficulty.   As  far as degradation  of
visual reaction signals is concerned, it has been hypothesized earlier that this type of
manipulation  can be regarded  also as data-limited (Aasman  et  al.   1987).

Effects of task difficulty were found on subjective mental effort. In each experiment, a
significant effect of the manipulated task variable was found, that is more subjective effort
was reported with increased task difficulty which is not in line with the tonie physiological
responses. However,  it is possible that ratings of subjective mental effort can be influenced
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by cognitive processes which are independent of demands on computational processes. Gopher
and Donchin (1986) have formulated some criticisms regarding the validity of subjective
effort ratings. One is that reported mental effort scores are a reflection of a kind of theory
of the subject, regarding the amount of effort that a particular task requires. There seems to
be a strong connection between subjective reports of mental effort and objectively rated levels
of task difficulty (based on task analysis). Another problem is that subjective ratings can only
be based on those aspects of a task and the energetical state of the subject that are accessible
by cognitive processes.

In contrast with specific energetical resources, whose mobilization depends on the used task,
aspecific energetical resources are mobilized by motivational or state factors (Gopher &
Sanders, 1984). Furthermore,  it  has been assumed that mobilization of aspecific energetical
resources is only expected to improve task performance when the internal state of subjects
is or becomes suboptimal (Sanders, 1983). This means that when the internal state of a
subject is not affected by a particular manipulation, mobilization of aspecific energetical
resources is useless. It also might be expected that compensation through mental effort will
be essential when counteracting effects of time-on-task. So, this leads to a second explanation
for the lack of task difficulty effects on tonie physiological responses. It might be argued that
the effects of task difficulty were not large enough to affect the internal state, therefore
compensation through mental effort  was not necessary.  Thus,  it  can be concluded  that  with
regard to EMG activity of frontalis, corrugator supercilii, orbicularis oris inferior, the same
amount of aspecific energetical resources was mobilized for each task difficulty level, because
EMG gradients of these three muscles during task performance have been regarded as an
index  of the mobilization  of aspecific energetical resources (Van Boxtel & Jessurun,   1993:
Waterink  & Van Boxtel,   1994).

As has been noted before, monetary reward is regarded as a motivational factor. It is capable
of improving task performance or at least capable of preventing task performance to
deteriorate through the evaluation mechanism by means of mental effort. In addition, mental
effort  can  only be affective during suboptimal internal states (Sanders, 1983). However,  the
expected effect of monetary reward on the investigated tonic physiological responses was not
straightforward, especially not on tonie EMG responses of frontalis, corrugator supercilii, and
orbicularis oris inferior, supposed to reflect mental effort.   The   lack   of this effect   can   be
traced back to the absence of significant effects of monetary reward on reaction time and
subjective mental effort. A post hoc explanation is that subjects in both groups received visual
knowledge of results after every response, which is known to have strong motivational effects
on task performance (Hockey, 1986; Kahneman, 1973; Steyvers, 1991; Wilkinson,   1962,
1963). Another explanatory factor may be the fact that the effect of monetary reward was
investigated using a between-subjects design, leading to a greater error variance, as compared
to a within-subjects design. Altogether, for future research it seems to be wise not to
contaminate knowledge of results with another motivational variable like monetary reward
when investing motivational effects on task performance and physiological responses. During
the last stage of preparing this thesis, an experiment was performed in which this precaution
was taken into account. Preliminary results show that in this experiment there was a clear
effect of motivation, that is subjects who received monetary reward in combination with
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knowledge of results showed larger corrugator EMG responses than subjects who did not
receive monetary reward and knowledge of results (Waterink et al.,  1996).

In the current study it was found that task performance in general remained constant or
improved throughout the experimental sessions. Within a cognitive energetical perspective,
this might be explained by a continuous mobilization of aspecific energetical resources. This
finding was supported   by the subjective mental effort scores, which in general increased
throughout the experimental sessions. These effects of time-on-task were clearly reflected  in
tonie EMG of frontalis and corrugator supercilii, where lager amplitudes were found at the
end of the experimental sessions than at the beginning. Effects of time-on-task were neither
found for the orbicularis oris inferior, nor for heart rate. So, with regard to tonie responses
of frontalis and corrugator supercilii it can therefore be concluded that their responses are an
index of the mobilization of aspecific energetical resources or mental effort, as was
hypothesized in previous studies (Van Boxtel & Jessurun, 1993; Waterink  & Van Boxtel,
1994).

As far as preparatory processes prior to a reaction stimulus are concerned, continuously
decreasing or increasing EMG activity was found. Furthermore, heart rate always decelerated
and there was a tendency to expiration. Inhibition of facial EMG activity during the
foreperiod of warned simple reaction time tasks has been hypothesized as functional in
increasing the perceptual sensitivity to expected signals (Van Boxtel    et    al.,     1996).
Anticipatory heart rate deceleration has been related to the time course and the extent to
which processing resources are mobilized for the upcoming sensorimotor events, irrespective
of their nature and focus (Jennings, 1985; Putnam,  1990; Van der Molen et al.,  1987,  1989)
Nevertheless, like for the tonie EMG responses, phasic responses during the foreperiod were
not  affected  by the computational variables. During this period, active preparation and timing
is  initiated for actions needed  upon the presentation of the reaction signal, especially processes
like response selection and different stages regarding response execution (Sanders, 1980,
1983, 1990). Preparation is regarded as a voluntary process that can only be maintained for
a short period  and can hardly be combined with other processes (Sanders,   1983).   The  lack
of effects of the three task variables on preparatory EMG activity and heart rate deceleration
can be explained also by the fact that all relevant specific energetical resources are mobilized.

Regarding the effects of monetary reward on phasic preparatory activity,     it    can    be
hypothesized that they are also mediated by mental effort, due to the fact that preparation is
considered as a voluntary process and thus can be affected by motivational factors like
monetary reward. In the current study, the effect of reward on phasic facial EMG responses
was mostly in the expected direction, that is a greater inhibition and a smaller facilitation of
facial EMG activity, concurrently with a stronger heart rate deceleration. Stronger effects are
to be expected by a more effective motivational manipulation. Nevertheless, it can be
concluded that a greater inhibition and a smaller facilitation during the foreperiod may be
considered  as an index of a more efficient use of aspecific energetical resources.

In sum, it was concluded that tonie facial EMG activity probably cannot be judged as an
index    of the mobilization of specific energetical resources. With regard to aspecific
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energetical resources, it can be concluded that the task difficulty levels were apparently not
strong enough to induce a differential suboptimal internal state   of the subjects, therefore
effects on tonie facial EMG activity were not found. In terms of mental effort it can be said
that tonic facial EMG activity supposedly does not reflect task-related mental effort. Effects
of monetary reward were not found due to the contaminating effect of knowledge of results.
In the present study, effect of time-on-task could regarded as the most successful manipulation
of aspecific energetical resources.    As   far   as this effect is concerned,    it is concluded   that
responses of frontalis and especially responses of corrugator supercilii can be regarded as
reliable an index of the mobilization of aspecific energetical resources or state-related mental
effort.
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Facial and jaw-elevator EMG activity in relation
to changes in performance level during a sustained

information processing task

W. Waterink *, A. van Boxtel
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Abstract

This study was undertaken as a further evaluation of spontaneous facial EMG acti,ity as
an index of mental effort. We investigated whether concordant alterations in task perfor-
mance level and EMG amplitude existed during a sustained information processing task.
The EMG of six different facial and jaw-elevator muscles was recorded in 21 subjects
performing a 20 min externally paced visual two-choice serial reaction task and in 24 other
subjects performing a self-paced version of this task. In both conditions. a post-hoc division
was made between subjects with stable task performance parameters and subjects with u
decline in performance throughout the task period. In all subject groups. there was a
gradual increase in EMG activity of frontalis, corrugator, and orbicularis oris inferic,r
muscles following task onset. As in earlier studies. this increase was interpreted as a sign (,f
growing compensatory mental effort. In the subject groups with declining performance.
however. the initial EMG increase passed into a decreasing trend towards the end of the
task period whereas in the groups with stable performance. EMG increased uninterrupt-
edly. These results were interpreted as further support for the hypothesis that EMG activity
in particular facial muscles is related to the mobilization of aspecific energetic resources.

Key words: Facial muscle EMG: Jaw-elevator EMG, Information processing: Serial reaction
task, Time-on-task. Mental effort

1. Introduction

Human information processing is the result of operations on stimuli presented
in the environment. Some operations can be performed almost automatically while

* Author to whom correspondence should be addressed.

0301-0511/94/$07.00 © 1994 Elsevier Science B.V. All rights re:en·ed
SSDI 0301-0511(94)0094)-Y



184 W Waterink. A. i·an Boxtel/Biological Psychology 37(1994) 183-198

others need attention and effort (Schneider, Dumais & Shiffrin, 1984). It is
currently assumed that different types of effortful operations draw upon different
types of energetic resources. Wickens (1984). for example, has proposed a model in
which information-processing resources can be distinguished according to four

different task dimensions: stages of information processing (perceptual, cognitive,

and response stages), codes of perceptual and cognitive processing (verbal vs.

spatial), modalities of input (visual vs. auditory), and modalities of output (manual
vs. vocal). This model, similarly to other models (e.g. Sanders, 1983; Mulder, 1986;
Gaillard, 1988), is characterized by a hierarchical structure in the sense that
specific. task-related resources are derived from more global energy supplies. At
the highest level there might exist a pool of undifferentiated resources that is
available to all task dimensions (stages, codes, modalities). In the model of Sanders

(1983), the supply of task-specific resources is kept at an optimum by a mechanism
called 'effort'. Effort fulfils a compensatory function when, during intense or
sustained task performance or other suboptimal conditions such as sleep loss,
specific resources at the lowest level become exhausted. Effort fulfils its supervi-

sory function in situations of active, controlled information processing when task
performance is evaluated on a cognitive level. Voluntary, strategic control of task
performance implies the mobilization and (re-)allocation of resources by means of
effort.

As the intensity of effort increases, many bodily systems are activated. Various
measures of physiological activity have been proposed as indices of the intensity of
specific energetic processes while others are claimed to reflect effort in the sense

of mobilization of aspecific resources (Beatty, 1982; Mulder, 1986; Wickens, 1984).
Within this context, considerable research has been done on spontaneous EMG
activity of task-irrelevant muscles, that is muscles which are not directly involved in
the motor responses inherent to the performance of the task. Reviewing this work,
Van Boxtel and Jessurun (1993) concluded that there is large variability and
inconsistency in results. They suggested that this might be determined to an
important degree by the fact that most studies were concerned with the EMG
activity of limb muscles. On the other hand, their own study suggests that EMG

responses of specific facial muscles can be considered as reliable and sensitive
indices of mental effort. However, it remains unsettled whether these responses

are exclusively related to the mobilization of aspecific energetic resources or if they
could also be related to specific resources. EMG amplitudes of facial and mastica-
tory muscles were measured during the performance of a visual or auditory
two-choice serial reaction task with externally paced (EP) signal presentation rate.
Several muscles (frontalis. corrugator supercilii, orbicularis oris inferior) showed a
proportional increase in tonic EMG activity with increase in task load (i.e. signal

presentation rate). Other muscles (orbicularis oculi, zygomaticus major, tempo-
ralis) did not show an increase in activity unless task load became supramaximal.
Differences in tonie reactivity of facial muscles appeared to be associated with
earlier demonstrated intermuscular differences in physiological and histochemical
properties. For all facial muscle groups. EMG responses were unrelated to signal

modality and were similar for both sides of the face. EMG responses in the
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reactive facial muscles revealed to be stronger and more reliable than various
other physiological responses studied under the same task conditions in earlier
studies: (a) heart rate and heart rate variability (Brunia & Boelhouwer, 1988:
Mulder & Mulder-Hajonides van der Meulen, 1972), (b) electrically elicited
eyeblink reflexes (Brunia & Boelhouwer, 1988), and (c) EMG responses in the calf
muscles and Achilles tendon or Hoffmann reflexes elicited in these muscles
(Brunia & Boelhouwer, 1988; Van Boxtel, 1987).

In another experiment performed by Van Boxtel and Jessurun (1993), subjects
sustainedly performed the serial reaction task with the task load level adjusted to
their maximal processing capacity. Frontalis, corrugator supercilii, and orbicularis
oris inferior muscles displayed a negatively accelerated increase in tonie EMG
activity during the task period (a so-called "EMG gradient"). EMG gradients were
not observed in the second category of muscles mentioned above. In a number of
earlier studies, EMG gradients throughout sustained performance tasks were
found in task-irrelevant limb muscles (for a review see Van Bortel and Jessurun,
1993). They have been interpreted by several authors as a sign of growing
compensatory effort which is necessary for counteracting decrements in perfor-
mance efficiency caused by habituation. boredom and fatigue (e.g. Broadbent.
1971; Eason & Branks, 1963; Malmo. 1965; O'Hanlon, 1981).

The idea of the EMG amplitude as an index of compensatory effort is sup-
ported by several studies of EMG activity in inactive limb muscles during continu-
ous information processing tasks, showing intra- or interindividual relationships
between EMG amplitude and task performance. Kennedy and Travis (1948)
observed a positive intra-individual relationship between tracking task perfor-
mance and EMG amplitude. Ryan, Cottrell and Bitterman (1950) found that.
during the performance of an EP serial visual choice reaction task, the introduc-
tion of suboptimal visual conditions induced an increase in EMG activity. Such an
increase was not seen during self-paced (SP) tasks in which subjects could adjust
their work rate to the worsened conditions. Another example is Wilkinson's (1962)
finding that, during a SP serial addition task without knowledge of results, the
negative effects of lack of sleep on work rate were smaller in subjects with a large
increase in EMG activity than in subjects with a small increase or a decrease.
Knowledge of results compensated for a decline in work rate and induced a
concurrent increase in EMG activity.

Kahneman (1973) has defined three criteria for physiological response measures
as valid indices of mental effort: (a) a useful physiological measure should order
tasks by their difficulty; (b) it should reflect transient variations in the subjects'
effort during the performance of a particular task; (c) a perfect measure of mental
effort would also reflect between-subject differences in the amount of effort
invested in a given task. The first criterion was the subject of Van Boxtel and
Jessurun's study of facial EMG activity (1993). The current study addresses the
second criterion. It starts from Van Boxtel and Jessurun's observation that strong
local EMG gradients occurred in some facial muscles under conditions of sus-
tained serial responding whereas task performance scores showed only a moderate
but significant deterioration. The EMG gradients were characterized by significant
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positive linear and negative quadratic (inverted U-shaped) trend components. If
EMG gradients do really reflect growing mobilization of energetic resources, one
would expect them to be related to the development of the performance scores
throughout the task. A smaller deterioration in performance scores would be
associated with a stronger monotonic growth in EMG amplitude, as indicated by a
larger positive linear trend and a weaker negative quadratic trend.

In the current study, linear and quadratic trends in EMG gradients were
determined during two conditions of a serial performance task. In a between-sub-
jects design, a visual two-choice serial reaction task was presented under EP and
SP conditions. EP conditions provide less control of the subject over the task
situation than SP conditions do and have been shown to elicit larger cardiovascular
reactions (Steptoe, Fieldman & Evans, 1993). As opposed to EP conditions,
subjects are able to control their work rate in accordance with their energetic state
during SP tasks. Performance generally shows a substantial decline during sus-
tained SP serial responding, whether during choice reaction time tasks (e.g.
Bertelson & Joffe, 1963; Wilkinson, 1963) or cognitive tasks (e.g. Bills, 1931). In
such cases, response rate decreases, errors increase, and growing numbers of

unusually long response latencies ("blocks") occur.
During both task conditions, EMG gradients were compared post-hoc between

persons with stable (or improving) task performance scores and persons with a
gradual deterioration in performance. Although the nature of the performance
decrease under EP and SP task conditions is dissimilar, within the context of the
aspecific effort concept we might expect similar differences in frontalis, corrugator
supercilii, and orbicularis oris inferior EMG gradients between subjects with stable
and subjects with decreasing performance scores. We expect that, during both task
conditions, decreasing performance scores are associated with a smaller tendency
to increasing EMG activity throughout the task period and a larger tendency for
the EMG activity, once elevated, to decline again. These tendencies might be
represented by a weaker positive linear trend and a stronger negative quadratic
trend in comparison with subjects with stable task performance scores. The
appearance of such differential trends in the two subject groups would support the
idea that the amplitude of spontaneous facial EMG activity is related to the
mobilization of aspecific energetic processing resources.

2. Method

2.1.  Subjects

Forty-five healthy, undergraduate students volunteered as subjects in this study.
They were well paid for their participation and seemed to be well motivated.
Twenty-one subjects (9 males and 12 females; mean age 22.4 years. SD 3.3 years)
participated in the EP task condition and 24 subjects (12 males and 12 females;
mean age 21.79 years, SD 1.87 years) participated in the SP condition.
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2.2. Experimental task and procedure

The experiment was carried out in an electrically shielded. sound-proof room.

Subjects were seated in a comfortable reclining chair with supports for arms, legs
and head. Signal presentation and response recording was accomplished by means
of a special-purpose apparatus (Van Gogh, Binary Choice Generator type 551600).

Clearly visible signals were presented by illuminating a red and green light bulb
with a diameter of 1  cm  and a luminance of 1800 cd m -2, against a background
luminance level of 16 cd m -2. The lights were mounted 4 cm above each other on
the wall at a distance of 1.8 m frorn the subject. Signals were presented in a
random order with a probability of 50%. Following the presentation of the green
light signal. subjects pressed a large response key mounted on the right arm of the
chair, and following the red light signal a response had to be made on the left side.
Response keys could be operated with gentle presses. avoiding involvement of
muscles other than finger flexors.

During the EP task condition, imperative signals were presented at a fixed rate.
Each signal remained visible until 200 ms before the presentation of the next
signal. The subject had to make a response during the interval of signal presenta-

tion. Emphasis was laid on accurate responses. For each subject, the maximal
signal processing capacity was determined prior to the beginning of the experi-
ment. This capacity level was arbitrarily defined as the signal rate at which no
more than three false and/or missed responses per minute occurred.   k  was
determined by presenting signals during several consecutive 1 min periods and
stepping  up the signal  rate  by 5 signals  min - '. starting  at an initial  rate  of 50
signals min - a. For the subjects, the maximal capacity level was associated with a
task load that was effortful but could be handled reasonably well.

During the SP task condition. each response initiated the presentation of the
next signal with a delay of 200 ms. Presentation of a signal was stopped by the
subject's response. Subjects were instructed to keep their response rate as fast
possible while maintaining maximal accuracy.

The experiment lasted 40 min. A rest period of 10 min was followed uninter-
ruptedly by a task period of 20 min and a final resting period of 10 min duration.
Upon arrival, the task procedure was explained to the subject and EMG electrodes
were applied. If the subject participated in the EP task condition. the maximal
capacity level was determined. In both task conditions, a short training period of
about 1 min was presented before the experimental task was started. The begin-
ning and end of the task were verbally announced by the experimenter. In the EP
task condition, numbers of correct responses, false responses. and missed signals
were automatically recorded by the Binary Choice Generator every 2 min and were
expressed as a percentage of the number of presented signals. In the SP task
condition. correct and false responses were signalled by 10() ms square waves which
were digitized with a frequency of 1()(} Hz by means of a real-time computer system
(MASSCOMP SLS-5400) and stored on disk. For each 2 min period. response rate.

number of correct responses. and number of blocks were determined. A block was
defined as an interval between two responses which was equal to or greater than
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twice the median iliter-response interval during the experiment (ct. Bertelson &
Jotte.  19(13.  Bills.  1931 ).  Response rates in the ten consecutive 2 min periods of the
task were expressed as a percentage of the rate during the first two minutes.
Numbers of correct responses and blocks in each 2 min period were expressed as a
percentage of the total number of responses performed in that particular period.

2.3. EMG recording und analysis

Beckman miniature Ag/AgC1 surface electrodes (with diameter of metal elec-
trode surface. electrolyte interface. and housing of 2, 4 and 11 mm respectively)
were placed with their centres 15 mm apart over the left and right frontalis (FRO),
corrugator supercilii (COR), orbicularis oculi (OOC), zygomaticus major (ZYG),
orbicularis oris inferior (OOR). and anterior temporalis (TEM) muscle regions.

Electrodes were placed according to the guidelines presented by Fridlund and
Cacioppo (1986), with the exception of FRO and TEM electrodes. FRO electrodes
were placed on a vertical line traversing the pupil of the eye, with the lower
electrode 15 mm above the eyebrow. TEM electrodes were placed on the anterior
part of the muscle parallel with the direction of the muscle fibres. Although
electrode locations are denoted by the name of the immediately underlying muscle.
with surface recording techniques it may be expected that EMG activity will also
be recorded from adjacent or deeper located facial muscles.

EMG  signals were differentially amplified, band-pass filtered  with  a  -3  dB
high-pass cut-off frequency  at  20 Hz (roll-off 43  dB per octave) and  a-3 d B
low-pass cut-off frequency at 520 Hz (roll-off 13.5 dB per octave). full-wave linearly
rectified. and low-pass filtered (smoothed) with a-3 d B cut-off frequency at 50
Hz (roll-off 30 dB per octave). The signals were real-time digitized with a sampling
rate of 1()1) Hz and stored on disk. For the analysis of toniC EMG activity. mean

EMG amplitude was computed for periods of 2 min, resulting in 2(} data points.

Every data point was then expressed as a percentage ot a baseline value. which was
defined as the mean EMG amplitude during the first 2 min of the first resting

period.

2.4..Statistical analysis

In either task condition, subjects were divided post-hoc into two groups on the
basis of the time course of their performance scores. For each individual. the
multiple correlatk)n between the three groups of ten task performance scores and
the ten 2 min time periods (with assigned values of 1 to 10) was determined.
Subjects with a decline (D) in task performance. as indicated by a significant
multiple correlatic,n coefficient (p< 0.1)5). were distinguished from subjects with-
out a decline in performance (NoD). In the EP task condition. the D and NoD
groups consisted of 9 and  12 subjects. respectively. and in the SP condition the two
grc,ups cc,ntained 9 and 15 subjects. A significant multiple cc,rrelation coefficient
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did not. of course. necessarily imply that the correlation LY,efficients for the three
individual performance measures were each significant. However, the signs of the
three coefficients were invariably in the expected direction in case of a significant
multiple correlation coefficient (i.e. in the EP D group a negative regression slope
for correct responses and positive slopes for false responses and missed signals.
and in the SP D group a negative slope for response rate and positive slopes for
correct responses and blocks).

Task performance scores and EMG data were analyzed by means of the
multivariate analysis of variance (MANOVA) procedure for repeated measures in
the statistical computing package  SPSS/ PC + .  The .05 probability level  was
adopted as significance criterion in all tests.

As a check of the effectiveness of the group selection criteria. it was examined
first whether task performance scores showed linear or quadratic trends during the
course of the task. For each of the three performance measures in either task
condition, the ten 2 min scores were transformed into linear and quadratic trend
contrast scores by means of computation of orthogonal polynomials. MANOVA
was performed on these contrast scores with Subject Group (D vs. NoD) as a
between-subjects factor. Significant interactions between linear or quadratic trend
components and Subject Group were followed by testing of trend components in
each of the two subject groups separately (simple contrast effects).

For analysis of EMG data, MANOVA was performed on the amplitude per-
centage scores representing tne 20 2 min recording periods. As a preliminary test.
it was tested whether EMG baseline amplitudes differed between the two subject
groups in EP and SP task conditions. Baseline EMG amplitudes for left and right
facial muscles separately were compared between subject groups by means of
t-tests for independent samples. In neither task condition. significant differences
were found between the two subject groups.

Next, we tested whether EMG activity was significantly elevated during the 20
min task period in comparison with the two 10 min rest periods. The mean EMG
amplitude score during the two combined rest periods was subtracted from the
mean during the task period. MANOVA was performed on these rest-task
difference contrast scores with Task Condition  (EP vs.  SP) and Subject Group ( D
VS. NoD) as between-subjects factors and Laterality (Ieft vs. right recording side) as
within-subjects factor. Significant interactions of rest-task difference scores with
Task Condition, Subject Group, or Laterality were followed by testing of the
difference contrast scores at each of the two levels of the concerning experimental
factor (simple contrast effects).

Finally, the time course of EMG activity during the task period was analyzed by
means of linear and quadratic trend analysis. EMG amplitude scores during the
ten 2 min task periods were transformed into linear and quadratic trend contrast
scores by means of computation of orthogonal polynomials. MANOVA was
performed on the trend contrast scores with Task Condition and Subject Group as
between-subjects factors and Laterality as within-subjects factor. Also in this case.
significant interactions of contrast scores with Task Condition, Subject Group. or
Laterality were followed by testing of simple contrast effects.
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3. Results

3.1. Task performance scores

The time course of the task performance scores for both subject groups in each
of the two task conditions is shown in Fig. 1. The results of the MANOVAs are
presented in Table 1. The results confirm that the division of the subjects into two
groups on the basis of the multiple correlation coefficients was effective in both
task conditions. In the EP task condition, there was a significant overall linear
decrease in correct responses during the task and a significant overall linear
increase in false responses. There were no significant overall trends in missed
signals. For each of the three task performance measures, the linear trend
component differed between the two subject groups, as indicated by a significant
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Fig. 1. Mean task performance 'scores and fitted linear regression lines for both subject groups (NoD
and D) in externally paced and self-paced task conditions.
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Table 1
F values of MANOVAs for repeated measure3 on linear and quadratic trend :(imponent5 in tabk

performance scores. significant interaction, between trends and Subject Group. and correhpc,nding

simple effects

EP task condition SP task condition

Performance measure Trend during task Performance measure Trend during task

Linear Quadratic Linear Quadratic

Correct responses 5.50 * 1.48 Response rate 13.22
**

0.00

Trend x Subject Group    10.10 " Trend x Subject Group   19.78 ***
NoD Group 0.41 NoD Group 0.44

D Group 13.34 ** D Group 26.13 ***

False responses 22.12 *** 2.14 Correct responses 3.23 1.31

Trend x Subject Group    13.30 ** Blocks 14.38
*** 0.00

NoD Group 0.65 Trend x Subject Group 5.Oil *

D Group 30.50 *** NoD Group 2.83

Missed signals 1.40 0.71 D Group 12.21"

Trend x Subject Group 5.04  *
NoD Group 0.66
D Group 5.15 *

Note: For all tests, df = 1,41.
* p < 0.05. ** p < 0.01. *** p < 0.001.

Linear trend x Subject Group interaction. Simple effects analysis showed for the
D group a significant linear decrease in percentage correct responses and signifi-
cant linear increases in percentage false responses and percentage missed signals.
Significant linear trend components were not found for the NoD group.

In the SP task condition, there was a significant overall linear decrease in
response rate and a significant overall linear increase in blocks. These linear
trends were different for the two subject groups. as revealed by significant Linear
trend x Subject Group interactions. Simple effects analysis showed for the  D
group a significant linear decline in percentage response rate and a significant
linear increase in percentage blocks. Significant linear trends in these response
measures were absent in the NoD group.

It was also checked whether the D and NoD groups in both task conditions
were working at similar task load levels at task onset. As revealed by a t-test for
independent samples, signal rate (i.e. the subject's maximal processing capacity) in
the EP task condition was on the average significantly higher in the D group than
in  the NoD group  (64.4 + 2.83  (M + SD)  and  60.0 2 4.56 signals per minute
respectively;  t(19) = 2.74,  p < 0.05).  In  the  SP task condition, mean absolute
response rate during the first two minutes of the task period was not significantly
different between the two groups (82.1 + 3.35 and 81.2 =t 4.14 signals per minute
for D and NoD groups respectively).

3.2. EMG actiuity

For illustrative purposes, the 20 EMG amplitude percentage scores for the 40
min experimental period were averaged between left and right recording sides.
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Figure 2 s;iows the mean results for both subject groups in each of the two task
conditions. Table 2 shows the results of the MANOVAs on the rest-task differ-
ence and trend contrast scores. The outcomes of the trend analyses are visualized
in Fig. 2. If MANOVA revealed significant linear or quadratic trend components
in the EMG amplitudes during the task period, the mathematical functions of
these trends were estimated for D and NoD groups separately by means of
least-squares curve fitting and were depicted in insets in the panels of Fig. 2.

With regard to the rest-task difference in EMG amplitude, there was an overall
significant effect in COR, OOR, ZYG, and TEM without interactions with Task
Condition or Subject Groups. The rest-task difference was also significant in the
FRO muscle but in this case it was significantly different between the two task
conditions as indicated by a significant Rest-task difference x Task Condition
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Fig. 2. Mean EMG amplitudes for both subject groups (NoD and D) in externally paced and self-paced
task conditions. Insets show mathematical functions of significant linear and quadratic trend compo-
nents in EMG amplitude curves for NoD group (solid lines) and D group (dashed lines).
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Fig. 2 (continued).

interaction. Figure 2 shows that the difference was much larger in the EP than in
the SP task condition. For OOC, the overall rest-task difference was not signifi-
cant but there was a significant interaction between this contrast score and Subject
Group. Analysis of simple effects showed a significant rest-task difference in the
D groups of both task conditions but not in the NoD groups. Although significant
rest-task differences were thus obtained for almost all muscle groups in both task
conditions and both subject groups, Figure 2 shows that remarkable differences
were only present in FRO, COR, and OOR.

The linear and quadratic trend analyses showed no significant overall effects for

FRO; only tendencies to significant positive linear and negative quadratic trends
were observed (p< 0.10). However, there was a significant interaction between  the
negative quadratic trend component and Subject Group. The quadratic trend was
significant for the D groups but not for the NoD groups. During the task, the D
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Table 2

F v,ilue, M' M,\NOV:\, Itir repeated measures on EMG :implitude ccintraM scores. significant
interacti inj between contrast scores and other factors. and corresponding simple effects
Mu.de Rest-task Muscle Trend during task

difference
Linear Quadratic

Frontalis 61.11 ***
Frontalis 3.47

+
3.58 +

Rest-task diff. x Task Condition 9 72 ** Trendx Subject Group 5.34 *
EP condition 57.87 *** NoD Group 0.17
SP condition 8.94  w * D Group 4.22 *

Corrugator supercilii 81.19 "* Corrugator supercilii 26.08
.*.

30.87 ***

Orbicularis oris inferior 28.07 *.* Trend x Subject Group 5.84
*

4.45 *
Orbicularis Oculi 1.82 NoD Group 24.44 ***

7.03 *

Rest-task diff. x Subject Group 5.01 * D Group 6.19 *
24.60 ***

NoD Group 0.43 Orbicularis oris inferior 6.80 * 1147 **
D Group 5.39 * Trend x Subject Group 4.43 *

7.61  * *

Zygomaticus major 6.21 * NoD Group 6.50 *
1.65

Temporalis 9.77 ** D Group 1.60 10.20 **

Trend x Laterality 4.97 *
Left side 11.13

..

Right side 10.35 **

Orbicularis oculi 1.19 1.75

Trend x Task Condition 11.68**

EP condition 2.54
SP condition 10.19 **

Zygomaticus major 0.30 1.98

Temporalis 5.28
*

0.01

Note: For all tests. df = 1.41.
+p < 0.10.*p< 0.05." p < 0.01. *** p < 0.001.

groups thus showed a decrease in FRO EMG amplitude subsequent upon an
initial increase (Fig. 2).

In COR. significant overall positive linear and negative quadratic trends were
present. Both trends, however, showed significant interactions with Subject Group.
revealing  that they differed in strength between  NoD  and D groups. Analysis  of
simple effects showed that both trends were significant in NoD and D groups.
However, the positive linear trend component appeared to be stronger in the NoD
groups than in the D groups. The contribution of this component to the total
variation in EMG amplitude across time periods was 88.8% and 35.7% in NoD
groups and D groups respectively. On the other hand. the negative quadratic trend
component was stronger in the D groups than in the NoD groups. Proportions of
explained variation in this case were 50.2% and 9.0% respectively. As in the FRO
muscle, there was thus a relatively stronger tendency in both task conditions to
decreasing EMG activity towards the end of the task period for the D groups than
for the NoD groups.

Significant overall positive linear and negative quadratic trend components were
also found in OOR. Also in this muscle group, linear and quadratic trends
significantly interacted with Subject Group. The positive linear trend appeared to
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be significant only in the NoD groups whereas the negative quadratic trend was
only significant in the D groups. The OOR was the only muscle group in which a
trend component was significantly affected by Laterality. A significant interaction
between the negative quadratic trend component and Laterality was found. Al-
though simple effects analysis showed that this trend was significant for both sides
of the face, it was larger for the left OOR muscle group than for the right side as
revealed by proportions of explained variation of 57.5% and 34.6% respectively.

Significant overall linear or quadratic trend components were not found for
00C and ZYG. However, for OOC there was a significant interaction between
the linear trend component and Task Condition. Simple effects analysis showed a
Significant linear decrease in EMG activity during the task period in both subject
groups of the SP task condition. Such a significant linear trend was not present in
the EP task condition.

Finally, in TEM EMG activity there was a weak but significant overall positive
linear trend which could not further be differentiated between task conditions or
subject groups.

4. Discussion

The purpose of this study was to investigate further the hypothesis that during
the performance of information processing tasks the spontaneous tonic EMG
activity of particular facial muscles can be considered an index of mental effort.
that is the mobilization of aspecific energetic resources. In particular. it was
investigated whether covariations in EMG amplitude and performance scores
occurred during a sustained performance task. or, whether facial EMG amplitude
would reflect transient variations in the subjects' mental effort. EMG gradients
were compared between groups of persons which were selected post-hoc on the
basis of stable or deteriorating task performance scores.

The illustrations in Fig. 2 as well as the results of the MANOVAs confirm the
earlier observation of Van Boxtel and Jessurun (1993) that the amplitude of EMG
signals recorded over FRO. COR, and OOR muscles clearly increases during the
performance of a serial choice reaction task. EP and SP task conditions induced
effects of comparable magnitude, except for the FRO muscle in which the effect
was larger in the EP than in the SP condition. As in the earlier study. the EMG
amplitude in the three other investigated muscles (OOC. ZYG. TEM) was much
less clearly elevated during the exertion of mental effort. Van Boxtel and Jessurun
have drawn a parallel between the natural activity patterns of facial muscles. their
physiological properties, and their tonie responses to mental effort. Muscles
showing a pattern of predominantly tonie activity during daily life together with
great resistance to fatigue. such as FRO, COR. and OOR. show stronger reactions
to mental effort than fast-fatiguable muscles with predominantly phasic activity
patterns like 00C and ZYG.

With regard to the major question of this study, namely the temporal relation-
ship between task performance scores and EMG amplitude ot FRO, COR. and
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OOR. the results can generally be considered as positive. We expected that a

decline in task performance scores would be associated with weaker positive linear

trends and stronger negative quadratic trends in EMG amplitude in comparison

with subjects with stable performance scores. As to FRO EMG activity, subjects in

the D group showed a significant negative quadratic trend which was absent in the
NoD group. The same pattern was observed in OOR. In addition, in this muscle

group a significant positive linear trend was found for the NoD group but not for
the D group. In COR, a significant negative quadratic trend was found for both
groups but it was stronger for the D than for the NoD group. In addition, both
groups showed a positive linear trend but, reversely. this component was stronger

in the NoD group.
The results of the trend analysis were similar for both EP and SP task

conditions. Although the nature of the performance decrease in both conditions is

dissimilar. within the context of the aspecific effort concept we might expect

similar differences in EMG gradients between subjects with stable and subjects

with decreasing performance scores. Although the current study was not designed

to resolve the question whether EMG activity of particular facial muscles would

reflect mobilization of aspecific or specific energetical resources. the current

results suggest that. within the limited context of serial response tasks. EMG
profiles were not related to specific performance measures. In the D group of the

EP task condition. accuracy of responding became worse whereas in the D group

of the SP condition. accuracy was not affected but speed and regularity of response

generation deteriorated. Nevertheless. similar trends in EMG activity were ob-

served in both groups, suggesting that EMG profiles were related to performance

quality in general rather than to alterations in specific measures. This pleads for a

relationship between EMG amplitude and mobilization of aspecific energetic
resources.

It has been suggested by Sanders (1983) that the performance decrement during

serial performance tasks might be due to investment of extra effort during the
beginning of the task which rapidly wanes as time proceeds. This explanation is an

alternative for the traditional idea that decreasing arousal and rising fatigue are
responsible for the development of subnormal performance levels. Although our
subject samples are too limited in size for a definite test of Sanders' hypothesis.

there are some indications in our data supporting his idea. The initial signal rate in

the EP task condition was significantly higher in the D group than in the NoD
group. In the SP condition. there was a small difference in the same direction
which was not significant. however. At the same time. in each of the two task
conditions there were several muscle groups which showed a stronger increase in

EMG amplitude relative to the pre-task level in the D group than in the NoD

group.
We regret the absence of subjective ratings of mental effort for different phases

of the task. The presumed relationship between facial EMG activity and mental

effort can. therefore. not directly be substantiated. However, studying compen-

satory effort by means of sustained task performance cannot be combined with
periodic interruption of the task for acquiring subjective effort ratings. Each



W. Waterink, A. i·an Boxtel /Biological Psychology 37 (1994) 183-198 197

interruption would result in energetic recovery processes. Another alternative.
letting subjects afterwards produce ratings of mental effort exerted during differ-
ent phases of the task, encounters methodological concerns. One of the limitations
of the use of subjective effort ratings is that they become unreliable and invalid
when subjects have to rely on their memory (0'Donnell & Eggemeier, 1986).
These concerns prohibited the use of subjective effort ratings in this study, the
more so as the task period could not be divided into clearly distinguishable phases.

In conclusion, the current study provides further evidence in favor of the idea
that the spontaneous activity of certain facial muscle groups is related to the
degree of mental effort exerted during the performance of sustained attention
tasks. Temporal profiles of EMG activity recorded over frontalis, corrugator
supercilii, and orbicularis oris inferior muscle groups were related to the time
course of task performance measures.
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GELAATSSPIERACTIVITEIT ALS EEN INDEX VAN
ENERGIEMOBILISATIE TIJDENS INFORMATIEVERWERKING:

EEN EMG-ONDERZOEK

SAMENVATTING



Samenvatting

Uit eerder onderzoek (Van Boxtel & Jessurun, 1993) uitgevoerd in ons laboratorium is
gebleken dat tijdens het uitvoeren van een voortdurende informatieverwerkingstaak (i.e.
seriele tweekeuzereactietaak met een vast tempo van stimulusaanbieding) sommige

gelaatsspieren (frontalis, corrugator supercilii en orbicularis oris inferior) een continue
toenemende electromyografische (EMG) activiteit vertonen. Een dergelijk effect staat bekend
als een EMG-gradient (Malo, 1965). Een EMG-gradient werd in dat onderzoek
geYnterpreteerd als een teken van een toenemende mobilisatie van aspecifieke energetische
resources om effecten van time-on-task, zoals bijvoorbeeld vermoeidheid, tegen te gaan. Een
andere groep gelaatsspieren (temporalis, orbicularis oculi en zygomaticus major) vertoonde
een dergelijk effect niet. In hetzelfde onderzoek, waren de EMG-gradienten van frontalis,
corrugator supercilii en orbicularis oris inferior sterker tijdens een seritle twee-
keuzereactietaak met een stapsgewijs oplopend werktempo. Van de tweede groep

gelaatsspieren lieten met name de orbicularis oculi en zygomaticus major een verhoogde
EMG-activiteit zien aan het einde van de taak, waar er sprake was van een zeer hoog
werktempo. De voorlopige conclusie van het onderzoek was dat tonische responses van
frontalis, corrugator supercilii en orbicularis oris inferior in dergelijke taaksituaties een index
vormen van de mate van mentale inspanning, en dat tonische responses van orbicularis oculi
en zygomaticus major representatief zijn voor een soort overload-situatie. Het begrip mentale

inspanning is vergelijkbaar  met het begrip 'effort',  en de overload-situatie met het begrip
'stress' in het cognitief-energetische model van Sanders (1983).

In vervolg op het vooronderzoek werd in het eerste experiment (Waterink & Van Boxtel,
1994; zie appendix A) van dit project onderzocht of er een synchronie is tussen het verloop
in taakprestaties tijdens een serille tweekeuzereactietaak en de opbouw van EMG-gradienten.
Om dit te onderzoeken werd een taak met een zelf-regulerend ('self-paced') werktempo
gekozen, omdat uit de literatuur bekend is dat tijdens zulke taken het werktempo in het
algemeen geleidelijk afneemt. Binnen een cognitief-energetisch kader zou een afname in
werktempo vergezeld moeten gaan met een verminderde behoefte aan compenserende mentale

inspanning (mental effort). Wat betreft het werktempo konden de proefpersonen onder-
scheiden worden in een groep zonder significante afname in werktempo en een groep met een
significante lineaire afname. Voor beide groepen bleef de kwaliteit    van de prestatie
(percentage goede responses) tijdens de taak constant. De eerste groep vertoonde tijdens de
taak, zoals in het vooronderzoek met een vast werktempo, een gestage toename in tonische
EMG-activiteit van frontalis, corrugator supercilii en orbicularis oris inferior. De tweede
groep vertoonde voor dezelfde spieren, na een aanvankelijke toename in tonische EMG-
activiteit, een geleidelijke daling tot aan het einde van de taak. Deze resultaten bevestigen
de hypothese dat de tonische activiteit van frontalis, corrugator supercilii en orbicularis oris
inferior beschouwd kan worden als een index  voor de  mate van verrichte mentale inspanning.

De zojuist genoemde experimenten hebben echter niet duidelijk kunnen maken of
gelaatsspier-EMG-activiteit in het algemeen gerelateerd is aan aspecifieke energetische
processen zoals taak-gerelateerde of toestand-gerelateerde mentale inspanning of dat ze
gerelateerd is aan de mobilisatie van specifieke energetische resources die samenhangen met
bepaalde aspecten van de taak. Binnen het kader van discrete informatieverwerkingsmodellen
wordt verondersteld dat (a) het keuze-reactietijdproces bestaat uit verschillende, seriele
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verwerkingsstadia, (b) de computationele processen binnen deze stadia door verschillende
taakvariabelen worden beinvloed,    en   (c) deze processen een beroep   doen op specifieke
energetische resources. De hoofdvraag van het huidige project was of gelaatsspier-EMG-
activiteit al of niet gerelateerd is aan specifieke taakvariabelen, waarvan is aangetoond dat
ze verschillende verwerkingsstadia beinvloeden en dus energie moeten onttrekken aan de
daaraan gekoppelde specifieke energetische resources.

In drie verschillende experimenten werden achtereenvolgens de effecten onderzocht van drie
verschillende taakvariabelen, namelijk degradatie van visuele stimuli, semantische stimulus-
respons (S-R) compatibiliteit, en krachtsopbouwsnelheid van de uit te voeren motorische
respons. Van stimulusdegradatie wordt verondersteld  dat  ze een stadium  aan de perceptuele
kant van het informatieverwerkingsproces beInvloedt, van S-R compatibiliteit wordt veronder-
steld dat ze een centraal verwerkingsproces beinvloedt, en van krachtsopbouwsnelheid wordt
verondersteld dat ze een motorisch proces beinvloedt. Het is bekend dat manipulaties van
deze taakvariabelen effecten hebben op de reactietijd. In andere woorden, reactietijd neemt
toe bij een toenemende degradatie van een visuele stimulus, toenemende incompatibiliteit
tussen de semantische betekenis van de stimulus en de uit te voeren respons, en bij een
afnemende krachtsopbouwsnelheid. Verder  werd   in elk experiment nog onderzocht  wat  het
effect was van time-on-task en prestatiebeloning als variabelen die een invloed hebben op de
mate van effort.

In de drie experimenten werd gebruik gemaakt van een vierkeuzereactietijdtaak, waarbij het
visuele reactiesignaal 4-s eerder werd voorafgegaan door een auditief waarschuwingssignaal.
Het reactiesignaal was een combinatie van drie letters, die aangaf met welk van de vier
verschillende vingers er gereageerd moest worden, en welk type van response er gegeven
moest worden. De responses bestonden uit ballistische isometrische flexies van duim of
wijsvinger van de linker- of rechter hand, waarbij men telkens 20% van de maximale
individuele kracht (targetkracht) van elke vinger moest genereren op een krachtopnemer.
Bijvoorbeeld, RDS betekende dat er met de rechter duim gereageerd moest worden, en dat
de targetkracht zo snel mogelijk moest worden bereikt. Na het verdwijnen van het
reactiesignaal kreeg de proefpersoon visuele informatie over de geleverde prestatie
(knowledge of results (KR)). De trials volgden elkaar in een vrij snel tempo op, zodat er
tijdens de taak vrijwel voortdurend aandacht vereist was. In een aparte trainingssessie werden
de proefpersonen grondig getraind in het uitvoeren van de taak, en werd tevens de maximale
kracht bepaald van elk van de vier vingers. Aan elk experiment namen twee groepen van 20
proefpersonen  deel, een groep waarvan goede prestaties werden bevorderd door middel  van
geldelijke beloning en een groep waarbij dat niet gebeurde. In elk van de drie experimenten
werden de drie moeilijkheidsniveaus van de betreffende taakvariabele onderzocht met twee
blokken van elk 60 trials per niveau. De volgorde van de zes trialblokken werd systematisch
gevarieerd over de proefpersonen. Voor het degradatie-experiment waren de drie
moeilijkheidsniveaus: geen degradatie, matige degradatie, en sterke degradatie. Degradatie
geschiedde door de letters te bedekken met verschillende soorten schaakbord-patronen. Voor
het S-R-compatibiliteits-experiment waren de drie moeilijkheidsniveaus: niet incompatibel
oftewel compatibel, matige incompatibel, en sterk incompatibel.    Voor niet incompatibel
hadden de letters hun normale betekenis, d.w.z. L betekende linker en R betekende rechter
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hand, D betekende duim en V betekende (wijs)vinger. Bij matig incompatibel werd de
betekenis van L en R omgewisseld. L betekende nu rechter en R betekende linker hand. Bij
sterke incompatibiliteit werd naast het omwisselen van de betekenis van L en R, ook nog de
betekenis van D en V omgewisseld. LV betekende in deze conditie rechter duim, etc. Ook
voor krachtsopbouwsnelheids-experiment waren er drie niveaus: zo snel mogelijk bereiken
van de targetkracht (basistijd), twee keer zo langzaam dan de basistijd, en drie keer zo
langzaam dan de basistijd.

De effecten van taakvariabelen en prestatiebeloning werden onderzocht op taakprestaties

(reactietijd, percentage goede responses en krachtsopbouwsnelheid),  de  mate van subjectief
ervaren mentale inspanning, de tonische EMG-activiteit van zes gelaatsspieren (frontalis,
temporalis, corrugator supercilii, orbicularis oculi, zygomaticus major, en orbicularis oris
inferior),   en de tonische hartslag Tevens werd steeds een vergelijking gemaakt tussen   de

eerste en tweede aanbieding van een blok trials met een bepaald moeilijkheidsniveau, om een
inzicht te krijgen in het effect van time-on-task. Tenslotte werd het effect van taakvariabelen
en prestatiebeloning onderzocht op de fasische reacties in EMG-activiteit. hartslagfrequentie.
en  ademhaling die optreden binnen het tijdsverloop  van een individuele trial,   met  name  in
de   4-s periode tussen het waarschuwingssignaal   en het reactiesignaal.   Om een inzicht  te

krijgen in bepaalde hoofdaspecten, met name overall effecten van prestatiebeloning en time-
on-task, is er eerst, naast analyses voor de drie experimenten apart, ook een algemene

analyse gedaan over de drie experimenten.

De algemene analyse liet een duidelijk effect zien van taakmoeilijkheid op de reactietijd. die
langzamer  werd  met een toename in taakmoeilijkheid. Conform de verwachting  nam  ook  in

elk van de drie experimenten de reactietijd toe met een grotere belasting van het
desbetreffende verwerkingsstadia en was er dus sprake van een succesvolle manipulatie van
de computationele processen. In elk van de drie experimenten leek de gemiddelde reactietijd
van de beloningsgroep iets sneller te zijn dan die van de controle-groep, maar deze
verschillen waren nooit significant, hetgeen ook niet leidde tot een overall effect van
prestatiebeloning. Alleen  in  het S-R compatibiliteitsexperiment,  maar ook algemeen,  was  de
reactietijd tijdens de tweede aanbieding van een blok trials met een bepaald

moeilijkheidsniveau significant sneller dan tijdens de eerste aanbieding. Het overall effect van
de tweede aanbieding werd voornamelijk veroorzaakt  door de beloningsgroep. Dit effect van

beloning is ook gevonden voor het S-R-compatibiliteits- en krachtsopbouwsnelheids-
experiment. Hieruit blijkt dat time-on-task dus eerder een positief dan een negatief effect had
op de reactietijden. Het achterwege blijven van een prestatieverslechtering zou mogeluk

kunnen duiden op een effect van toestand-gerelateerde mentale inspanning voor beide

groepen, maar dan in een grotere mate voor de beloningsgroep.

In het algemeen nam het percentage correcte responses af met een toename in
taakmoeilijkheid. Wat betreft de drie experimenten nam het percentage correcte responses

significant af bij een toenemende incompatibiliteit, en bij een afnemende
krachtsopbouwsnelheid, maar niet bij een toenemende stimulusdegradatie. In het
stimulusdegradatie- en het S-R-compatibiliteits-experiment vertoonde de beloningsgroep
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gemiddeld meer correcte responses dan de controle-groep, wat in het algemeen leidde tot
significant betere prestatie   voor de beloningsgroep. Overall bleef voor beide groepen   het
percentage correcte responses constant bij een herhaalde aanbieding van een taak-
moeilijkheidsconditie. Dus, net zoals bij reactietijden had time-on-task geen negatief effect,
hetgeen dus weer een aanwijzing zou kunnen zijn voor het optreden van toestand-gerelateerde
mentale inspanning.

In het derde experiment werd de krachtopbouwsnelheid gemanipuleerd zodat deze in dit
experiment toenam met een toenemende taakmoeilijkheid, maar ook in het algemeen nam de
krachtopbouwsnelheid toe. In het stimulusdegradatie-experiment was een tendens naar een
afname in krachtopbouwsnelheid. Echter, een toename was gevonden in het S-R-
compatibiliteitsexperiment. Verder vertoonde de beloningsgroep in het algemeen een snellere
gemiddelde krachtopbouwsnelheid. Bij herhaalde aanbieding   van  de een taakmoeilijkheids-
conditie was de gemiddelde krachtopbouwsnelheid in het algemeen voor de tweede keer
sneller. Ook hier is er weer een aanwijzing voor het optreden van toestand-gerelateerde
mentale inspanning

In het algemeen, maar ook in elk van de drie experimenten namen de subjectieve
inspanningsscores toe bij een toenemende taakmoeilijkheid. Voor de drie experimenten apart,
maar ook in het algemeen, werd er geen significant verschil gevonden tussen de belonings-
en controle-groep. Verder waren de scores in het algemeen hoger tijdens de tweede
aanbieding van een taakmoeilijkheidsconditie dan tijdens de eerste, voornamelijk veroorzaakt
door het stimulusdegradatie- en krachtopbouwsnelheidsexperiment voor beide groepen.

In overeenstemming met de resultaten van de voorafgaande onderzoeken trad er, in
vergelijking tot de omliggende rustperioden, een sterk verhoogde tonische activiteit op tijdens
de  trialblokken for frontalis, corrugator supercilii en orbicularis oris inferior (zie  Fig.  5.16).
Tegelijkertijd   was de hartslag niet significant verhoogd. Wat betreft het verloop   van   de
fysiologische activiteit binnen trialblokken is er in het algemeen voor frontalis, corrugator
supercilii en orbicularis oris inferior een geleidelijk toename in EMG-activiteit gevonden, die
na afloop van de taak onmiddellijk terugkeerde naar baseline-niveau (het verschijnsel van een
EMG-gradient). Temporalis, orbicularis oculi en zygomaticus major vertoonden    geen
significant verhoogde of verlaagde tonische EMG-activiteit. Echter, het verloop van de
tonische EMG-activiteit van de temporalis binnen trialblokken kon omschreven worden als
lineair toenemend. Wat betreft het verloop van de hartslag was er gevonden dat in het
algemeen de frequentie binnen trialblokken aan het einde daarvan  iets op  liep (zie Fig.  5.28),
hetgeen voornamelijk werd veroorzaakt door het S-R compatibiliteitsexperiment.

De tonische EMG-responses van frontalis, corrugator supercilii en orbicularis oris inferior
bleken niet beinvloed te worden door de drie onderzochte taakvariabelen. Evenmin was er
een  invloed op de hartslag. De conclusie luidt dus dat de tonische gelaatsspier-EMG-activiteit
en tonische hartslag waarschijnlijk niet gerelateerd zijn aan de mate waarin een beroep

gedaan wordt op specifieke energetische resources. Een eventueel effect van prestatiebeloning
en time-on-task op de tonische responses daarentegen kan een bevestiging zijn van het idee
dat deze activiteit een index is van aspecifieke energetische processen. Echter,
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prestatiebeloning had evenmin een significant effect op de tonische activiteit van de drie
spieren en hartslag. Hoewel    voor de corrugator supercilii de EMG-gradient    van    de
beloningsgroep consistent sterker was dan in de controlegroep (zie Fig. 5.18), was het effect
in geen van de drie experimenten significant. Een verklaring hiervoor achteraf is wellicht dat
beide groepen proefpersonen binnen iedere trial visuele informatie (KR) kregen over de
geleverde prestatie, hetgeen als een sterk motiverende factor werkt. Wat het effect van time-
on-task betreft, werden er duidelijke effecten gevonden voor frontalis en met name voor
corrugator supercilii  (zie  Fig.  5.21). Voor beide spieren werden de tonische EMG-respons
groter bij herhaling van een taakconditie, terwijl het responsniveau van de orbicularis oris
inferior en de hartslagfrequentie constant bleven.

Dus, terwijl tijdens het verloop van de experimenten de taakprestaties min of meer gelijk
bleven of zelf iets verbeterden en de subjectief ervaren mentale inspanning toenam, was er
gelijktijdig een toename in tonische EMG-reacties van de twee spiergroepen in het bovenste
deel   van het gelaat (frontalis en corrugator supercilii). De hartslag daarentegen reageerde
nauwelijks. De verschillen in taakprestatie tussen de belonings- en de controle-groep gingen

niet gepaard met verschillen in subjectief ervaren mentale inspanning en evenmin met
significante verschillen in tonische EMG-reacties. De resultaten bevestigen de hypothese  dat
de EMG-responses gerelateerd zijn aan de mate van compenserende mentale inspanning. De
afwezigheid van de invloed van computationele taakvariabelen op de tonische EMG-responses
doet vermoeden dat deze dus de algemene energetische toestand van de persoon weergeven
en dat ze taakonafhankelijk zijn.

Naast het effect van taakvariabelen en prestatiebeloning op tonische EMG- en
hartslagreacties, werd het effect onderzocht op de fasische EMG-, hartslag-, en
ademhalingsresponses binnen het 4-s waarschuwingsinterval van de reactietijdtrials. Binnen
dit interval bereidt de proefpersoon zich actief voor op de komst van het reactiesignaal en
de uit te voeren motorische respons. Tijdens de voorperiode was er een geleidelijke toename
in de EMG-activiteit van frontalis en corrugator supercilii. In de andere spiergroepen, in de
onderste helft van het gelaat, trad een geleidelijke inhibitie op. Ook de hartslagfrequentie nam
af en er was een tendens tot uitademing. Er zijn aanwijzingen dat deze reacties functioneel
zijn voor de waarneming van het reactiesignaal in de zin dat ze een grotere sensorische
gevoeligheid bevorderen. De drie taakvariabelen hadden geen effect op de fasische EMG-,
hartslag-, en ademhalingsreacties. Prestatiebeloning leidde in het algemeen tot een geringere
toename in EMG-activiteit in het bovenste deel van het gelaat (frontalis en corrugator

supercilii) en een sterkere afname in de spieren in de onderste helft van het gelaat
(temporalis, orbicularis oculi, zygomaticus major en orbicularis oris inferior). Ook de
fasische EMG-reacties bleken dus effecten van effort de weerspiegelen. Er kan dus worden
geconcludeerd dat een groter inhibitie en een kleine facilitatie tijdens de voorperiode
beschouwd kan worden als een index van een efficienter gebruik van aspecifieke energetische
resources.

Samenvattend kan er geconcludeerd worden dat tonische en fasische EMG-responses
waarschijnlijk niet beschouwd kunnen worden als een index van de mobilisatie van specifieke
energetische resources. Verdere kan er geconcludeerd worden dat gelaatsspier-EMG-activiteit
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waarschijnlijk geen taak-relateerde mentale inspanning reflecteert. Duidelijke effecten van
prestatiebeloning zijn niet gevonden door toedoen van het contaminerende effect van KR. Het
effect van time-on-task bleek de meest succesvolle energetische manipulatie te zijn geweest.
Wat betreft dit effect kan er geconcludeerd worden dat tonische EMG responses van frontalis
maar met name die van corrugator supercilii beschouwd kan worden als een betrouwbare
index van de mobilisatie van aspecifieke energetische resources of toestand-gerelateerde
mentale inspanning.
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