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Chapter One

INTRODUCTION

1. Motivations

The perception and neural processing of a stimulus are influenced by the actual
task to be solved, i.e. according to the given context. Sensory procéssigling
visual, tactile andpain processingtan be modulated bgxperience through neural
plasticity and the related perceptual learning, but also by actual motivations through
selective attention. Despite the fact that the researchaof perception perceptual
learning and of attentional mechanisms have been among the top research fields of
cogntive neuroscience (Engel et al. 2001; Gilbert et al. 2001; Kanwisher and Woijciulik
2000 Wiech et al. 2008 very little is known about the interaction oete functions.
Thiswas the main reasdar my choice tdry to investigate these interactions.

It was long held that the topography of sensory areas was modifiable only during
critical periods of devel owrmedd talfddvelecaofutl| ed
andWiesel1970). It is a fact that the plasticity of the human brain greatly decreases after
approximately 610 years (at least for early sensory cortices) however in the later half of
the 20" century, more evidence began to mount to demondtratehe central nervous
system does indeed adapt and is mutable even in adulthood; this broad idea is commonly
termed neural plasticityNeural plasticity refers to modulations and its different types
and levels, which induce different extents of chaing&e neural system.

The dissertatiori in line with the three theses presents three studies. The
experiments were carried out witlariousaims but it is common to all three that they
represent examples of different aspects of neural plasticity.ifshehesis focuses on the
topic of the interaction ohttention pain andi as a third factorsensitizationfew-hour
modulation). The second thesis looks into the role of attention in relation to perceptual
learning @s a result obneweek learning). Té third thesis examines the spatgmporal
dynamics of the pefpersonal spatial representation in relation to long telasticity
(when someone becomes an expert in a giveniglin a few yearg

In the first experiment aimed at investigating hodistraction of attention from
the noxious stimuli affects the perceived pain intensity in secondary hyperalgesia.

Importantly, in this experimenit directly compared the attentional modulation of pain
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intensity reports during capsaieinduced secondary pgralgesia to that in the case of
capsaicinuntreated, control condition.

In the second thesis, | review a study whetested the hypothesis that perceptual
learning involves learning to suppress distracting-taskevant stimuli. Moreover, parts
of the EEG expements in that study were to teshether attentiofbased learning
influences perceptual sensitivity for the visual features present during training via
modulating the sensory gain for the different features at the early stages of visual cortica
processing and/or by biasing the decision processes at the higher processing stages.

In the experiment described in the third thedisexamined whether the
multisensory spatial information concerning sensory events are coded in a similar
manner throughat peripersoal spaceor might there instead be a difference between
front and rear space (i.e. the space behind our backs), as a result of the existence of a
detailed visual representations of the former but only occasional and very limited visual
represatation of the laterTo address this questidngompared the effect of crossing the
hands on tactile temporal resolution when the hands were placed in front of participants
versus when they were placed behind their backsmparedwo groups of parti@ants,
nortmusicians as well as professional piano players, in order to uncover how extensive
practice in playing piand leading to altered téie perception in pianists will affect
tactile temporal resolution performance in front and rear space latteegroup.

| believe that my results contribute to the better understanding oththean
sensory systeraspeciallyin relation to theattentional mechanisnand different aspects
of plasticity.

This knowledgamay also contributeo thediagnosis, mondring and/ottreatment
strategies for adult patients with certgiathologic conditions within the sensory/

attentional system, like amblyopidyslexia, ADHD chronic pain etc.

2. General background
2.1.Plasticity

The central nervous system has a wide arrdyradtions: receiving sensory input,
coordinating motor plansand generating consciousness and higher thought. A
fundamental property of the brain is plasticity, the ability of the nervous system to

rearrange its anatomical and functional connectivity anopgrties in response to
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environmental inputnvolving functional, structural anghysiological changes or in
other words, the ability to change in response to experience and use. Plasticity allows the
brain to learn and remember patterns in the sensondwtm refine movements, to
predict orfilter relevant informatioretc. Even basic sensory perception is influenced by
prior sensory expeznce attentionand learning (Gilbert 1998; Dan aiwo 2006Han et

al. 2007).

To date the strongest evidence fogarning/ training induced structural
reorganisation in the adult brain comes from primate andpnomate animal studies
(Dale et & 1999; Dancause et al. 2Q0Bachtenberg et al. 2002puring the last decade,

a steadily growing number of studies inrpaite and noiprimate animals confirmed the
notion that experienceattention andlearning new skills can cause functional and
structural reorganisation of the brgifohansson et al. 2004)

At the cellular level, enrichment results in hippocampal cellliferation,
angiogenesis and microglia activati@age 2002) These effects are mediated through
increased expression of braderived neurotrophic factor, nerve growth factor as well as
throughNMDA (N-methyl daspartate) and AMPA modulatifokes et al2000)

Learninginduced structural changes can also affect the anatomical connectivity
in the adult brain. A vast amount of cresectional morphometric studies have
demonstrated neuroanatomic correlates of learning and experience in different cognitive
domains. For example musical proficiency has been associated with volume enlargement
of motor auwl tactile (C. Gaser, G. Schla@gg03) areas and their anatomical connections
(Bengtsson et al.; Gaser et aD03. Plasticity is expressed by structural change
macroscopic axonal projections including thalamocortical and horizontal; @v@ssnar
axons and, to &sser extent, dendrites (Fox &wdng 2005, Broser et al. 2007). These
large scale structural changes typically lag physiologically measuredqitadiy seveal
days or weeks (Trachtenberg &ialyker 2001). In contrast, very rapid structural changes
(hours to days) occur continuously at the level of spines and synapses.

In sensory areas of neocortex, two basic paradigms have been used to study
plasticity. First, in experiencdependent map plasticity, the statistical pattern of sensory
experience over several days alters topographic sensory maps in primary sensory cortex,
in both animalsand humans (Hubel and/iesel 1998;Blake et al 2002;Rauscheker
2002). Second, in sensory perceptual learning, training on sensory perception or
discrimination tasks causes gradual improvement in sensory ability associated with

changes in neuronal receptive fields and/or maps in cortical sensory areas (GilBert 199
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Sensory map plasticity and sensory perceptual learning are not unitary processes, but
involve multiple discrete functional components. Many of these components occur with
strong similarity across cortical areas, suggesting common underlying mechadviggms.
plasticity in juveniles occurs rapidly in response to passive sensory experience, such
plasticity is slower and more limited in adults, except when stimuli are actively attended
and behaviorally relevant (e.g. during a perceptual learning task) lacithxpaired with

positive or negative reinforcement meuromodulation (Gilbert 1998)an andPoo

2006).

Training can increase neural responses to reinforced stimuli, shift tuning curves
toward (or away from) trained stimuli, or sharpen tuning curves irhprove
discrimination between stimuli. These changes in neural tuning are generally modest and
do not cause larggecale changes in map topography, except with very exeetraining
(Blake et al. 2002Karmarkar andDan 2006). Common functional compang of
plasticity in the primer sensory areas are the potentiation of responses to active inputs
during normal sensory use, and in response to temporal correlation between inputs and
another potentiation of responses paired with reinforcement in adudise Tomponents
are both consistent with Hebbian strengthening of active inputs but differ in dependence

on attention or reward.

2.2.Perceptual learning

Neural plasticity provides the backgound to perceptual learning (PL). PL is
defined as a relatively persent improvement in the ability to detect or discriminate
sensory stimuli as a result of experience. More precisely, those learning processes and
the acquisition of those visual skills are understood as perceptual learning, for which the
neural bases are be sought in the process of information processing or in its alternation
(2002; Fahle2002; Hochstein ané\hissar2002)

Relatively long time and practice are needed for perceptual learning. The acquired
skills are stored for a long time, even for yeand can be recalled. Perceptual learning is
surprisingly selective to the practiced stimulus, the circumstances of the training
(including elemental characteristics, such as orientation and position in visual space and
the learnt task All these charactestics almost necessarily lead to the conclusion that
plasticity underlying perceptual learning must involve quite early perceptual and neural

processes. For example, the first electrophysiological experiments investigating the
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neural bases of perceptudarning of the somatosensory system, demonstrated
significant neural reorganization in areas of the early sensory cortex, matching the skin
area used in the tagBlake and Merzenich2002) The representation of the given skin
area, just as the amplitudé the neural response evoked by the stimulation, significantly
increased and the learning induced change could also be demonstrated in the selectivity
and the reliability of the cellsd respons
research into visal perceptual learning provided considerablyedént results (Christ et
al. 2001; Gilbert et al. 2001)They have found a decrease in the amplitude of the
responses of neuron populations responsible for the processing of the learnt stimulus and
they hae no't found any i mportant change in t
characteristics. In contrast, neural conteffects (including attentional modulation),
coming from outside of the neuronsod6 recept
learning. Considering all these, we can state that perceptual learning should be under top
down control.

In order to absolutely optimize detection and discrimination of stimuli, it is
essential to optimize the sigA@knoise ratio at as early level asgsible. This can be
achieved by optimizing the tuning of neurons at early stages of cortical processing to the
task at hand under tapo wn contr ol (Herzog & Fahle 199
selectiond by optimal |l y patibla eith the dchness ofa | fi
feedback connections in the brain. For example, the lateral geniculate nucleus (LGN)
receives more feedback fibres from the cortex than it sendsfdegdrd ones towards
the cortex Early perceptual learning in its simplestrfowould involve onedimensional
categories, while late PL would also involve multidimensional categories. Processes
involving mainly relatively late cortical areas in the temporal and parietal cortex may be
called cognitive, or late PL, while those modify processing mostly in the primer
sensory cortex may bdeotwne ra dbaept @altd omisféi, e dora
adaptive and learning processes, working mostly subconsciously, are permanently
updating the signals received from different sensamggsuch as the eyes, the ears, the
skin and proprioceptors in the body, in order to realign the coordirgtstems of
different sense modalities, making sure we feel our hand to be where we see it and to see

an object to be where we hear it.
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2.3.Attention

Attention is crucial for perceptual learning. Within any environment one key
aspect to sensory processing is our capability to distinguish between different sources of
sensory information as well as any changes within these sources of sensory information.
In order to achieve this, the difference in the amplitude between that which is relevant
(signal) and that which is irrelevant (noise) must be sufficient in order to detect the
relevant stimulus. Whether this difference is between two sources within adwity or
two sources from different modalities it appears that we have the ability to alter the
signal to noise ratio of various sensory events that we are processing, a mechanism
commonly referred to as fiattentiono.

Early behavioral investigations ottantion focused upon pesptual overload
tasks These tasks were largely driven by the increasing complexity of work
environments and demonstrated the fundamental problem: as processing demands
increased task performance decreased. It was accepted tinatioat must be the
mechanism by which the most relevant aspects of a task were selected at the @xpense
less relevant aspects due to limitations imposed by processing ability.

Over the years the mechanism of attention has taken many forms. The earliest
debates of attention centered upon the loci at which a filter served to reMBEint
information It was not wuntil the 196006s that the
were ncluded in the debaté his resulted in a shift of thought from attien being a
filter that blocked irrelevant information to a mechanism by which the irrelevant
information is suppressed (Treismah960). Through the early nineties advances in
various imaging techniques led to the evolution of attention research fromarjyi
behavioral to physiologically based responses associated with information processing. It
has been demonstrated since the early nineties that attention to a stimulus feature results
in an increase in neural activity compared to when that stimulirselsvant and not
being attended (Corbett al. 1990). These changes in neural activity were suggested to
reflect an enhancement of relevant sensory information whereby the relevant information
receives a competitive advantage through a higher signabise ratio (Hillyard et al.
1998).Moreover, attention today is most commonly regarded as a cognitive construct for
dealing with the limited processing capacity of the brain (Pashler 1998). Tdudlsd

Abi ased competitiono mo % lcommomly acde@ercande o ne
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experimentally confirmed neural models of
The most important statements of the model have been summarized in the points below:
1 During the processing of the picture projected on th@aethe different stimuli
of the picture are in competition;
1 The competition begins at that level of processing, where the stimuli
corresponding to the different objects are processed by the same neurons, i.e. the
cell sdé recept i v gefdrenedmgassing sewenalfolbjects i ent | vy
1 The role of attention is to influence the competition between the stimuli, ensuring
that the stimulus in the centre of attention comes out as winner,
1 Attentional modulation affects the processing of all properties obtiserved
object.
According to the #fAbiased competitiono mo«
dependent on the physical distance between the object in the centre of attention and the
surrounding irrelevant objects.

The painexperiencealso dependsupon the focus of attentioCorbetta et al.
2002). Psychophysical studies indicate that attention o@dulate sensorgspect of
pain, possibly mediated by a modulation of the gpatitegration of painFunctional
imaging studies showed that distractifvtom pain reduces pairelated activations in
most brain areas that are related to sensory, cograspects of painAttentional
modulation does not only result in altered local activation but also affects the functional
integration of activationAttenional modulations of pain are supposed to share the
general mechanisms and substrates of attentional modulations of sensory processing.
However, the exceptionally close interaction between attention andgeamns to involve
painspecific features that aret necessarily known from other modalit{&antick et al.
2002; Tracey et al. 2002Attention might modulate pain perception at least partially via
a painspecific opiatesensitive descending modulatory pathway that regulates
nociceptive processing igely at the level of the spinal cord dorbakn. This pain
modulatory system might complement, interact and overlap with a more general system
of attentional control, which has been well characterized in other modalities.
Functionally, both networks miglnable behavioral flexibility, which is limited by the

involuntary attentional demands of pdirracey et al. 2007; Hadjupavlou et al. 2Q06)
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Chapter Two

ATTENTIONAL MODULATI ON OF PERCEIVED PAIN
INTENSITY IN CAPSAICIN-INDUCED SECONDARY
HYPERALGESIA

First thesis

I. I have shown that perceived pain intensity in secondary hyperalgesia is decreased
when attention is distracted away from the painful stimulus with a concurrent visual task.
Furthermore, it was found that the magnitude of attentional modulation in seyonda
hyperalgesia is very similar to that in capsaicin untreated, control condition.
Interestingly, however, capsaicin treatment induced increase in perceived pain intensity
did not affect the performance of the visual discrimination task. Finding no itiarac
between capsaicin treatment and attentional modulation suggest that capsdioted
secondary hyperalgesia and attention might affect mechanical pain via independent

mechanisms.

1. Introduction

Capsaicininduced hyperalgesia is a widely used expertaermodel of
neuropathic pain (Treede et al. 1992b; Koltzenburg et al. 1994; Treede and Magerl 2000;
Simone et al. 1989; Maihofner et al. 2004; Baumgartner et al. 2002; Klein et al. 2005). It
involves topical application of capsaicin, a vanilloid recepmgonist, which elicits
ongoing discharge in-@ociceptors and induces an area of hyperalgesia (Torebjork et al.
1992; Schmidt et al. 1995; Ziegler et al. 1999; Klede et al. 2003). Hyperalgesia occurs
both at the site of application (primary hyperalgesia) an the surrounding, untreated
area (secondary hyperalgesia). Hypersensitivity towards heat stimuli, i.e. thermal
hyperalgesia, is a key feature of primary hyperalgesia, whereas secondary hyperalgesia is
characterized by hypersensitivity towards meclar(e.g. pinprick) stimulation (Raja et
al. 1984; Ali et al. 1996).
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Several lines of clinical evidence suggest that attentional mechanisms may be
involved in the pathogenesis of some chronic clinical pain states and that attention
demanding activities reate pain in chronically afflicted patients (Levine et al. 1982;
Vlaeyen and Linton 2000; Rode et al. 2001). Previous research also showed that in case
of acute, phasic pain decreased attention to noxious stimuli raises the pain threshold
(McCaul et al. 198; Miron et al. 1989; Eccleston et al. 1999), whereas perceived pain
i ntensity is increased when a subjectds at
al. 1985). However, little is known about the influence of attention on subjective pain
intersity ratings in capsaicimduced hyperalgesia. The only study, which investigated
the effect of attentional load on pain processing in the capsaubiced primary, heat
hyperalgesia model (Wiech et al. 2005) found that subjective pain ratings as well as
neural responses in the pamlated brain regions are reduced in the high attentional load
conditions, when attention is distracted from the noxious stimulus with a highly attention
demanding visual task. Surprisingly, however, attentional modulatigerakived pain
intensity in capsaickinduced secondary hyperalgesia has not been investigated before.

Yet, the identification of cognitive factors may have therapeutic consequences:
(e.g. medical, surgical, cognitive or behavidherapy rehabilation (Lesko & Atkinson,

200]). Furthermore, the more accurate exploration of the peripheral/central mechanisms
of the sensation of chronic pain may contribute to the development of hyperalgesia and
allodynia models as well as to the elaboration of an fMRI bi&erafor reliable
measurement of pain intensiydpatient specifidargetidentificationfor the pain killers

(see further in Chapter six).

In the present study we aimed at investigating how distraction of attention from
the noxious stimuli affects the meived pain intensity in secondary hyperalgesia.
Importantly, in our experiments we directly compared the attentional modulation of pain
intensity reports during capsaieimduced secondary hyperalgesia to that in the case of
capsaicinuntreated, contratondition. In each experimental condition, subjects received
a pinprick stimulus and were required to rate the perceived pain intensity on a visual
analog rating scale (VAS). Concurrently with the pinprick stimulus faces were displayed
in rapid serial visal presentation (RSVP) and subjects either had to ignore the faces and
attend to the pinprick stimulus selectively or had to perform a concurrent face orientation
discrimination task. Theandomly designedvisual task could be of high or low
attentional dmand and in the beginning of each trial a cue indicated whether subjects

should perform: 1. the pain intensity rating while ignoring the visual stimuli; 2. pain
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rating and a difficult face discrimination task simultaneously; 3. pain rating and an easy

facediscrimination task simultaneousliFigurel.1).

Visual target presentation
interval

Pinprick
stimulation
interval

4

Cue ¥ 300ms

High attentional load trial

-or-

Low attentional load trial

-or-

Figure.1.1 Schematic representation of the experimental condii@melomized design)

2. Methods
2.1.Subjects

Sixteen healthy right handed naive subjd@25 years of age (5 females; mean age 22,9
years) participated in the experiment. All had normal or corrected to normal visual acuity
and reported no history of neurological or psychiatric problems. Subjects gave informed
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consent to participate in théusly, which was approved by the local ethics committee of

Semmelweis University. All experiments were performed by the same examiner.

2.2.The heat/capsaicin model

To induce secondary hyperalgesia in healthy people, we used the heat/capsaicin
sensitization mode (Petersen and Rowbotham 2002; Zambreanu et al. 2005). A
premarked 9cm2 (3*3cm) square area on the medial side of the right lower leg (musculus
gastrocnemius caput) was heated with a 45
was followed immediately byopical application of 0.075% capsaicin cream (Zostrix,

Rodlen Laboratories, Inc., Vernon Hills, IL) and was covered by parafilm for 45min
(Moulton et al. 2007). Capsaicin treated and untreated sessions were applied in a
balanced order among subjects #mely were at least 24h apart from each other.

2.3.Visual stimuli

Stimuli were programmed in MATLAB 7.1. (MathWorks, Inc., Sherborn, MA)
using the Cogent 2000 Software Toolbox (Cogent, www.vislab.ucl.ac.uk/Cogent/) and
were presented on generic PCs. Visual glirmonsisted of grayscale front view pictures
of four male and four female faces with neutral expression on a uniform gray
background. Faces were cropped and covered
2006) . Face sti mul i ederted deatmlly {with adiéwangndistasce ) we
of 50 c¢cm) on a 19 éadreshrat® of GdoHz)i Eachrtrial (cansisted e n
seven upright distractor faces and one target face, which was rotated clockwise or
counterclockwise. Within the same block tleemvere trials where target faces were
rot at e’dA b(yhi2gAh attentional | oad triials) or

randonized order.

2.4.Mechanical stimuli

Two different forces of TOUCH TEST TM velRrey sensory filaments
(1809/0,98mm and 300g9mm, low and intermediate pain intensity stimulation,
respectively) were used to deliver pinprick stimuli within the delineated contact area
(Petersen and Rowbotham 2002; Treede et al. 2802)ndomized orderContact time
was ~1s and all stimuli wergplied with a ~7s ISI. In each trial an audio cue presented
over headphones informed the experimenter about when and which of the {prickin

stimuli should be applied. The pinprick stimulations were invisible for the subjects. Both,
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in the capsaickireated and untreated sessions a 2 cm wide skin surface area, surrounding
the marked 3*3cm square area (where capsaicin treatment was applied in the capsaicin
treated session) was stimulated.

2.5.Procedure

Each subject performed two sessions (5 blocks in eanb)that was preceded by
heat/capsaicin treatment of the skin (secondary hyperalgesia) and another without
treatment (control). In each block 3 different trials were presented in randomized order
(48 triak altogether). In the beginning of each trial a ¢adetter displayed for 300 ms)
indicated whether subjects should perform: 1. the pain intensity rating while ignoring the
visual stimuli; 2. pain rating and a difficult face discrimination task simultaneously (high
attentional load trials); 3. pain ratimgnd an easy face discrimination task simultaneously
(low attentional load trials) (Fig..1). The cue was followed (with a 2 sec delay) by the
stream of eight face stimuli. Each face stimulus was presented for 200ms with 100ms ISI.
The visual target appesd randomly in either of the 3itth position of the RSVP series.

On each trial, the auditory cue signaling the initiation of the pinprick stimulus was

presented simultaneouslytithe onset of one of the fasemuli at positions 2néth, in

a randomizd order. In the high and low attentional load trials subjects first responded to

the visual task, indicating whether the target face was rotated clockwise or eounter

clockwise by pressing the left or right computer mouse button, respectively. Following
theresponse to the visual task, subjects rated the perceived pain intensity evoked by the

pinprick stimulation on a graphical continuous visual analog scale (VAS) displayed on

the screen. The 10cm sliding scale was | ab
tolerable pain (Quevedo et al . 2007) . Out (o
converted to discrete digital values and normalized itd ©ange. Subjects were

instructed to start pain rating when a response cue appears on the screen (a gray circle,
displayed 1200 ms after the offset of the last face stimulus for 200ms). A scroll bar had

to be adjusted between two end points of subjective pain intensity by moving a pc

mouse.

2.6. Statistical analysis

We used Matlab 7.1. (MathWorks, Inc., Sherborn, MA) atati§ica 8. (StatSoft
Inc.) for the statistical analyses. For across subject analysis data were analyzed by

repeated measures analysis of variance (ANOVA). For the analysis of face orientation
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discrimination performance two withsubject factors were daéd: TREATMENT
(capsaicin teated and untreated) abh@AD (low attentional load, high attentional load).
For the analysis of the pain intensity ratings we defined 3 wstbject factors:
TREATMENT (capsaicin treatedr untreated);LOAD (single taskpain only, low
attentional loador high attentional load conditions); al®TRENGTH of the pinprick

stimuli (low or intermediate).

3. Results

Subjectsd face orientation discriminat.
in the low attentional load condition aftdwas strongly reduced in the high attentional
load condition Figurel.2), indicating that the task was much easier and required less
attentional resources in the low than in the high attentional load conditions. ANOVA
revealeda significant main effect dfOAD, F(1,15)= 423,503, p< 0,001), whereas the
main effect of capsaicin treatment was not significdREATMENT, F(1,15)= 0,852,
p= 0,371). It was also found that face orientation discrimination performance was not
affectedbt he capsaicin treatment, since subjec
secondary hyperalgesia and in the control, capsaicin untreated conditions (as shown by
the lack of significant interaction betwed®REATMENT x LOAD F(1,15)= 0.98, p=
0.336). Accadingly, posthoc analysis showed no significant difference between the
performance in the capsaicin treated and untreated conditions (F(1,15)= 0,05, p= 0,827
and F(1,15)= 0,942, p= 0,347 f®wOAD), providing further support for the lack of
modulation of &ce orientation discrimination performance by the capsaicin treatment.
Thus, these results suggest that attention was distracted away from the pinprick stimulus
by the visual task to a similar extent in the capsaicin treated and untreated conditions and
thus the difference in pain intensity ratings between these two conditions cannot be

explained by difference in the attentional load.
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[ Capsaicin untreated
I Capsaicin treated
(a)

100

S50}

Discrimination performance

High attentional load Low attentional load

Figure.1.2 Face orientation discrimination performance in capsaicin untreated and capsageated

conditions. Data are shown for the low and the high attentional load conditions

Subjectsd pain intensity ratings were st
(Figurel.3; Figurel.d), which is sipported by the results of ANOVA, showing a
significant main effect of capsaicin treatmeRRAETMENT, F(1,15)= 15.95, p= 0.001).
Subjects gave significantly greater pain intensity ratings after capsaicin treatment than
without treatment in all experimemtaonditions (Post hoc analysis, p< 0.05 for all
conditions), except in the case of low pinprick stimulation under dual task low attentional
load condition, where the trend was similar but the difference between capsaicin treated
and untreated conditiondiinot reach the significance level (F(1,15)= 3,163, p= 0,09).
Further mor e, it was found that Ssubjectsdé p
modulated byLOAD (Figurel.3; Figurel.d), which is suppodd by the results of
ANOVA, showing a significant main effect of attentional loadAD, F(2,30)= 10.93,
p= 0.0002).
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Figurel.3 Attentional modulation of pain intensity ratings in the capsaicin untreated and capsaicimtreate

(c)

Pain intensity ratings

0.5

0.4

conditions in case of low (1809) pinprick stimuli

[ Capsaicin untreated
Il Capsaicin treated

Single task Dual task Dual task
Low attentional load High attentional load

Figure.1.4 Attentional modulation of pain intensity ratings in the capsaicin untreated and capsaicin treated

conditions in case of intermediate (300g) pinprick stimuli

The perceived pain intensity was significantly lower in dual task high attentional

load trials thann the single task trials (Post hoc analysis, for all conditions p< 0.001) as

well as than in the dual task low attentional load trials (Post hoc analysisll for

conditions p< 0.003, except in the case of low pinprick stimulation with capsaicin
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treatment, where it was marginally significant F(1,15)= 4,13, p= 0,06). Most importantly,
however, ANOVA revealed no significant interaction betw8&EATMENT x LOAD
(F(2,30)= 1.97, p= 0.157), suggesting that the magnitude of modulation of subjective
pain intensity ratings by attention was similar in the secondary hyperalgesia and in the
capsaicinuntreated condition. Furthermore, although there was a significant meaat eff

of the strength of pinprick stimulatioBSTRENGTH F(1,15)= 30.00, p< 0.0001); the
effect of capsaicin treatment and attentional modulation was similar in the case of low
and intermediate pinprick stimulation, as it is indicated by the lack of signific
interaction betweerSTRENGTH x TREATMENT (F(1,15)= 2.09, p= 0.169) and
betweerSTRENGTHx LOAD (F(2,30)= 1.11, p= 0.343).

4. Discussion

Consistent with earlier findings showing that attention modulates pain perception,
we found that distracting attentiaway from the pinprick stimulus with a demanding
visual task strongly reduced subjective pain ratings in the capsaicin untreated condition.
Furthermore, the results of the present study provide the first evidence that attention
affects pain intensity ratgs also during secondary hyperalgesia. Importantly, the
magnitude of the attentional modulation during secondary hyperalgesia was similar to
that found in conditions without capsaicin treatment. Interestingly, however, capsaicin
treatment induced increage perceived pain intensity did not affect the performance in
the visual face orientation discrimination task. These results are in line with previous
findings (Apkarian et al. 2004; Patil et al. 1995; Houlihan et al. 2004; Veldhuijzen et al.
2006), showig that painful stimulation has no or very little effect on the performance in
a concurrent cognitive task.

Previous research showed that distracting attention away from the thermal stimuli
with a visual task similar to that used in the present studgads to reduced perceived
pain intensity in primary hyperalgesia only in case of high pain intensity but not in case
of low pain intensity stimulation (Wiech et al. 2005). In the present study, however, we
found that perceived mechanical pain intensityaoosmdary hyperalgesia is modulated
by attention both at low and intermediatarpintensity stimulatioout in the case of the
former ust a marginally significant valuevas detected. A possible explanation for the
trend of somewhat reduced modulatory efffef capsaicin treatment and attention in the

case of low pinprick stimulation under dual task low attentional load condition is that the
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visual face orientation discrimination task was very easy in the low attentional load
conditions (performance was sk to 100% correct) and thus resulted in less controlled
allocation of the attentional resources in these conditions. Therefore, it is possible that in
the dual task low attentional load trials subjects developed different strategies for the
allocation ofresidual attentional resources in case of capsaicin treated and untreated,
control conditionsEarlier results showed that in capsaicin untreated condition attention
can affect the perceived pain intensity at low and intermediate intensity of pain
stimulaion (Veldhuijzen et al. 2006; Del Percio et al. 2006), which is in agreement with
the results of the present study. Further research is required to uncover why Wiech et al
(2005) failed to show attentional effect on pain perception at low pain intensity
stimulation in primary hyperalgesia.

Previous research suggested that hyper attention might be an important
component othronic pain, because abnormal anticipatory attentional processes towards
painful sensations are involved in the maintenance of chpamic(AlObaidi et al. 2000;
Pfingsten et al. 2001). Therefore, one might expect that distracting attention from the
painful stimuli should result in stronger modulation of the perceived pain intensity in the
capsaicininduced secondary hyperalgesia (amperkmental model of chronic pain:
Treede et al. 1992b; Treede and Magerl 2000; Klein et al. 2005) than in the capsaicin
untreated conditions. However, our results showed that the magnitude of attentional
modulation of perceived pain intensity in the capisaireated and untreated conditions
are very similar, suggesting that the mechanisms underlying modulation of the perceived
mechanical pain intensity by capsatmuluced secondary hyperalgesia and attention are
independent. The results of functional mefim resonance imaging (fMRI) studies
investigating the neural processes of secondary hyperalgesia might help to reconcile the
apparent conflict between these findings and the proposed role of attention in chronic
pain. It was found that secondary hypeesi@ is associated with the activation of an
extensive network of brain areas, involving the brainstem, thalamus, primary and
secondary somatosensory cortices, insula, cingulate cortex and the prefrontal cortex
(Zambreanu et al, 2 0 Ke5 2005M.ae eh &, Ra0®).rHoweverda Ha n d
recent study showed that it is the brainstem which is primarily responsible for the
maintenance of central sensitization underlying secondary hyperalgesia, whereas
activation of the cortical areas might be associatét the perceptual and cognitive
aspects of hyperalgesia (Lee et al, 2008). If so, one might assume that the capsaicin

sensitization protocol used in the present studyhich includes a short, 45 min
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sensitization period immediately followed by the it@stprocedureresults in secondary
hyperalgesia that is based primarily on the brainstem mediated central sensitization
mechanisms and involve very little or no modulation of anticipatory attentional
processes. This could explain why in the present stiigtyaction of attention from the
painful stimulus resulted in similar attentional modulation of perceived pain intensity in

secondary hyperalgesia and control, capsaicin untreated condition.
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Chapter Three

PSYCHOPHYSICAL AND EECTROPHYSIOLOGICAL
CORRELATES OF LEARNNG-INDUCED MODULATION OF
VISUAL MOTION PROCESING IN HUMANS

Second thesis:

[I.1 The results oimy study propose that in cases when there is direct interference
between taskelevant and taskrrelevant information that requires strong attentional
suppressiontraining will actually produce decreased sensitivity for the daskevant

information.

I1.2 1 found that the strength of a coherent motion signal modulates the ERP waveforms
in an early (300ms) and a late (500ms) tim@dow. The early component isost
pronounced over the occipitotemporal cortex and may reflect the process of primary
visual cortical extraction, the late component is focused over the parietal cortex and can
be associated with higher level decision making mechanisms. | demonstrabéutra
related modulation of the ERP in both the early and late-tmmelows suggesting that
learning affects via modulating the sensory gain for the different features at the early
stages as well as the integration and evaluation of motion informatiore@sional

stages in the parietal cortex.

1. Introduction

Developing perceptual expertise is essential in many situations, from an air traffic
controller monitoring complex video displays to a radiologist searching for a tumor on an
x-ray. With practice, thessomplex tasks become much easier, a phenomenon referred to
as perceptual learniny/isual attention plays an important role in perceptual learning
(Christ et al, 2001; Gilbert et al, 2001; Fahle 2002; Hochstein and Ahissar, 2002). It has
been demonstartdtiat as a result of learning, performance improves only for stimuli in
the centre of attention (Fahle 2002; Hochstein and Ahissar, 2002) but does not change for
stimuli also present but ignore@ihus, the mere presence of the stimulus in the course of

practising does not result in learningrevious research in humans has focused on the
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role of training in increasing neural sensitivity for taslevant visual information; such
plasticity in early sensory cortices is thought to support improved percegiiilisies
(Dolan et al. 1997; Vaina et al. 1998; Gauthier et al. 1999; Schiltz et al. 1999; Schwartz
et al. 2002; Furmanski et al. 2004; Kourtzi et al. 2005; Sigman et al. 2005; Op de Beeck
et al. 2006; Mukai et al. 2007). However, in most complex nasgehes, an ideal
observer should also attenuate tas&levant sensory information that interferes with the
processing of task e | e vant i nformation (Ghose 2004, Vi
implementation of this optimal strategy is supported by thereégen that training
leads to much stronger learning effects when thertalsivant information is displayed in
a noisy, distractor rich environment compared to when no distractors are present (Dosher
& Lu 1998, 1999; Gold et al. 1999; Li et al. 2004; &uDosher 2004) (for a review see
Fine & Jacobs 2002). However, previous studies have not examined how training
influences the neural representation of tmsddevant information to facilitate learning.
Previous behavioral research addressing the effepemieptual learning on the
processing of taskrelevant information showed that pairing a very weak-iegtevant
motion stimulus with a taskelevant stimulus during training actually increased
perceptual sensitivity for the tashkelevant stimulus\Watanabe et al. 2001; Watanabe et
al. 2002; Seitz & Watanabe 2003). Based on this result, they proposed that perceptual
learning involves a diffuse reinforcement signal that improves information processing for
all stimuli presented concurrently with theskarelevant information during training,
even if the stimulus is a taskelevant distractor (Seitz & Watanabe 2003, 2005).
However, in contrast to the weak taslelevant stimuli used by Watanabe and
coworkers(2001; 2002; 2003)real world perception are often involves suppressing
highly salient and spatially intermingled distractors. Accordingly, recent psychophysical
studies suggest that salient stimulus features are suppressed when they are present as
taskirrelevant distractors during the traininghase of a perceptual learning task
(Vidny8nszky & Sohn 2005; Paffen et al. 200 €
results of a previous neurophysiological study showing that neural responses to irrelevant
masking patterns are suppressed in thekeyp inferior temporal cortex as a result of
training to recognize backwardasked objects (Op de Beeck et al. 2007).
In the behavioral experiments of thresent study we te=d the hypothesis that

perceptual learning involves learning to suppress distcataskirrelevant stimuli
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Most of the relevant studies use bidirectional transparent motion display as
stimuli to investigate objedtased attentional selection on perceptual learning. It is
important to note that this allowed s examine overlappingnd structurally same
stimuli which cause massive distractor effect and drastically increase the extent of
competition beetwerhe taskrelewant and taskrelevant directios beausetheseuse
the same neural processing mechanisms.

Also an important unrsolved question concerns the temporal dynamics of these
attentionbased learning effects on the neural responses to attended and neglected visual
features. Computational models (Smith and Ratcliff, 2004; Beck et al.,, 2008) and
experimental studies (for rews, Glimcher2003; Gold and Shadlen 200Heekeren et
al. 2008) suggest that the neural events underlying detection or discrimination of visual
stimuli consist two stages: a first stage where thel@xgl sensory properties of stimuli
are computed in thearly visual cortical areas, followed by a second stage in which this
sensory evidence is accumulated and integrated so that a perceptual decision can be
formed (this evidence accumulation is thought to occur primarily in downstream feature
specific visal cortical areas and the parietal and frontal cortex).

Single-unit and neuroimaging studies have shown that stirintiisced activity
in V1 is modulated by attention. An objdaased modulation of neuron firing rate has
been described in motion proceggiareas MT/MST of a macagque monkey using a
selective attention task with transparent surfaces. Several recent neurophysiological
studies have shown that directing attention to a stimulus over the receptive field of a
cortical visual neuron is usually accpamied by an attentiedependent increase of the
firing rate. That is, the neuron fires more spikes in response to the attended object than to
the nonattended object (Luck et al. 1997; Reynolds et al. 200®y.eover, relevant
electrophysiological studieSkrandies and Fahle 1994; Skrandies et al. 1996, 2001,
Pourtois et al., 2008; Shoji and Skrandies, 2006 n d e | et al . 2009 07 ; A ¢
investigating the timecourse of learning effects in the trained task condition revealed
perceptual learningfiects on the processing of tasidevant information starting early,
from ~100 ms after stimulus ons@&revious studies also showed lateralizagdfiect of
the learninginduced modulation of the first motion coheremeated ERP pealRight
hemispheredominance was detected in visuabtion processing (Aspell et al. 2005;

Ku b o v 8§ 1980). Baset on these results it was suggested that percepturahdea

might modulate the earliest cortical stages of visual information processing.
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On the other handecent monkey neurophysiological (Law and Gold 2008) and
modelling results (Law and Gold 2009), suggest that perceptual learning in a motion
direction discrimination task primary affects the later, decisedated processes and in
particular the readoutfahe directional information by the lateral intraparietal (LIP)
neurons Furthermorejn recentEEG studies examine the neural mechanisms of object
discrimination in humansa late stage of recurrent processing has been observed (the
marker for this is arERP component that starts between-300 ms after stimulus
onset) during the accumulation of sensory evidence about abjatéd processing under
degraded viewing conditiongPhiliastides and Sajda 2006; Philiastides et al. 2006;
Murray et al.2006; Farenfort et al2008).

Based on these results we hypothesized that attelpgised learning might affect
both, the visual cortical extraction and the parietal integration of the visual feature
information that was present during training. Meseacty, we predicted that as a result
of attentionbased learning neural responses to the visual information that was task
irrelevant during training will be reduced as compared to the responses to the task
relevant information both, at the stage of early visuai@arprocessing as well as at the
later stage of decisierelated processing.

To test this prediction, we measured ERP responses to motion directions that
were present as tasklevant or tashrrelevant features during training. Subjects were
trained ona speed discrimination task, which required them to attend to one of the
components of a bidirectional transparent motion display (i.e-reskant direction) and
ignore the other component (tagkelevant direction) throughout several practice
sessiongsee Fig2.1A). The two components of the transparent motion display were
moving in orthogonal directions and thus perceptually were segmented into two
transparent surfaces sliding over each other. This allowed digsed selection of the
taskrelevantmotion direction during the training trials (Vald8ssa et al., 1998; Sohn et
al. 2004). To examine the effect of training on the processing ofédeskant and task
irrelevant motion directions, ERP responses to the two motion directions were measured
before and after training while subjects performed a motion direction discrimination task.
We varied the strength of the tasdevant and taskrelevant motion signal during the
test sessions by modulating the number of dots moving coherently in a galemHis
allowed us to measure motion coheredependent modulation of the ERP responses,
i.e. the sensitivity of the ERP responses to the strength of coherent motion signal. This is

important because previous monkey electrophysiological studies hawe gfat motion



Materials and Methods 21

coherence modulates neural responses both in the motion sensitive visual cortical area
MT (Newsome et al., 1989; Britten et al. 1992, 1996) as well as in the LIP (Shadlen et al.
1996; Shadlen and Newsome 2001; Gold and Shadlen 2000), shicvolved in the
accumulation and integration of the sensory evidence for decision making. Furthermore,
in agreement with the monkey electrophysiological results, recent MEG studies revealed
strong motion coherenadependent modulation of neural respanstarting from about
200 ms after the onset of the coherent motion stimuli and the results of the source
localization analysis suggested that the primary source of this modulation might be
| ocalized in the human ar e a 200B). Hnpdriehtlynia e |
t he H?2 n @@0T)stusly, modidn coherenagependent modulation was also present
in a later time window (between 400700 ms), however, the source of this late
modulation was not reported. Taken together, these results sutjggs motion
coherencalependent modulation of the neural responses might be a good marker of the
neural sensitivity for the motion directional signal both at the early stage of visual
cortical processing as well as at the later decisideited parietgbrocessing stages.
Accordingly, in the current study we quantified the magnitude of the motion
strength dependent ERP modulations and used this measure to investigate the effects of
training on responses to tasdevant and taskrelevant motion directins both before

and after training.

2. Materials and Methods
2.1.Subjects

Fourteen subjects (6 females; age range232years) participated in the main
experiment and nine subjects (3 females, age rang@0P2o0k part in the control
experiment. All had normair corrected to normal visual acuity and reported no history
of neurological problems. Subjects gave informed consent to participate in the study,

which was approved by the local ethics committee of Semmelweis University.

2.2.Stimuli and apparatus

Stimuli were programmed in MATLAB 7.1. (MathWorks, Inc., Sherborn, MA)

using the Cogent 2000 Software Toolbox (Cogent, www.vislab.ucl.ac.uk/Cogent/) and

et
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were presented on generic PCs. All visual stimuli were rendered in white on a black
background. The luminance tfe background and the moving dots was <2 cd/m2 and
32.2 cd/m2, respectively. In all experiments subjects were instructed to maintain gaze on
a central fixation square subtending 0.25 deg visual angle present for the entire duration
of each experiment. lall experiments, moving dots (N=200) were presented within a 20
deg (diameter) circular field centered on the fixation square, with a 1.6 deg (diameter)
circular blank region around the fixation point. Dots subtended 0.15 deg in diameter, and
had a limitedifetime of seven frames. Behavioral responses were collected by means of
mouse button presses.

During the psychophysical and ERP experiments visual stimuli were presented at
75Hz on a 210 Syncmaster 1100mb CRT monitor
the monitor was the only light source in the room. Eye movements were recorded in
these sessions using an iView XTM-Bpeed eye tracker (Sensomotoric Instruments,
Berlin, Germany) at a sampling rate of 240Hz. The eye tracker also served as a head rest
that fixed the viewing distance at 50 cm.

2.3.General procedure

The experiment protocol consisted of a training phase and two testing phases, one
before and another after training (see F2gl B). The testing phases consisted a
psychophysical testing sessiom €stimate motion coherence detection thresholds, an
ERP session, and an fMRI scanning session. Training phase comprised -si@uone
sessions of psychophysical testing during which subjects performed the speed

discrimination task.
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Figure 2.1 Schematigepresentation of the stimuli during training and the experimental procedure. (A)
Transparent random dot motion display used during the training sessins. One of the motion directions was
taskrelevant and the other direction was tasielevant throughoutraining. The different length of the
arrows indicate that dot speed was different in the two intervals both, in the case@i¢asit and task
irrelavant direction. (B) The experimental protocol consisted of a training phase and two testing phases,
one before and another after training. During training (six dérmur sessions), subjects performed a speed
discrimination task. Before and after training, the test phase included an ERP recording session.

The posttraining testing sessions were separated byo -wp ® pl earning ses
ensure that learning effects were maintained. Each testing session was performed on a
different day and their order was randomized across subjects. Psychophysical testing and

training sessions lasted for 1 hour, while E&id fMRI experiments lasted for 1.5 hours.

2.3.1.Training

In the training sessions subjects performed-mt&val forced choice speed
discrimination tasks. In each trial the two 500 ms stimulus presentation intervals were
separated by a 200 ms in®imulusinterval. There was a intdrial interval (jittered
between306 00 ms) bet ween the subjectds respon
the next trial. Each stimulus interval contained two populations of spatially superimposed

dots noving in a directioreither +45 or -45 tilted from the upward direction (Fi@.1
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A). Subjects were instructed to attend to dots moving in one of the directions (task
relevant direction) while simultaneously ignoring dots that moved in the orthogonal
direction (taskirrelevant direction). They were asked to indicate which of the two
intervals contained faster motion in the taslevant direction. The speed of the task
relevant direction was fixed for one of the two intervals (at 6 deg/s), while that of the
other interval wavaried using a QUEST adaptive staircase procedure (Watson and Pelli,
1983) arriving at a value providing 75% correct performance. The speed of the task
irrelevant motion direction was also changing across the two stimulus intervals:etjitter
between Gand 7 deg/s. Every training session consisted of 8 experimental blocks of 80
trials each. Taskelevant and irrelevant directions were randomized across subjects, but

kept constant across training sessions.

2.3.2.Testing motion coherence detection threshold

We measured motion coherence thresholds within the same block for three

different motion directions: for the two directicc pr esent dufrommthe t r ai

ni

upward direction) and for a third, contr ol

trial consisted of two 250 ms stimulus presentation intervals, separated by a 250 ms ISI.
There was a intetrial interval (jittered between 360 0 ms) bet ween

response button press and the beginning of the next trial. Motion coherence for each

direction was varied independently by using the QUEST adaptive staircase procedures to

converge at 75% correct performance in 60 steps. Two staircases (one starting at 0% and

the other starting at 100% coherence) were randomly interleaved within an exparimen
block for each motion direction. Data were analyzed with repeated measures ANOVA
with factors of test session (before training, after training), and task relevance (task

relevant, taskrrelevant).

2.3.3. Main EEG experiment

During EEG recordings motion aigmination thresholds were measured using
the method of constant stimuli in aakernative forced choice procedure. Motion
directions(+45 or -45) were displayed at six different coherence levels (5, 10, 15, 20,
30, and 45%). The six different coherentevels for both motion directions were

presented randomly within a single block, resulting in 12 different trial types. Each EEG

h e

r

d
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experimental session contained 5 blocks and each block contained 40 repetitions for each

trial type (for a total of 2400tdas per session). The subject
they percaied coherent motion in the +4%®r -45 directions. All subjects gave
responses with their right hand. They were required to press the left mouse button to
indicate that coheremnotionwas perceived in thet5 (northwest) direction and press

the right mouse button for +4%northeast) direction. Stimuli were displayed for 250 ms.
Between the manual response and the subsequent stimulus there was a short delay,
jittered between 20800 ms Reaction times were measured starting from the stimulus

onset.

2.3.4.Control experiment

The stimuli and the procedure were the same as those used in the main EEG
experiment except that only two motion coherence levels (10% and 45%) were used and
in each trialall the dots appearing on the screen were colored either red or green in an
unpredictable way. In separate blocks subjects either performed a motion direction
discrimination task, just as in the main experiment or a color discrimination task, i.e. the
suj ect 6s task was to report whether the <co
EEG experimental session contained 3 blocks of 40 trials for both motion and color

discrimination tasks conditions.

2.4.EEG data acquisition

EEG data were acquired using aaBAmp MR EEG system (Brain Products
GmbH) from 60 (Ag/AgCl) scalp electrodes mounted in an EasyCap (Easycap GmbH,
HerrschingBreitbrunn, Germany, extended iBD System). Horizontal and vertical
EOGs were monitored using four electrodes placed on the canéhi of the eyes and in
the inferior and superior areas of the left orbit. All channels were referenced to linked
earl obes with input i mpedance of O5 kq ani
Data were sampled at 1000 Hz with an analog heasdfilter of 0.016 250 Hz and were
digitally bandpass filtered and rereferenced to average reference for the subsequent
analysis (butterworth zero phase; high cutoff: 30 Hz, 12dB/oct; low cutoff: 0.1 Hz,
12dB/oct attenuation and 50Hz notch filter). Trialswteaning blinks, movements, A/D
saturation or EEG baseline driftlOWereevV]r e
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rejection criterion and visual inspection of each recording by -setoimatic artifact

detection.

2.5.EEG data analysis

For each subject, averagedp ochs ranging from 1100 to 6
onset of the stimuli and containing no EEG artefacts were computed for each
combination of motion direction, motion coherence and training session separately and
baseline corrected using the 100ms prastisitime window.

To quantify the strength of the motion coheredependent modulation of ERP
responses the area under the average ERP curve was calculated in successive 10 ms time
bins for each of the six different motion coherence levels. Linear regnesss used
separately for each tirrl@n to estimate the beta value (slope) of the best fitting line that
relates the area under the curve to motion coherence level. The beta value indicates the
degree to which motion coherence modulated the ERP respavides slope of zero
indicating no effect. We constructed scalp maps of beta values to visualize their spatial
distribution. All scalp maps were plotted by commercially available EEG software BESA
5.2 (MEGIS Software GmbH) that uses spline interpolati@signed for irregularly

spaced data points.

2.6.Eye movement data analysis

During the ERP recordings, we tracked the eye position of four randomly selected
subjects while they performed the motion discrimination task before training, and of
eleven randomly edected subjects after training. We calculated the mean eye position
using an interactive computer program. Artifacts like drifts or blinks were identified by
visual analysis and removed. Trials were binned based on motion direction and we
calculated the man eye position (x and y values) for the period when the motion
stimulus was present on each trial. We compared these values between the different
conditions utest. Magove§ wvaipkrformed a additional analysis of the
EOG data obtained dimg the experiment. The goal was to test whether there are any
differences in the EOG signals between the case ofridskant and taskrelevant
motion directions after training. We reasoned that if our analysis reveals that EOG

signals are similar inhe case of the two motion directions than these results would
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provide further evidence against an unlikely explanation of our main results (i.e.
differential neural responses to the taslevant and taskrelevant motion directions
after training) basedn eye movements.

Bipolar EOG signals were derived by computing the difference between the
voltages at electrodes placed to the outer canthi of the eyes [horizontal EOG (HEOG)]
and above and below the left orbit [vertical EOG (VEOG)]. The averaged EEGsepoc
(we obtained for the different conditions and subjects in the main analysis) were
guantified for the biplar EOG channels (as in Khoe et2005).

3. Results

3.1.Behavioral resultsduring training

During training, observers were presented with two fields spatially
superimposed moving dots (Fig.1 A); they had to discriminate the speed of dots
moving in one direction while simultaneously ignoring dots that moved in an orthogonal
direction (i.e. a taskrelevant distractor). As shown in FiguPe2, sped discrimination
thresholds gradually improved as a result of training. Comparison of the performance
during the first 6 blocks of training (speed discrimination threshold: 0.58 deg/s) with the
performance during the last six blocks of training (speedidistation threshold: 0.49
deg/s) revealed a significant learning effect (t(9)=4.48; p<0.002). These data demonstrate
that the training sessions were sufficient to improve the efficiency of processing basic

visual attributes such as stimulus speed.
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Figure 2.2 Motion speed discrimination performance during training. Speed discrimination thresholds

gradually improved as a result of training. Error bars indicate the SEM.

3.2.Effect of training on motion detection thresholds

We next investigated how training oa speed discrimination task affects
perceptual sensitivity to different motion directions by measuring motion detection
thresholds for three different directions before and after training (i.e. the motion
coherence required for threshold performance). thinee tested directions included the
two directions that were present during training (+4Bd-45) as well as a control
direction that was equidistant from them (18@ownward). The results revealed that
training had a st r onperforemdntee(Eig2.3.)0A repedieel o bser v
measures analysis of variance (ANOVA) showed no significant main effect of test
session (before and after training, F(1,9) =1.21, p=0.3); however, there was a significant
main effect of task relevance (tasevant anddskirrelevant, F(1,9) = 30.7, p<0.001)
and a significant interaction between these variables (F(1,9)= 58.2 , p<0.001). Before
training (Fig.2.3, left side), there was no difference in motion detection thresholds for
the two directions that were presentridg training (t(9)=0.04, p=0.966); however, both

of these directions had higher thresholds than the control direction.
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Figure 2.3 Perceptual sensitivity for the different motion directions. Before training, there was no
difference between the motioaherence detection thresholds for the directions that wererédeskant and
taskirrelevant during training as well as for a control direction. After training, sensitivity for the direction

that was taskrrelevant during training was strongly reducedr&r bars indicate the SEM.

The increased sensitivity for the control direction might be explained by the fact
that it was a cardinal direction (downward), for which transparent motion detection has
been shown to be better than for reardinal motion diections (Greenwood & Edwards
2007). However, the motion coherence threshold for the-redskant direction was
significantly lower than the threshold for the tasielevant direction (Fig2.3, right
side) after training (t(9)8.33, p<0.0001). Furtherm®m, a comparison of the motion
coherence thresholds before and after training reveals that thresholds for -tredeteasht
direction decreased nemignificantly (t(9)=0.89, p=0.396) whereas thresholds for the
irrelevant direction significantly increaset{9)=-8.33, p<0.001). The threshold for the
control direction also underwent a nsignificant decrease (t(9)=1.13, p=0.289), further
supporting the observation that training decreased sensitivity to motion in a direction that
was continuously present agaskirrelevant distractor during training. Importantly, in
our motion coherence detection experiment the three motion directions were presented
randomly within a block and observers were required to indicate which of the two
temporal intervals containetbherent motion. Thus, our design ensured that a possible

learninginduced bias to choose the tasglevant rather than the taskelevant direction
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in case of uncertainty can be excluded as an explanation of the results of our motion
coherence detectiaxperiment.

For all experimental conditions subjects were instructed to maintaigazageon
the small fixation point at the center of the display. However, to verify that subjects were
able to maintain fixation and that there was no differential pattérfixations for
different motion directions, we tracked the eye position of subjects while they were
performing the motion coherence detection task. We did so for five randomly chosen
subjects in the sessions before and after the training period. Trissoweaed based on
motion direction and we calculated the mean eye position (x and y values) for the period
when the motion stimulus was present on each trial. We found no significant differences
in the mean eye position for the 3 different motion dirextiémain effect of direction:
before training F(2,8)=1.83 p=0.221; after training F(2,8)=0.506 p=0.621 ) indicating
that there was no systematic bias in eye position induced by the direction of the motion

stimulus Fig. 2.4.).
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Horizontal fixation (deg)

Figure 2.4 Representati fixation patterns of one of the subjects during the motion coherence detection
threshold measurements after training in the case of the three different motion directions. There was no

difference between the fixation patterns for different motion dinestio

Furthermore, additional analysis using ANOVA showed that there were no significant
differences between the three motion directions in the saccadic frequency (main effect of
direction before training F(2,8)= 1.628 p=0.255 and after training F(2,8)38 p60.259)

and in the cumulative saccadic amplitude (main effect of direction before training

F(2,8)= 0.301 p=0.748 and after training F(2,8)=0.676 p=0.535).
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3.3.Behavioral results during the ERP recording

reyv

The behavioral results obtained during the ERP aiogrsessions before training

eal ed no di

fference

i n t he

between the taskelevant and the taskrelevant directiongFig. 2.5A). On the other

hand, after training observers more often reportedgdabe taskelevant than théask
irrelevant direction (Fi@.5A).
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Figure 2.5 (A) Motion direction discriminationn performance during the ERP recording sessions. Before
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training. (solid line), there was no difference between the performance in thefdaskrelevant (red)

and taskirrelevant (blue) directions. After training (dashed line), subjects more often reported seeing the

taskrelevant than the taskrelevant direction. Data were modeled by Weibull psychometric functions. (B)
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ANOVA revealed that the main effect of test sessahiowed marginal significance

(before and after training, F(1,13)=4.26, p=0.059); however, there was a signifi@ent

effect of task relevance (tasklevant and taskrelevant, F(1,13)=4.91, p=0.045); and a

significant interaction between these variables (F(1,13)=16.6, p<0.002).

Importantly,

even though learning led to an overall reduction of reaction timestiai®ing, there was
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direction eitheibefore or after training (Fi®2.5B). ANOVA showed no significant main
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and no significant interaction between these variables (F(1,13)=2.352, p<0.149). Taken
together, the behavioral results obtained duriveg ERP sessions are in agreement with

the results of the motion coherence detection threshold measurements obtained in the

current experiment and presentedhe part of the fMRI experimelit G881 et al . 20009
this previous report we showed that leaghnesulted in decreased coherence detection

thresholds for the tastelevant motion direction as well as increased detection thresholds

for motion in a direction that was continuously present as ait@d&vant distractor

during training.

3.4.Effect of training on the ERP responses

We next examined how training influences the sensitivity of ERP responses to
coherent motion signals for tas&levant and taskrelevant motion directions. Average
ERPs were computed at each of six different motion coherene¢s léom the data
obtained before and after training. Over occitémporal electrodes, ERP responses
were modulated by motion strength both before and aféring (as illustrated in Fig.
26A-D for electrode POS8) in a time interval peaking approxitga@30 ms after
stimulus onset: ERPs were more negative as the motion coherence increased. On the
other hand, over the parietal electrodes, ERP responses were modulated by motion
strength both before and after training (as illustrated inZF&k-H for electrode Pz) in a
time interval peaking approximately 500 ms after stimulus onset: ERPs were more

positive as the motion coherence increased.
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Figure 2.6 Grand average ERP responses shown for the PEB)(@nd Pz (EH) electrodes. There was no
differencebetween the ERP responses to the-tatdvant (A,E) and taskrelevant (B,F) directions before
training. After training, the magnitude of motion signal strength dependent modulation of the ERP
responses in the 30850 ms time interval is reduced in tt&se of taslrrelevant direction (D,H)
compared to that in the case of task relevant direction (C,G). Different colors represent different motion
coherence levels. Grey shaded bars indicate thewimdows where motion signal strength dependent

modulations are most pronounced.
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Next, we quantified the magnitude of the motion strength dependent ERP
modulations and used this measure to investigate the effect of training on responses to
taskrelevant and taskrelevant motion directions. We constructed pcalaps of beta
values to visualize theimpstial distribution; Figure.7 illustrates the distribution of beta
values related to tasielevant motion before training (the scalp map was similar to the
map obtained in response to tasklevant motion). Théwo peaks of motion coherence
dependent modulation of ERP responses that were observed in the average ERP
waveform can clearly be identified by examining the beta value maps. The first peak is at
330 ms, it is bilateral, and is most pronounced over tieeaboccipitetemporal cortex.

The second peak is around 500 ms and is strongest over the parietal cortex.

+
é Beta values

480 ms 520 ms

Figure 2.7 Spatial distribution of motion strength dependent modulation of the ERP responses: scalp maps
of beta values related to tas&levantmotion before training (the scalp map was similar to the map
obtained in response to taskelevant motion.). The temporal evolution of the distribution shows an early

(320-360ms) hilateral occipital and a late(4&20ms) parietal peak.

Next, we examinedhe influence of training by computing motion strength
dependent modulations within a cluster of occipgmporal (O1, 02, PO3, PO4, PO7,
PO8, P7, P8) and a cluster of parietal (Pz, P1, P2, P3, P4) electrodes. These two clusters
of electrodes were select because in the data obtained before training they showed the

largest beta values during the early and late peaks of the motion strength dependent
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modulation, respectively (collapsed across tead&vant and taskrelevant directions).
There werawo significant peak of motion strength dependent modulation obseivasl
at 330 ms after stimulus onset in the p¢oitemporal electrodes (Fi@.8A) and the

othersignificant peak at 50fhs after stimulus onset (Fig.8B) in the parietal electrodes
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Figure 2.8 Learning effects on the motion strength dependent modulation of the ERP responses. Time
courses of the beta values for the taslevant (red) and the taskrelevant (blue) direction are shown;
computed within a cluster of occipitemporal (A) ad parietal (B) electrodes. Black filled dots at the
bottom of the figure indicate the intervals where beta values averaged across the two conditions are
significantly different from zero (Studertests, corrected for multiple comparison, FDR=0.05). Cfadan
the time interval indicated by the vertical gray shaded bars placed at the peaks of the beta values were
used for ANOVA. Red and blue shaded bands around the time courses indicate the SEM.

To further investigate the effect of training on ERP respmnae performed a
repeated measures ANOVA on the beta values averaged across 100 ms time windows
centered on the sigidant peaks (as shown in Fig.8A-B). Although there was a clear
trend of higher beta values in the qato-temporal electrodes (Fi@.8A) after but not
before training, ANOVA revealed anarginally significant interaction between test

session and task relevance (F(1,13)=4.651, p=0.052). However, a closer examination of
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the data revealed that the modest size of this interaction mightieo¢odthe fact that
learning effects on the occiptemporal electrodes were lateralized to the right
hemisphere (interaction between test session and task relevance for the right hemisphere:
F(1,13)= 6.894, p=0.021; and for left hemisphere F(1,13) =1837.326). Importantly,
training also had a strong effect on the late parietal motion coherelated peak of the
ERPresponses (Fi®.8B): beta values associated with the tas&levant direction were
significantly reduced compared to the taslevant direction after training but not before
training (significant interaction between test session and task relevance: F(1,13)= 6.465,
p=0.0245 for parietal electrodes).

The behavioural findings showing no diff
betweenthe taskrelevant and taskrelevant directions after (as well as before) training
speak against a possible explanation of the learning effects found on the ERP responses
based on training induced differential modulation of motor responses to the tvam moti
direction. Nevertheless, to further investigate this possibility we tested the relationship
bet ween the motion coherence dependent modul
RTs. Similarly to the calculation of the motion coheredependent modulatn of the
ERP responses, for each subject, direction and test session we calculated beta values
based on the average RTS obtained in the case of the six different motion coherence
levels. Our analysis revealed no correlation between the motion coherqrexaelet
modulation of the ERP responses and RTs: r(12)<0.3 and p>0.3 in all cases (both test
sessions, directions and hemispheres, tested separately).

To verify that subjects were able to maintain fixation during the ERP recordings,
we tracked the eye pibisn of four randomly selected subjects while they performed the
motion discrimination task before training, and of eleven randomly selected subjects after
training. We found no significant difference in the mean eye position for the 2 different
motion drections (paired t test, before training: t(3):2299 p=0.784 for x coordinates
and t(3)=0.438 p=0.691 for y coordinates; after training: t(:0)347 p=0.735 for x
coordinates and t(10)=0.294 p=0.774 for y coordinates) indicating that there was no
systenatic bias in eye position induced by the direction of the motion stimMiasover,
repeated measures of ANOVA were calculated over the average amplitudes within the
same timewindows that were selected in the main analysis (early3880ns and late
450-550ms). ANOVA revealed no significant difference between the two motion
directions: p>0.29 and F <1.19 for either of the EOG channels andiimi®ws.
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3.5.Control experiment

A control experiment was performed to determine if attending to the motion
directiond signal and performing the motion discrimination task is required to evoke the
observed motion coherencelated ERP peaks. The stimuli were the same as those used
in the main experiment except that only two motion coherence levels (10% and 45%)
were usedand in each trial all the dots were colored either red or green in an
unpredictable way. In separate blocks subjects either performed a motion direction
discrimination task, just as in the main experiment or a color discrimination task (red vs.
green). Blavioral results showed that in the motion direction discrimination task, but
not in the color discrimination task subje
higher than at the lower motion coherence level (at 10% motion coherence: 60.44%; at
45% motion coherence: 94.29%; main effect of motion coherence levels:
F(1,8)=301.993, p=0.0001), whereas performance in the color discrimination task was
similar at the two different motion coherence levels (at 10% motion coherence: 98.27%
and at 45% motionoherence:97.66%; F(1,8)=2.47, p=0.154).

In the case of direction discrimination task ERP responses to the low and high
motion coherence stimuli differed in two time intervals, which closely corresponded to
the two peaks of motion coherenmdated modulaon of the ERP responses obsaahin
the main experiment (Fig.9). On the other hand, in the case of color discrimination
task, ERP responses differed between the low and high motion coherence stimuli only in
a temporal interval corresponding to thetfteherenceelated peak found in the motion
direction discrimination task both in the main andthe control experiment (Fig.9).
Accordingly, ANOVA revealed no significant difference in modulation of the first
motion coherenceelated ERP peak betwedhe direction and color discrimination
conditions (occipitatemporal electrodes interaction between direction and color
discrimination: F(1,8)=0.732, p=0.417). However, there was a significant difference in
modulation of the late motion coherenedatedERP peak between the direction and
color discrimination condition (parietal electrodes: F(1,8)=6.3 p=0.036). Post hoc
analysis showed that ERP responses to the high and low motion coherence stimuli in the
time interval corresponding to the late cohereradated ERP peak differed during the
motion direction discrimination task (F(1,8)=14.569 p=0.005) but not during the color
discrimination condition task (F(1,8)=0.054 p=0.823).
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Figure 2.9 Control experiment Grand average ERP waveforms during the cdorigination task (A)
and the motion direction discrimination task (B) shown for the PO8 and Pz electrodes. In the case of color
discrimination task (A), ERP responses differed between the 10% (grey line) and 45% (black line) motion
coherence stimuli onliyn an early temporal interval (330 ms after stimulus onset, grey shaded bar).
During the direction discrimination task (B) ERP responses to the low and high motion coherence stimuli
differed in two time intervals (indicated by grey shaded bars) whichlglosgresponded to the two peaks

of motion cohereneeelated modulation of the ERP responses observed in the main experiment.

4. Discussion

Our findings provide evidence that learning results in increased detection
thresholds for taskrelevant features. Ti& learninginduced sensitivity decrease was
specific for the feature that served as a distractor during training since the detection
threshold for a control direction that was not present during training slightly decreased
(rather than increased) afteaitting. The observation of a small msignificant increase
in sensitivity to taskelevant motion in the present task is consistent with previous
reports showing improved perceptual performance for visual features that were task
relevant during trainingRamachandran & Braddick 1973; Fiorentini & Berardi 1980;
Ball & Sekuler 1982; Karni & Sagi 1991) (for review see Fahle & Poggio 2002). On the
other hand, recent studies also suggest that learning results in increased sensitivity for
subthreshold taskrelevant visual features presented concurrently with thereskant
information during training (Watanabe et al. 2001 Watanabe et al. 2002; Seitz &

Watanabe 2003) whereas suprathreshold-itaslevant features are not affected by
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training (Tsushima et aR008). These findings apparently conflict with our observation
of reduced sensitivity for taskrelevant information. However, several key differences
between the studies might explain this discrepancy. First, thertagvant stimulus

used by Watanaband coworker$2001, 2002, 2003)vas spatially separated from the
taskrelevant stimulus during training. Seciydthe target and distractor stimuli were
very different- alphanumerical characters and moving dots respectivalggesting that
taskrelevant and tashrrelevant stimuli were processed by at least partially distinct
regions of the visual cortex: one region specialized for processing shape/letter
information and the other for processing visual motion. Due to distinctiveness of the
relevant ad irrelevant stimuli, it seems likely that the irrelevant stimulus did not strongly
interact or interfere with target processing. In the present study, howeverglasknt

and taskirrelevant stimuli were spatially overlapping and structurally sinfil&. both

were moving dot patterns). Therefore, the stimuli were likely competing for access to the
same neural processing mechanisms, which would be expected to drastically increase the
extent of competition. We therefore posit that the learnimguced suppression of
distractorsi as opposed to enhancement as reported by Watanabe(20Gl)y may

only be observed when the tastelevant information strongly interferes with the
processing of taskelevant information and thus must be suppressed bytiatteduring
training.

The possibility that the strength of distractor suppression during training might
affect learning has also been invoked (Tsushima et al. 2008) to explain why learning
leads to increased sensitivity for subthreshold but not for supshold taskrrelevant
information. For example, attentional suppression of-taskevant information is less
pronounced when the distractor is a very weak, subthreshold signal as compared to when
it is suprathreshold (Tsushima et al. 2006). Thustnieg may result in increased
sensitivity for subthreshold distractors but not for suprathreshold distractors because only
the later must be suppressed during training (and this suppression should attenuate any
positive consequences of learning, Tsushitral.e2008). The results of the present study
take this logic one step further and show that in cases when there is direct interference
between taskelevant and taskrelevant information that requires strong attentional
suppression, training will actuglproduce decreased sensitivity for the task&levant
information.

Our ERP results revealed that training on a task which requires -baged

attentional selection of one of the two competing, spatially superimposed motion stimuli
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will lead to strongmodulation of the neural responses to these motion directions when
measured in a trainingnrelated motion direction discrimination task. Motion direction
that was taskelevant during training evoked significantly stronger modulation of the
earliest motio coherenceelated peak of the ERP responses over the right hemisphere
peaking around 330 ms as compared to the motion direction that was present as a
distractor during practice. The latency of the first motion cohereglaged peak found in
the presenstudy is in agreement with the results of previous studies showing that motion
coherenceelated modulation of the neural responses starts more than 200 ms after
stimulus onset (H&@ndel et al . 2007;- Aspel |l
induced modulation of the first motion coherenoeglated ERP peak to the right
hemisphere appears to be in line with the results of previous studies showing right
hemi sphere dominance in visual motion proce
1990).

Our contol experiment showed that this first peak of motion coheresleged
modulation in the conditions where subjects perfartask in which motion information
is taskirrelevant (color discrimination task) is very similar to that found in the condition
wherethe motion signal is attended (direction discrimination task). This suggests that the
first motion coherenceelated peak reflects the initial, feémrward stage of representing
the coherent motion signal in visual cortex. The fact that the learningseftdated to
this early motiorrelated ERP peak was most pronounced over the occipital cortex is in
agreement with previous electrophysiological and neuroimaging studies suggesting that
perceptual learning effects act on early visual cortical stagetffarmation processing
(Skrandies et al. 1996; Dolan et al. 1997; Pourtois et al. 2008; Vaina et al. 1998; Gauthier
et al. 1999; Schiltz et al. 1999; Schwartz et al. 2002; Furmanski et al. 2004; Kourtzi et al.
2005; Sigman et al. 2005; Shoji and Skrandie862 Skrandies and Fahle 1994). Our
ERP results are also in agreement witle effects of learning on fMRI responses
associated with tastelevant and task r r e | ev ant motion directions
was found thatafter training taskirrelevant notion direction evoked weaker fMRI
responses thathe taskrelevant direction in early visual cortical areas, including the
human area MT+, where neural responses are sensitive to motion coherence and are
associated with the perceived strength of the dlobbherent motion signal (for review
see Serences and Boynton 2007).

Learning also had a strong effect on the late motion strefegiendent peak of

the ERP responses. Our control experiment revealed that the late motion cceherence
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related modulation of thERP responses was present only in the motion discrimination
but not in the color discrimination task. This suggests thatlate peak of motion
coherencalependent modulation might reflect decision processes related to the motion
direction discriminationtask. This interpretation is also supported by our results showing
that the late ERP response peaked over the parietal cortex. For example, Shadlen and
coworkers(2001) have shown that oculomotor circuits in parietal cortex are involved in
accumulating agh integrating sensory evidence about different motion directions during
decision making (e.g. Shadlen and Newsome 2001; reviewed by Gold and Shadlen
2007). In agreement with this, recently it was also reported that in humans different
regions of the poster parietal cortex are involved in accumulation of sensory evidence
for perceptual decisions depending on whether subjects were required to respond by eye
movements or by hangointing (Tosoni et al. 2008). Furthermore, the results of recent
studies thaexamine the neural mechanisms of object discrimination in humans provide
additional support for the notion that the late peak of motion cohedapmEndent
modulation reported here might be related to perceptual decision making. For example, a
late stage Pbrecurrent processing has been observed during the accumulation of sensory
evidence about objectlated processing under degraded viewing conditions consists
(Philiastides and Sajda 2006; Philiastides et al. 2006; Murray et al. 2006; Fahrenfort et al.
2008). Importantly, the marker for this late processing stage is an ERP component that
starts between 38800 ms after stimulus onset (Philiastides and Sajda 2006; Philiastides
et al. 2006; Murray et al. 2006). Although the onset of the late motion stréeggmdent

ERP modulation that we observed in the present study starts approximately 100 ms after
the late component observed during visual object processing (Philiastides and Sajda
2006; Philiastides et al. 2006; Murray et al. 2006), we suggest that lathlations

might reflect similar neural mechanisms. The differential onset times might be due to the
fact that the motion stimuli we used were made up of limited lifetime dots and embedded
in distracting noise; this noise likely delayed the formation afeaision about the
direction of the global motion signal. If we posit that the motion coherdependent
modulation in our study started around 250 im#/hich is in agreement with earlier
findings (Aspell et al. 2005) the delay between our early andeldgime window of
motion coherenceependent modulation (which started between -300 ms)
corresponds well to that found in the case of object processing2bs (Carmel and
Carrasco 2008; Philiastides and Sajda 2006; Philiastides et al. 2006; Mualag@06;
Fahrenfort et al. 2008).
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In conjunction with these previous reports, the present demonstration of a
significant trainingrelated modulation of the late peak of motion coherelgEendent
modulation of ERP responses suggests that learning affexintegration and evaluation
of motion information at decisional stages in the parietal cortex. This conclusion appears
to be in agreement with recent monkey neurophysiological (Law and Gold 2008) and
modeling results (Law and Gold 2009), suggestirgy fiarceptual learning in a motion
discrimination task requiring an eye movement response primary affects the decision
processes and in particular the readout of the directional information by the lateral
intraparietal neurons. Based on previous resultsodstrating human posterior parietal
cortex is involved in accumulating sensory evidence in a task requiring manual
responses, it is reasonable to suppose that the modulation of the late peak of motion
coherencalependent modulation of ERP responses we rgbsi the current study
reflects the influence of learning on the parietal decision processes involved in
performing the motion discrimination task.

From a broader perspective, our results are also in agreement with the growing
body of psychophysical, nemimaging and modeling results suggesting a close
relationship between perceptual learning and attention (Ahissar and Hochstein 1993,
1997; Li et al. 2004, 20009; Lu et al. 2006;
al. 2007; Xiao et al. 2008; diny 8nszky and Sohn 2005; Petrov
Gold 2008, 2009; Paffen et al. 2008); for review see: Tsushima and Watanabe 2009). It
was proposed that visual perceptual learning affects visual attentional selection
mechanisms leading to more efficigorocessing of the taslelevant as well as more
efficient suppression and exclusion of the tasddevant visual information as a result of
training. The possibility that plasticity of attentional selection might be involved in the
learning effects fouh in the current study are supported by previous results showing that
attention can modulate processing of motion information in the visual cortical areas,
including the human area MT+ (Vald&€®sa et al. 1998; O'Craven et al. 1999; Corbetta
and ShumanZ2; Pessoa et al. 2003; Ha ndel et al
that the parietal cortex plays a critical role in attentional functions (Serences and Yantis
2006) and thus learnirigduced changes in the parietal responses to motion information
might reflect modulation of the attentional selection processes involved in decision
making as a result of training. In fact, in the previous study investigating the effect of
perceptual learning on visual motion direction discrimination (Law and Gold) 20G8

possible explanation for the observed modulation of medioven responses of neurons
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in area LIP by perceptual learning was based on improved attention to appropriate

features of the motion representation used to form the decision.
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Chapter Four

SPATIOTEMPORALREPRESENTATION OF MBROTACTILE
STIMULI

Third thesis:

| foundthat the spatiotemporal representation of ngsual stimuli in front versus rear
space (in the human bodhased coordinate system) is differelly experiments show

that crossing the hands beld the back leads to a much smaller impairment in tactile
temporal resolution as compared to when the hands are crossed in ivbnt.
investigation have also revealed that even though extensive training in pianists resulted
in significantly improved tempal resolution overall, it did not eliminate the difference
between the temporal discrimination ability in front and rear space, demonstrating that
the superior tactile temporal resolutionf ound i n the space behind
cannot simply be explaideby incidental differences in tactile experience with crossed
hands at the rear versus in the front. These results suggest that the difference in the
spatiotemporal representation of n@isual stimuli in front versus rear space originates

in the differeges in the availability of visual input.

1. Introduction

Our brains typically localize sensory eveiitsncluding touches and sounds
according to an externally deyned coordinat
(Botvinick, Cohenl1998; EhrssonSpencePassinghan?004; Graziano1999; Kitazawa
2002; Pavani et al. 2000). The remapping of tactile stimuli from boshtered
coordinatetin which they are coded initially into external coordinates is fast and
relatively effortlesalwhemosthie ebddy ei.s iwmnt ht
the left of the body and vice versa for the right hand) (e.g.Asalet, Walker 2006;

Groh, Sparks 1996). However, when more unusual body postures are adopted, such as
crossing the hands, remapping takes moreammed can result in substan
perception of tactile stimuli, at least under conditions of bimanual and/or bimodal

stimulation. For example, several studies have highlighted impaired temporal order
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judgment (TOJ) performance regarding whidhwo tactile stimulii delivered in rapid
succession, one to either hahdvas pr esented yr st when
compared to when they are uncrossed (Shore et al. ¥ad2amoto Kitazawa 2001). A
similar deycit has b eseohtheotwoshands arel intendaed
(Zampini et al 2005).

Recent |y, (2B0)departedehat candenitally blind individuals do not

t

t

show any such impairment in tactile TOJs as a result of crossing their hands, thus raising

the following intriguingquestion: would crossing the hands behind the baick., in a

region of space where we normally have no, or very limited, visual inpesult in a

he

h e

similar amelioration of the crossdda nd s tactil e TOJ deycit

individuals? Put anotheray, is the multisensory spatial information concerning sensory

events coded in a similar manner throughout peripersonal space (Rizzolatti et al. 1997) or

might there instead be a difference between front and rear space (i.e., the space behind
our backs), sta result of the existence of a detailed visual representations of the former

but only occasional and very limited visual representation of the later (Bryant et al. 1992;

Farne,Ladavas 2002Franklin, Tversky 1990; Graziano et al. 2000; James (p. 275);
Kitagawa et al. 2005)?

People who lost their sight during their life (i.e. not congenitally blinds) the

crossing of the hands decreases the performance in the same way as in the case of normal

sighted people. As the case of mmwngenitally blind people deonstrates, the

multisensory representation system of peripersonal space finishes during early

development. Therefore the question arises as to whether the encoding and weighting of

different modalities can be influenced by intensive practice in the kbages of

development as well. Professional piano playing requires extensive andefang

training of finger movement, auditory and visual perception and the spatial tactile acuity

in professional pianists is significantly higher compared with amaosidan control

group. Thus, the examination of this group could provide the possibility for the

comparison of neural processes of sensory coding, which preserves its plasticity in

adulthood and which can not be changed through learning in adulthood. Inathis w

pianists aralsoa useful grougor studying the neural mechanisms of lotgrm training

and neural plasticity (M¢gnte et al., 2002)

The cortical reorganization of the representatitas altered in the pianist
Representation ofhe fingersis more pronounced inpianiss who had begun their

musical training at an early agerevious studies foundcreased grey matter volume in
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pianistin a motor network that included the left and right primary sensorimotor regions,
the left basal gangliaanterior @rietal lobeand the bilateral cerebellum, as well as the
left posterior perisylviarregion (Gaser et al2001) Reduced asymmetry scoregre
found in some area For examplea greater intrasulcal length on both sideas found
but more so on the rightpon-dominant hemispherePiano playing requires precise
coordination of bimanual movementianiss who began their musical training before
the age of seven have a larger anterior midsagittal corpus callosum than controls or
musicians who started traignlater Schlaug et al.1995) A bilateral transcranial
magnetic stimulation (TMS) study revealed decreased interhemispheric inhibition
(Riddinget al.2000) Together, the findings indicatbat professional piano playenave
anatomical and functional fierences in several brain areas that are involvechator,
auditoryand visuaprocessing.

| compared the effect of crossing the han@OSTURE) on tactile TOJ
performance when the hands were placed in front of participants versus when they were
placedbehind their backéSPACE) | tested two groups of participants, Amisicians as
well as professional piano playglGROUP) in order to uncover how extensive practice
in playing pianoi leading to altered tactile perception in pianidtiatfa, Ejiri 1989;
Ragert et al. 2004) will affect TOJ performance in front and rear space in the latter

group.

2. Methods
2.1.Stimuli and Procedure

Eighteen normusicians (mean age, 22 years; rangé399ears, 3 left handed)
with normal or correctetb normal vision and 1%Ppianists, 9 students at the Liszt F.
Academy of Music as well as 6 recent graduates (mean age, 23 years; raife, 18
years; 9 females, 2 leftanded) took part in the experiments. The pianists began piano
playing at an average age of 8 years, and pracfmean average of 3 h per day. The
experiment was performed in accordance with the ethical standards laid down in the
Declaration of Helsinki. All participants gave their informed consent.

Participants (with their eyes closed) were presented with passprathreshold

vibrotactile st mu | i (30 ms duration), one to the

required to make unspeeded TOJs regarding

S ecC

w |
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boneconducting hearing aids (Oticon) as vibrotactile stimulatbrgufe3.1) (Shore et
al. 2002).

Figure 3.1Vibrotactile stimulators and footpedal as response button

Participants responded by pressing the left footpedal if their left hand appeared to
have been stimate d yr st and the right foot pedal
been stimulated yrst. A smal/l bl ock of f
the crossedhands posture in order to reduce any contact between them. The right arm
was always assed over the top of the left arm. The spatial separation between the
vibrotactile stimulators (placed 20 cm in front or behind the back of the participants and
15 cm to either side of the midline) was kept constant throughout the experiment. We
performeda pilot study to determine whether tactile temporal resolution differs when the
task is performed with palms facing downward as compared to when they face upward.
Since, the pilot experiments revealed that TOJs did not differ in the two conditions, in the
main experiment$ both in the uncrossed and cros$eohd condition§ the task was
performed with the palms facing downward when the hands were placed in the front and
with palms facing upward when hands were placed at the rear, i.e., with palm anentati

t hat was more conveni ent Figure82).#hite sose was 0 a

O

presented through headphones to mask any sounds made by the operation of the tactile

stimulators.
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B)

Figure 3.2 Schematic illustration of hand postures (uncrossed and crossed) when they were placed in the
front (A, B) and at the rear space (C, D).

There were 10 possible stimulus onset asynchronies (SOAs) between the stimuli (in the
uncrossed condititbén: TBP00,115690 15, 30, 55, 9
crossed condition: i 300, 1180, 1110, 160, T
negative values indicate that the | eft hand
method of constant stimulAt the beginning of the experiment, observers completed 4

blocks of 30 practice trials. The practice blocks were followed by 8 blocks of 200
experimental trials, with the posture (uncrossed versus crossed) and the space (front

versus rear) alternated be®vesuccessive blocks of trials, and the order of presentation

counterbalanced across observers.

2.2. Statistical analysis

The mean percentages of r i g8QAthsough t respo.
POSTURE,SPACE and GROUR The data were modelled by a Weibp#lychometric
functi on, using t he psigniyt t ool box (ver
software.org/ psigniyt/). We <calculated just
interval needed to indicate temporal order reliably) by subtracting the i®&@4ed to
achieve 75% performance from that needed to achieve 25%mance and dividing by
two (Shore et al. 2002
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3. Results

In accordance with previous results (Shore et al. 20GZnamoto,Kitazawa

2001) i based on their TOJ performance with croskawls at short interval§

participants (both nemusicians and pianists) fell into two groups: (1) veridic@J

group, including those who reported the veridical temporal order (10 out of 18 non

musicians; and 8 out of 15 pianists) and (2) revef®@d graip, including those who

reliably reported a reversed subjective temporal order at shorter SOAs (<300 ms). Given

that it is still unclear what causes this reversal of TOJ performance in certain individuals

we focused our analyses on the data from the wahd@OJ group Figure3.3

nonmusicians: A and B; pianists: C and D). Data from the revdr@ddgroup, who

showed the same pattern of resukg(re3.4 nonmusicians: A and B; pianists: C and

N

D).
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Crossing
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the hands | ed

t o atthe BRAGHNYy c ant

the noamusicans (sed-igure3.5; chart 3.1 the main effect oPOSTURE F(1,9)=21.3,

< 0.

0.

001) .
02),

p

P <

| mportantly,

as wel |

t h SPACE (F@,9)=8a, s o

< 0.05, attributable to the reduced decrement in performance observed when the hands

were crossed behind the back as compared to when they were crassdtbint.

We also tested whether professional piano players (i.e., individuals hatlo had

extensive practicef bimanual tactile perception in the frgrdhowed a similar pattern of

results. In general, the piano players exhibited better temporal resolution than the non
musicians in all conditions (sd€igure3.5; chart 3.1);(F(1,16)=9.1, p < 0.008). Just as

for the nommu s i c i

0.02) andSPACE( F (

ans, t her e

1,7)=10. 2, <

p

w e r ROSTURB(R(1,3)=0.3, p €

ma i

0.02), as well

SPACEx POSTURE(F(1,7)=8.9, p < @2). Importantly, the trained pianists showed no

haiiddDJymgstoupesWendbeds lofyttshe o

i ndi

de

a si

as SPACEIXBOSTYEcFR1W)=5.6, mt er act i

n e

as
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signiPO8T@AREdeycit when their hands were cros
analyses: p =0.712).

Control Pianist
POSTURE F(1,9)=21.3, p < 0.001 F(1,3)=9.2, p < 0.02
SPACE F(1,9)=8.4, p < 0.02 F(1,7)=10.2, p < 0.02
POSTURE x SPACE F(1,9)=5.6, p < 0.05 F(1,7)=8.9, p <0.02

Chart 3.1Summary of the statistical analysis

175
Non-musicians Piano players
150 |
119
B Front
125}
Back
@ 100t
£ 75 75
o [
Z, 5 H—
43
S0+ T 39
27
23 283 T
25 I ﬂ 1B
0 L1l 1 L1l 1
Il

[l X X
Figure.3.5 TOJ performance of the veridical group. Average JNDs (calculated by subtractiS@the
needed to achieve 75% performance from that needed to achieve 25% performance and dividing by two)
are shown for the nemusicians and pianists for all four conditions tested (Il = uncrossed posture; and X
= crossed posture). JNDs were determined pedeently for alparticipantsbased on the slope of the
Wei bull functions that were ytted to t h38foithedi vi dua

Wei l bull yt to participants6 mean perSBM mance) . |
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Figure 3.6 TOJ performance of the reversal group. Average JNDs (calculated by subtracting the SOA

needed to achieve 75% performance from that needed to achieve 25% performance ancogiweing
are shown for the nemusicians and pianists for all four conditions tested (Il = uncrossed posture; and

= crossed posture). INDs were deteredrindependently for aflarticipantsbased on the slope of the
Wei bull funct i orddividhahdata obined in the fouecdnditions (seeBigfor the

Weil bull yt to participantsdé mean perfor man

When their hands were uncrossed, TOJ performance was similarSRAGE in

X

ce) . Er

both nomamusicians (post hoc analyses: p = 0.082) and pianists (post hoc analyses: p

=0.971), suggesting that simply placing the

performance deleteriously.
The results of this study show that crossing the hands belandatik leads to a

much smaller impairment in tactile TOJs as compared to when the hands are crossed in

front. Our results also show that even though extensive training in pianists resulted in

signiycantly improved t e mp aminate the differenceu
bet ween the efyciency of TOJs in front
tempor al resolution we found in the

explained by incidental differences in tactile experiencd wiosseehands at the rear

versus in the front.

tion
and

space

0

r

r
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4. Discussion

The ynding that TOJ -panfier master enwhthe s
better in the space behind participainise., in the region where people have very limited
access to visual inforationi than in the space in front of participaritsaa region of
space that tends to be dominated by visual inpat® in line with recent results showing
that congenitally blind individuals do not show any such impairment in tactile TOJs as a
result ofcr ossing their hands (R°der et al . 20
studies in macaques (see refs. (Graziano et al. 2004; Stein et al. 20@¢efurreviews)
as well as neuropsychological and brain imggstudies in humans (see ref. Ladaa@s
Farne 2004 converge on the view that a distributed neural netwoikvolving the
superior colliculus, putamen, parietal and premotor cortical dré&asesponsible for the
multisensory representation of peripersonal space surrounding the handsdrbthg
regions, many neurons are multimodal, responding to tactile, visual, and sometimes even
to auditory stimuli.

It has also been shown that in the frontal, visible part of peripersonal space tactile
stimuli are typically localized according to anteer nal |y deyned coor

which is predominantly determined by visual inputs. In sighted individuals, crbssed

effects are believed to repect the Il onger
tactile stimuld.i i eference drame avixeh e extarhal and kbadyy n e d
centered coordinates conpict (Kitazawa 2
however, crossing the hands has no effect

2004), suggesting thatlue to the lack of anyisual reference fram (1) remapping of
tactile stimuli from bodyc e nt ered i nto externally deyned
hand posture; or (2) localization of tactile stimuli in space and time can take place more
directly, based on the bodayentere coordinates. Further studies are required to uncover
exactly why crossetiands effects are absent in congenitally blind individuals. However,
it is reasonable to suppose that the underlying mechanisms are common with those
leading to reduced crossédnds effect in the space behindiusvhere little or no visual
information is availablé as found in the present study.

Such a conclusion is al so -musipigns evered by
when the hands are uncrossed, tactile temporal resolution tends to be better in rear space
than that in the frontN.B.:.t hi s di fference did norcel.quite

This is because it was also shown earlier that tactile temporal resolution in congenitally
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blind individuals is better than in the sighted controls both in the case of uncrossed and
crosseehand postures. If it is the lack of a visual reference fremtlbe representation of
peripersonal space that leads to improved tactile temporal resolution in both congenitally
blind individuals as well as at the rear space of sighted individlihés spatiotemporal
representation of tactile stimuli in space behihé backs of sighted individuals
especially in those who are trained in task
tactile informationi might be used as a normal model for the spatial representation of
tactile information in congenitally blind indiduals.

Our results also have important implications with respect the learning processes
| eading to professional piano playing. Mu s i
studying neuroplasticity evoked by extensive dng r m t r ai ni n2002( M¢nt e €
Pantev et al. 2003; Schlaug 2001). Recently, it has been shown that there are structural
differences in the gray matter (Gaser and Schlaug 2003) aswell as in the white matter
(Bengtsson et al. 2005) between professional piano players andnusiciars.
Interestingly, it has also been shown that extensive practice in playing the piano leads not
only to improved motor skills but also to higher spatial tactile resolution in pianists as
compared to nomusicians (Ragert et al. 2004). Here, we show foythes 't t i me t hat
tempor al resolution of tactile stimuld.@ i's a
players than in nemu si ci ans. Thus, our results are in
(2004) suggestion that extensive piano practice has a laifect on somatosensory

information processing and sensory perception, even beyond trgining c i y ¢ constr ai
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Chapter Five

CONCLUSIONS

The results of thdirst experimentprovide evidence that attention affects the
perceived pain intensity of pinprick stimulatiom capsaicininduced secondary
hyperalgesia and that the magnitude of attentional modulation is similar to that found in
the capsaicin untreated, control conditions. These findings imply that controlling
attentional load should enhance the reliability ainpintensity measurements in the
model capsaiciinduced secondary hyperalgesia.

Nearly a decade of neuroimaging research has revealed that supraspinal activity is
increased during mechanical hyperalgesia that is experimentally indenstiisatiorby
cgpsaicin in healthy volunteers (Zambreanu et al. 2005). Increased activity is found in the
brainstem, the thalami, cerebellum, primary and secondary somatosensory cortices,
insula and cingulate cortex. A recent study showed that it is the brainstem which is
primarily responsible for the maintenance of central sensitization underlying secondary
hyperalgesia, whereas activation of the cortical areas might be associated with the
perceptual and cognitive aspects of hyperalgesia (Lee et al. 2008). Howeveruhsy res
suggest that thehort, 45 min sensitization periasl restricted primarily to the brainstem
mediated central sensitization mechanisms and involves very little or no modulation of
anticipatory attentional processes.

The attentionbased perceptual lgang -discussed in the second thedeads to
reduced neural sensitivity for visual motion directions that were neglected compared to
those that were attended during training by modulating the efficacy of visual cortical
extraction of the coherent motiagignal as well as the accumulation and readout of
motion directional information by parietal decision processes.

My results (in agreement with the previogtudie3 emphasize the role of
attention in-a couple of days longperceptual learnindTsushima ath Watanabe 2009).

The parietal cortex plays a critical role in attentional functions and thus leandinged
changes in the parietal responses to motion information might reflect modulation of the
attentional selection processes involved in decisionmga&s a result of training.

The last thesishowedthat crossing the hands behind the back leads to a much

smaller impairment in tactile temporal resolution as compared to when the hands are
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crossed in front and theactile temporal order judgments were chubetter in the
musicians overallthanin control Importantly, the trail@ pi ani st s showed no
posture deycit when their hVynsdultsshowingghecr ossed
difference between the multisensory representation of the peripersonal space in the front
and the rear space, can provide an opportdortyhe comparison of the neural processes
of sensory coding, which preserves its plasticity in adulthood and of the neural processes
of sensory coding, which can not be modified in adulth@tas experimental set up also
involving professional pianistsonstitutes a useful model for studying neuroplasticity
evoked by extensivieng-term training

In recent years a number of promising methods have emerged for the
development of a biomarker or for the improvement or correction of abnormally
developing, ijured sensory functions through practising specific perceptual tasks.
Knowledge gained through my reseamhby contribute to the refining of these methods,

or may be starting points for developing new procedures as well.
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Chapter Six

A POSSIBLEAPPLICATION

HYPERALGESA AND ALLODYNIA MOD ELSIN HEALTHY
VOLUNTEERS AS WELL ASDEVELOPMENT OF
BEHAVIORAL AND FMRI BIOMARKERS FOR RELIABLE
MEASUREMENT OF PAININTENSITY

1. Introduction

BIOMARKER: a characteristic that is objectively measured and evaluated as an
indicator of normal biological processes, pathogenic processes or pharmacologic
response to a therapeutic intervention (Lesko & At&m2001). Medical imaging is
creating a field that sheds new light on disease progression by enabling the precise
measurement of small changés structure and function over time. fMRI and
Pharmacological fMRI (phMRI) aims at measuring the direct modulation of regional
brain activity by different stimuli or/ and drugs that act within the central nervous system
(CNS) or the indirect modulation akgional brain activity.fMRI is a noninvasive
technique, which permits detailed longitudinal examination of healthy volunteers as well
as patients.

The pharmacological fMRI biomarkers: identify/validate new drug targets and
can predict the reaction (evendividual) to drugsfMRI biomarker can be regarded as
the specific indicator of change in brain activity as induced by/in response to drug
therapy (e.g. analgesia).

Pain is a highly subjective and compl e x
emotioral experience associated with actual or potential tissue damage, or described in
termsofsub damage. 6 6 ( MelboK)sTde peraeptivn oBpaig id a rather
complex neuronal process. Many parts of the brain are active during pain perception
(anteior cingulate cortex, insular cortex, somatosensory cortex, amygdala, thalamus
etc.). While the management and treatment of acute pain is reasonably good, the needs of
chronic pain sufferers are largely unmet. Relatively few investigations focused on the
neural correlates of neuropathic pamfar The findings concerning the balance between

peripheral versus centriafluences are contraversial.
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OF PAIN INTENSITY

As the sensation of pain is multifactorial, with many subjective, individual
components, it is difficult to géctify it. The identificationi with application of fMRI
method- of the peripheral/central sources of sensation of pain or that of pathological (as
opposed to the emotional or cognitive) factors has therapeutic consequences (e.qg.
medical, surgicalcogntive behaviouttherapy or physical rehabilitation). The advantage
of pain biomarkers over the verbal reports is that they can be much more sensitive to
drugriinduced change in pain intensity, because they promise the direct read out of pain
sensation.It is possible that there are etiolegpecific biomarkers, which allow the
localization of the source of pain: central sensitization, attentional factor3hetéMRI
signal may be changed in response to drugs that have an affect on the cerebral blood
flow, on the cerebral blood volume, and on the oxygen metabolism of the brain.

In this ongoing study, our goalis to develop a hyperalgesia and allodynia model
in healthy volunteers as well as an fMRI biomarker for reliable measurement of pain
intensity. In orer to achieve this, we developgetested experimental setips for
mechanical noxious stimulation, elaborated subjective pain rating protocols, designed

fMRI protocols for measuring pairelated brain activations

2. Methods

2.1.Methods of psychophysial experiments
2.1.1.Participants and Stimuli

Subjects: 24 healthy subjects participated in this experiment (fourteen male, mean
age: 22,3 ranging from 18 to 37 years). All of them reported no history of neurological or
psychiatric problems. Subjects gave informed consepiatticipate in the study, which
was approved by the local ethics committee of Semmelweis University. In the
psychophysics experiments, we used manual TOUCH TEST TMFweym sensory
filaments (forces: 8g, 10g, 159, 26g, 60g, 100g, 180g, 300g). HowevehdoMR
experiments, we developed and tested aMREcompatible mechanical stimulus

presentation equipment (forces: min. 200mN and max. 1,1 N),§Eig.
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Figure 6.1 PC-MR-compatible mechanical stimulus presentation equiprnimetiie 3 Tesla Philips Achieva

scanner (Philips, Best, The Netherlands) room

2.1.2.Heat-capsaicin model

To induce secondary hyperalgesia in healthy people, we used the heat/capsaicin
sensitization model (Petersen and Rowbotham 2002; Zambreanu et al. 2GDBTA
(3*3 cm) premarked square area on the medial side of the right lower leg (musculus
gastrocnemius <caput) was heat eb6@.). Whermdl a 45
stimulation was followed immediately by topical application of 0.075% capsaicamcre
(Zostrix, Rodlen Laboratories, Inc., Vernon Hills, IL) and was coveritd parafilm for
45min (Moulton et al. 2007).

3c
£ 2cm
C +—>
(42}
I cm

Figure 6.2 Heat/capsaicin treated area A aAdeas of punctate stimulation (A or B),

m
2
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2.1.3.Procedure

The peipheral sensitization refers to sensitization at the peripheral level (i.e.
peripheral nervous system) while central sensitization refers to sensitization at the central
level, (i.e. spine, back horn and supraspingéa). In the case of the peripheral
sensitization, we stimulated the skin area treated with capsaicin A, while, in th@fcase
central sensitization, we stimulated the skin area right outside the treated areab2(Fig.
Chart6.1). Capsaicin treated and untreated (control) sessions weliechpph balanced
order among subjects and they were at least 24h apart from each other.

Conditions | Capsaicin Treated Stimulation Model of sensitization
treatment area

1 Yes/ A A Peripheral sensitization
Hyperalgesia

2 No/ Control - A Control

3 Yes/ A B Central sensitization
Hyperalgesia

4 No/ Control - B Control

Chart6.1 Two kind of sensitization model: peripheral sensitization (1), central sensitization(2) and them
controls (2,4)

Heating Application . Experiment

5min 45min 45min

Figure 6.3 Procedure ofreatmernisessin.

We conductedand compared three psychophwdiexperiments. In one of them
we applied central sensitization model and in other two experiments we performed
peripheral modelln one of the latter we stimulated simultaneously the untreated and
treated lg and in the other one we stimulated the right leg separate sessidffrig.
6.3). We measured subjective pain perception in two ways. In one case with scaling
method, where subjects answered with the movement ofhaopse which tuned a scroll

bar betwen the two end points (not painfuwery painful) of subjective pain intensity. In
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the other case, we used the categorization method, where subjects answered with the aid
of left (not painful) and right (painful) pmouse button. The stimulations were
randomized. We used Matlab 7.1. (MathWorks, Inc., Sherborn, MA) for both the
stimulus presentation and the statistical analysis.

2.1.4.Statistical analysis

We calculated grand average, standard error and sensitization index (R capsaicin
treatment R control)/(R @psaicin treatment + R control).

2.2.Methods of fMRI experiments
2.2.1.Mechanical stimuli

fMRI protocols: fMRI methods developed for measuring and evaluating
mechanical stimulation induced brain activation Unlike with psychophysics experiments,
stimulation was maal using an MRcompatible, controllable mechanical stimulator,
which was developednd testedy us. Four stimuli of different intensity (min. 2100mN
and max. 1,1 N) were selected for mechanical stimulation in the fMRI experiment. The
stimuli were provided laove the medial head of musculus gastrocnemius at the locations
and under the conditions discussed in details under the psychophysics experiments

section.

2.2.2.Procedure

Each subjecparticipated in four sessionsn the MRin randomized ordeand the
experimersg were carried out according to the paradigm discussed abovehaees.1):
fMRI experiments twice without treatment and twice following treatment with capsaicin.
Functional experiments were started3bminutes aftethe treatment with capsaicin. An
fMRI experiment took approx. 50minutes. Each experiment consisted of six
measurement series: between series, the place of stimulation was slightly (few cms)
changed within the prdrawn boundaries. During the 412 secdwomy series, the
stimulation with tle four selected mechanical stimuli of different intensity was repeated
according to a set pattern. Tharsilator was operated by serial port and through an
optic converter from MATLAB environment. The exact stimulatmeasurement

patterns were deterned using a widely used fMRI paradigm type, thecalled event
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related design. The subjects answered after each stimulation by spec@vatible
response buttons whether they categorizegitgrick stimuli painful or nompainful.

13 subjects took pain the series of experiments, which can be characterized by
event related desig(ER): in this case the stimuli of different intensity followed each
other randomly and with small intervals. At least four seconds passketween
stimulations and all fautypes of stimuli were repeated 20 times within one series. In this
setup, a stimulation unit consisted of a stimulation and the subsequent stimadus
period: 20 blind stimulation unit (i.e. foisecond stimulus free period, at the beginning
of which no stimulation occurred) were also inserted randomly among the 80 stimulation

units.

fMRI data acquisition and analysis

MRI scanning was performed on a 3 Tesla Philips Achieva scanner (Philips, Best,
The Netherlands) equipped with an eightinnel SENSHhead coil. High resolution
anatomical images were acquired in all of the imaging session using a T1 weighted 3D
TFE sequence yielding images with a 171171 n
session, T2*weighted functional images were acquired usingeahno planar imaging
sequence, transverse slices were acquired (|
mm resolution, TR0 00 ms, T E =30 (Fig 6.4)i ata analgsis evas7 5 A
performed using BrainVoyager QX (v 1.74; Brain Innovation, Maastrichie T
Netherlands) and custohuilt time series analysis routines written in Matlab (v 7.1; The
Math Works, Natick, MA). The three anatomicals were homogeneity corrected,
coregistered and then averaged to provide a better grey and white matter ¢bigrast
6.5.). Images were then normalized to Talairach coordinates and then segmented, and
inflated to provide a 3D reconstruction of the grey and white matter boundary. This was
followed by the timing correction of the measurements based on themamesrs, high

cutoff filtering (temporal) and motion correction.
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Figure 6.5 Co-registration

Using the general linear model module of BrainVaagve analyzed the data by
voxels. The module carries out multariable linear regression, where each independent
variablei predictors or regressorgepresent one of the (four) stimulation intensijtibe
dependent variable is the BOLD signal, correlating to the braimadion, in the given
voxel.

As a result of the statistical analysis, we obtain four weights (average BOLD
response amplitude) for each voxel corresponding to each stimulationin8otidual
and betweersubjects statistics were calculated and represented the block and event
related experimental data sorted separately. At places of statiscically significant

activation (modell fit) we also calculated the stimulation related averagks\aluatd
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them by stimulus separatelps a result of the statistical analysis, in each voxel, we
obtained 24 (average BOLD response amplitude) weights corresponding to the
experiment type (capsaicin treatment, peripheral or central sensitizatiomdividual
stimuli, and the responses to them: four experiment conditions X 4 different stimulus
intensity X 2 types of response. Between the weights and with the baseline (0O value
weight) making post hoc contrasts, ta&kiinto account the fit errordVe dbdtain a
statistical significance value for each voxel. These values are represented with colour
codes in the 3D anatomical images, and indirectly, these colourful 3D images provide
information on the stimulation induced brain activation, more preciselystinaulus
intensity, response and sensitisation dependant activation differences. Both individual
and betweessubjects statistics were calculated and depicted. At places, volxel groups of
statistically significant activation (modell fit) we also calculagtnulation dependant
BOLD responses (with the smlled deconvolution technic) ambtimateseparately by

stimuli.

3. Results

In the first experiment we measured in separate sessions the modulation of

peripheral sensitization on the right leg (Fég6 A,B).
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Figure 6.6 Peripheral sensitization on the right leg. Scaling (A) andNe<ategorization (B)

Stimulation of the treated area did not result in a stronger perception of pain as
compared to the stimulation of untreated area (control condition).
In the second experiment we measured in separate sessions the modulation of

central sensitization on the right leg (Fi§.7 A,B). The stimulation resulted in a
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significantly stronger perception of pain (hyperalgesia) as compared to the stimulation of

the samesurface without treatment (control condition).
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Figure 6.7 Central sensitization on the right leg. Scaling (A) andNesategorization (B)
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The effect of central sensitization was bigger in the scaling task rather than in

categorization task.

In the third psychophysics experiment we measured simultaneously the peripheral

sensitization on the left and right legs (F6g8 A,B). The simultaneous measurement of

the two legs could have the advantage over sequential that the measurement data

obtained for tk right and left leg can be compared directly and the results are not
t he

drug effect, etc.)Simultaneous stimulation of the treated area on one leg and the same

di sturbed

by

Ssubjectséo

di

fferent

psyc|

area onthe other untreated leg resulted in a significantly stronger perception of pain

(hyperalgesia) as compared to the control condition.
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Figure 6.9 Peripheral sensitization on the left and the right legs simultaneously. Scaling (A) ahb Yes

categorization (B)


























































































