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Tiivistelméateksti:

Tarkkaavaisuuden avulla valikoimme kulloisellakin hditkearkeimmat arsykkeet. Tasséa
kokeessa tutkittiin tarkkaavaisuuden vaikutuksia ihmikeuloaivokuorella kayttden sekéa
elektroenkefalografiaa (EEG) etta magnetoenkefalogrgfiaG) tutkimusmenetelmina.
Tutkimusoletuksenamme oli, ettd tarkkaavaisuus terta@ihermosolujen reaktioiden
viritysta arsykkeen tarkkailtavien piirteiden osalta.

Tyon yhteydessa tehtiin psykofyysinen koe kayttaen agykéeita ja mitaten samalla
joko EEG:ta tai MEG:ta. Kokeessa esitettin 1000 Hz sini@gatkuvan kohinapeiton
kanssa. Kohina luotiin kaistanestosuodattamalla vatkdishinaa vaihtelevilla suotimen
leveyksilla ¢:500...0) 1000 Hz ympaériltad. Suodatettu kaista pidettiikimaa kunkin
heratepotentiaalin ja heratekentdn nauhoituksen ajakedgsa oli kolme tilannetta: kaksi
tarkkaavaisuutta vaativaa tehtavaa, jossa koehenkilbkipinittdd huomiota joko &énen
korkeuseroon tai aanen keston eroon, seka yksi passiitilaane, jossa koehenkil6 katsoi
hiljaista animaatiofilmia siten, etta kokeessa kaytetyiei&uuluivat taustalla.

Kokeen tulokset osoittivat, etta tarkkaavaisuus muuteenbsolujen vasteiden suuruutta.
Aéaniarsykkeen heratepotentiaalin komponentit (P50, Na@200) muuttuivat siten, etté
erityisesti N100:n amplitudi oli suurempi tarkkaavaigauwaativissa tilanteissa kuin pas-
siivisessa tilanteessa. Tama tapahtui kuitenkin vain arailia kapeimmilla kaistanesto-

suotimen leveyksilla. TAma viittaisi siihen, etta vailaiei ole ainoastaan hermosolujen
aktivaatiota ja herétepotentiaalin komponenttien amgéja kautta linjan lisdava, vaan
ettd tarkkaavaisuustilanteessa N100-komponentin stamegt hermosolut ovat myods
tarkemmin virittyneet tarkkaillun a4anen taajuudelle.

Tuloksia voi hyddyntaa esimerkiksi tarkkaavaisuushided, kuten Alzheimerin taudin,
skitsofrenian tai ADHD-oireyhtyman Kliinisissa tutkimsiksa tai taudinmaarityksessa.
Suuntaa-antavia tuloksia tarkkaavaisuushairion suwstad voidaan saada siten, ettd
kaytetaan sopivia daniarsykkeita, ja arsykkeisiin Nitlyhermosolujen vasteita verrataan
terveiltd ihmisilté saatuihin vasteisiin.

Avainsanat:  elektroenkefalografia, magnetoenkefalografia, heraegpiaiali, aanen
havaitseminen, hermosolujen arsykepiirreviritys
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Abstract:

Attention refers to our amazing ability to focus on the ralevbits of information amongst
the vast inflow of sensory information. Here, we studied tifiece of attention in the hu-
man auditory cortex using both electroencephalographyGEthd magnetoencephalog-
raphy (MEG). We specifically hypothesized that attentioarphns the tuning of neural
responses, as opposed to a simple increase in gain.

A psychophysical experiment using auditory stimuli wasdwumied, measuring simulta-
neously either EEG or MEG. In the experiment, sine tones 601dz were presented
with a continuous noise masker. The masker was generatearxystop filtering white
noise with a varying notch width#(500. . . 0) around 1000 Hz. The notch width was kept
constant during the acquisition of each event-relatednpiaieand event-related field. The
experiment included three different conditions: two atieth conditions where subject
was instructed to pay attention either to frequency or domadlifference, and one pas-
sive condition where the subject watched a silent movieh wie auditory stimuli in the
background.

The results suggest that attention modulates the ampditoidteée neural responses. Ampli-
tudes of the auditory evoked potential components (P500Nbh@ P200) were modulated
so that especially the N100 amplitude was significantly @igh the attended conditions
than in the passive condition. However, this happened omlgnithe notch widths were
relatively small, suggesting that the effect was not onlindmsed, causing an overall
stronger neural activation, but also involved sharpenihgoond frequency tuning of the
auditory cortex neurons.

This information can be adapted to clinical attention deficy studies or diagnoses, where
e.g. Alzheimer’s disease, schizophrenia or ADHD-syndrpiéents are involved. By us-
ing a suitable set of auditory stimuli and comparing the akbwsponses linked to stimulus
to ones from healthy people, an indicative measure of thetgraf attention deficiency
could be obtained.

Keywords: electroencephalography, magnetoencephalographytiaticevent-related
potentials, auditory perception, neural tuning
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Chapter 1

Introduction

Attention is invaluable in our everyday life. What is attentthen? How does it work? A

closer inspection reveals that our common definition isequitgue. Most of us have first-
hand experience on how attention, or especially the lack oan change our perception
of the outside world. Famous 19th century psychologistidnilJames defined attention

in "The Principles of Psychology(1890) as follows:

"Everyone knows what attention is. It is the taking poss@sby the mind, in
clear and vivid form, of one out of what seem several sim@tarsly possible
objects or trains of thought. [...] It implies withdrawabfn some things
in order to deal effectively with others, and is a conditiohieh has a real

opposite in the confused, dazed, scatterbrained state.”

Attention, then, makes it possible to select only the raieyart of all the sensory in-
formation we receive. As an example, auditory selectiveraibn refers to our ability to
select relevant information from the surrounding acoustents. "Cocktail party effect”
describes the ability to focus our attention only on one gespeaker, understand his or
her speech, while we efficiently filter out the surroundinghground noise and the other

speakers.



Attention is a pre-requisite for survival. For example,viig a car is a complicated
process, where much visual information has to be filteregdotiat we can act coherently
in traffic. Attention can also reshape our perceptual sysiemeeded, for the effects of
attention can be noted at many different levels of our pdtdEystem, based on our
actions. Further, attentional dysfunctions can be fouradlnamber of clinical conditions,
including Alzheimer’s disease, schizophrenia and atbentieficit hyperactivity disorder
(ADHD). These dysfynctions, in addition to attention-imed changes in healthy people,

can be see even with non-invasive brain imaging methods, asiEEG and MEG.

In this thesis, the neural mechanisms underlying seleatiemtion in the auditory system
were studied. We specifically asked whether the selecttemt@n can be explained by
changes in neural gain, i.e. do we perceive the attendedisdagiter because the neural
responses are stronger and augmented, or can the effedtertian be explained by a

special modulation of the neural populations towards thended sound frequency.



Chapter 2

Background

2.1 The human auditory system

The human auditory system converts sound in a physical fometral signals. Hearing
has a very important function in survival, as it functionsaasignaling system for events
that we can’t see. For a review of human auditory system anfuiictions, see e.g.

Goldstein (2002) ar Karjalaineh (1999).

2.1.1 Range of hearing

Threshold of hearing is about 0 dB SPL, where the sound pressvel (SPL) refers to
pressure of the sound which is often represented as dedit®)s The dynamic range
of the human hearing is about 120 dB. Loudness is a term veselyf related to SPL,
it only takes into account the compressive nature and thguéecy dependency of the
human hearing system. Just noticeable difference (JNDpniSabout 1 dB. Also sound
duration influences the perceived loudness for sounds\asider about 200 ms. This
effect is stronger with even shorter sounds, loudness haéngeived higher the shorter

the duration of the sound is (see e.g. Buus et al.,|1997).



The human hearing range extends in the frequency domainditmwout 20 Hz to 20 kHz.
This range diminishes with age. However, the human ear doegerceive different
frequencies with the same sound pressure level (SPL) withlégudness. As can be seen
in Figure[2Z1, the ear is most sensitive to the middle fregiesnof 2—4 kHz. Importantly,

this range of frequencies is most essential for understggpeech.

The audibility curve, as seen in Figurel2.1, shows the tholelsbf hearing for different
frequencies. Auditory response area refers to the areatbeeaudibility curve. Tones
played with intensities that fall below the curve are notibled For example, 40 dB SPL

tone at 30 Hz is not audible, but at 1 kHz we can hear it well (§Giain/ 2002).
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100 n
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80 |- T 80 _> loudness
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40 e

— Audibility

- curve
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of hearing)

[

|
20 100 500 1,000 5,000 10,000
Frequency (Hz)

Figure 2.1: The audibility curve and equal loudness cunesiated from_Goldstein,
2002).

2.1.2 Structure of ear

Sound enters the ear through the outer ear (Figude 2.2). Titldlenear transduces the
sound to a suitable range of pressure changes. The soundlig fionverted to neural
signals inside the inner ear, in the cochlea. The followiaction describes the structure
of the ear in little more detail. Especially the inner eausture and functionality is

emphasized, as it is most important concerning this study.
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Figure 2.2: The structure of ear (adapted firom Goldsteif220

The Outer Ear

The part of ear that sticks out of the head is calp@thae Due to its structure, it helps
us determine the location of the sound, but the most impbparts of the ear are found

inside the head.

Sound passes through the outer ear, which consists gfitima and theauditory canal
The auditory canal is a short, tube-like structure that dsdlsi protects the middle ear
from the outside world. It is about 3 cm in length and is codength wax. In the end
of the auditory canal there istgmpanic membraner eardrum Tympanic membrane

vibrates when the sound wave enters the auditory canal.

Besides the protection of inner structures, the outer ear ehhances intensities of some
sounds by means of resonance. Resonance occurs when soweslreffect back from
closed end of the auditory canal, and interact with soundsrieiy the auditory canal.
Resonance is highest at tresonant frequencgf the canal, which is determined by the
length of the canal. Measurements inside the ear indicakerédsonance has a slight
amplifying effect on frequencies between about 2 kHz and 5 (ddmpare to Figurie2.1).

This range is most important in perceiving and recognizingj@ry speech stimuli.



The middle ear

The middle earis a small cavity of about 2 ctin volume. It consists of thessicles
three smallest bones of the human body. Ossicles are chbeaiileus theincusand the
stapeqFigure[Z2).

Malleus is is attached to tympanic membrane that sets invibt@tion when sound enters
the auditory canal. Malleus passes the vibrations to thergEbone, incus, which in turn
passes them to the last bone, stapes. The stapes finallgrddlne vibrations to theval

windowby pushing against the membrane covering the window.

Most important function of the middle ear is to work as a tauter. It amplifies the vi-
brations in the air to be suitable to move the dense cochigdrifehind the oval window.
Vibrations would otherwise pass very poorly from air to thlguld. Amplifying is accom-
plished in two ways: (1) concentrating the vibration of taegke tympanic membrane to

much smaller stapes, and (2) ossicles being hinged to cadater.

Middle ear also contains small muscles, theldle-ear musclesThese muscles are at-
tached to the ossicles, and function as a protection to tier i@ar at high sound intensi-
ties. At high intensities these muscles contract to damperossicles vibration. Other-
wise, a powerful vibration would pass to the inner ear, gagsiausing pain and damage.
This automatic contraction is called te&apedius reflexDampening occurs mainly on
the lower frequencies (0-2 kHz). Middle-ear muscles takaestime to function (from

tens to few hundred milliseconds), so they do not providdqmtion against a sudden

high-intensity sound (Karjalainen, 1999).

From the middle ear there is also a connection to the noskedctieeustachian tube
Most important function of this is to balance the air pressaside the ear to the pressure

of the surrounding environment, so that the tympanic memdcan vibrate freely.



The Inner Ear

Main structure of thénner earis thecochlea(FigurelZ2 an@2Z13). It is filled with a liquid
called the cochlear fluid. Cochlea can be realized by thopkimout a narrow tube which

is tightly coiled as a spiral-like structure.

Oval window

Auditory nerve
Stapes

Round window

Scala Cochlear ~ Scala
tympani partition  vestibuli

Figure 2.3: Cochlea (adapted from Goldstein, 2002).

Upper half of the cochlea is called the scala vestibuli aedaiver part is called the scala
tympani. These parts are separated by a cochlear partitibith contains the basilar

membrane and the organ of Corti. Cochlear cross sectionu(®ig.4) shows also the
tectorial membrane and the organ of Corti.
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Figure 2.4: Cross section of cochlea (adapted from Alle9120
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Figure 2.5: Organ of Corti (adapted from Allen, 2001).

Organ of Corti lies on top of the basilar membrane and belosvtéttorial membrane
(Figure[Z5). It contains the auditory receptors calledhhi cells There are, in total,
about 20 000-30 000 hair cells, which are scattered appwteiynevenly on the basilar
membrane. They are divided into two groups, the inner andtiber hair cells, depending
on their location in the organ of Corti. Also the structuretloé inner and outer hair cells
differ. Hair cells have very fineilia, or hairs, which respond to vibration. Vibration of
the cilia causes an electrical signal, which releases a idaétransmitter that finally gen-
erates a response in nerve fibers. In other words, hair cellk as mechanotransducers,

converting mechanical energy into neural signals.

Sound travels through the middle ear and causes movemehn¢ aiochlear fluid. Fluid
movement causes the basilar membrane to vibrate. This mdauses up-and-down
movement of the organ of Corti and also back-and-forth mamrof the tectorial mem-
brane relative to the hair cells. Both movements contrilbatthe very fine bending of
the cilia in the hair cells. At the threshold of hearing, @ilhovements can be as small as

100 picometers (100*13°m).

The basilar membrane tenotopicallyorganized, meaning that nearby frequencies cause
activation to nearby hair cells. Each frequency has itsumigjace in the structure. High
frequencies are coded by the hair cells located in the begirof the membrane (base),

and low frequencies are coded in the end of membrane (apeaj,the round window.



The basilar membrane is three or four times narrower in thlggriméng than in the end.
This gives a physical basis for the place coding. The tragelave on the basilar mem-
brane has a certain frequency. It starts from the base, heawval window, and peaks
at some point in the membrane. This is the place where théabasembrane has the
maximal displacement due to the vibration, and also theepldtere most hair cells are
activated. Other hair cells in different loci can also bevated due to the membrane vi-
bration, but their activation is smaller. Place theory ddifireg was originally proposed by
Georg von Békésy in 1928 (ske Goldstein, 2002). This sedatinotopic organization
(also sometimes referred aschleotopyis maintained throughout the auditory pathway
(Ashmore and Gale, 2000). Similar organization is foundhia visual and somatosen-
sory pathways, where it is called eithetinotopyor somatotopyrespectivelyl(Goldstein,
2002).

In addition to place-coding, the timing of the auditory reeffiring is used to encode
frequency information. A mechanism callptiase lockingefers to a neuron firing when
the amplitude of the sound is at its peak point or near it. Assallt, high frequencies
cause firing bursts more often than low frequencies, beddugssound waves reach their

peak more often (Goldstein, 2002).

Hair cells are not just simple receptors, but they also doulte as a regulator or an inducer
of movement. This is modulated by feedback mechanism fraghedri parts of cortex

(Karjalaineh| 1999).

Human hearing also has a larger dynamic range (about 120hd)ghould be possible
based on the structure of the ear. The cochlear detectoes, Ivair cells, have a dynamic
range of less than 65 dB (acquired by analyzing IHC voltag&BIS$tudies have shown
that outer hair cells have an important role in the large dyicaange of our hearing,
providing mechanical nonlinear signal compression. OHIEs eause distortion in the
frequency when using combination tones, €g¢, — f,. This distortion is nonlinear at

low intensities|(Alleh} 2001).

More precise results for place coding have been obtainetyusicroelectrodes placed

in individual hair cells and in auditory nerve fibers. Fregog tuning curves (see Fig-



ure[Z.6) can then be obtained by playing tones of differesqfiencies and plotting the
sound intensity (in dB SPL) to elicit minimal neural respeng he tip of of the tuning

curve is called théest frequencyBF), a.k.a. thecharacteristic frequenc{CF). This is

the acoustical frequency that the hair cell or the neuronastrsensitive to. Peripheral
tuning curves of neurons for example in mammalian Al can bisonultipeaked, hav-
ing multiple best frequencies (see e.g. Kadia and Wang,)20DBese kind of neurons
can show complex interactions in their firing rate, when pnéiig combination of tones

including frequency components of these several CFs.
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Figure 2.6: Frequency tuning curves of the cat auditory edibvers. The characteristic
frequency of each fiber is shown by an arrow (adapted from §einl, 2002).

Tuning curves can also be measured in psychophysical enpets (e.g., Moore, 1978).
Psychophysical or psychoacoustical tuning curves can lzsuned by presenting a test
tone with low SPL intensity, and then finding out the maskimngtlevel needed to elim-
inate the perception of the test tone. The resulting nartaving curves are similar to
those obtained from auditory nerve fibers using microetetss, which suggests that our
perception of frequencies is largely based on the actimatfthese neurons (Goldstein,

2002).
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2.1.3 Auditory masking

Auditory masking means that the existence of intense enaugime can decrease our
perception of another tone. That is, the threshold of hgasimormal tone increases
because of the presence of a masker. This can occur in timaidprhthe tones are
presented almost simultaneously (temporal masking), arfdegquency domain, if the
tones are sufficiently near to each other in pitch (frequeanagking) (Goldstein, 2002;

Karjalaineh| 1999).

Frequency masking causes biggest increase in threshaltheaaasker frequency. Mask-
ing effect spreads more to higher frequencies than to loveguiencies. This has a sub-

strate in the travelling wave patterns of the basilar mem&yaee Sectidn2.1.2,[d. 7).

The critical band

The critical band refers to the frequency width, which essieffectively the same place
on the basilar membrane. The approximate equation focatiband width around the
frequencyf is

df =254 75 x (1 + 1.4f%)%6° (2.1)

wheredf is in Hz, andf in kHz (Zwicker and Terhardt, 1980). In low frequencies the
width of the critical band is small, and the width progressngrows with higher frequen-
cies (Karjalainen, 1999). Modeling the human auditory elysais a series afuditory
filtersis a relatively new concept, and this is basically an exmans the critical band

concept, with multiple interacting and hierarchically angzed levels.

For instance, in the present study, 20 Hz difference was (I€¥@D Hz and 1020 Hz sine
tones, see Chaptér 3,[p]39 for more details). Even thougltdifierence is only about a
third of a musical semitone, it was still found to be detelddbr clear majority of test
subjects, even with a noise masker. The critical band arthen@i000 Hz test tone is about
160 Hz [Karjalainen, 1999). The just noticeable differefid¢D) of sound pitch at certain

frequency is related to the width of the critical band. Twode with different frequencies
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that fall within the same critical band are generally notilgadetectable from each other
(Allen, 2001). The observed ability to distinguish such aBmifference in pitch would
suggest that we have some kind of specific attention-relatchanisms, which tune our

perception towards the attended sound frequency.

2.1.4 Auditory pathway

The brain receives and processes information from our senske outer layer of the
brain, cortex is divided to areas and regions in several different waysnckonal di-
vision tells which cortex regions respond mostly to spea@ases (hearing, vision, so-
matosensory information like touch) or, for example, gapte in planning of our actions
(premotor and motor areas). Figurel2.7 shows this divisiah wolor-coding, and also
displays the numbered Brodmann areas. The cortical areghvitaindles first the incom-

ing sounds in humans (th@imary auditory cortexis in Brodmann area 41.

Frontal Eye [ || Somatosensory
Fields

| |Breca's
|| Audition
] Wernicke's

[T vision
| Cegnitien [ visual-parietal
- Emation || Visual-temparal

. Olfaction

Figure 2.7: Diagram of functional areas of the brain and Bradn areas (adapted from
Dubin, 2001).
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The auditory pathway starts from the cochlea (Fiduré 2.8)difory nerve carries the
signal first to thecochlear nucleusFrom there, the signal synapses in slperior olivary
nucleusin the brain stem, in thénferior colliculus of the midbrain and in thenedial
geniculate nucleusf the thalamus (MGN). From MGN, the fibers go to themary
auditory cortex(PAC, or in non-human primates also known as Al), in the taadobe

of the cortex.

Auditory structures are bilateral, meaning that they eixigioth parts of the brain. Input
can be either ipsi- or contralateral (i.e., from cochledim$ame side or the opposite side,
respectively), even though most of the afferent fibers arthéocontralateral auditory

cortex.

Primary auditory
cortex

Medial geniculate
nucleus

Inferior colliculus

Cochlear nucleus

Cochlea

Superior olivary
nucleus

Figure 2.8: Auditory pathway (adapted fram Goldstein, 2002

2.1.5 Auditory cortex

Auditory cortex (AC) refers to the temporal region of thealamal cortex that contains
neurons responsive to auditory stimuli. It receives affermsput from the medial genicu-
late nucleus (MGN) of the thalamus. Studies have shown tieaC is not a homogenic
receptive field. It is a complex structure containing difer fields: primary field (the

primary auditory cortex) and several surrounding areas@Be and Redle, 1985).
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The organization of the AC fields has been studied microeleutally with cats and mon-
keys (Brugge and Reale, 1985). First the input is receivéigenore area which includes
Al and some nearby areas (Figlrel 2.9). Signals are thensaneéas surrounding the
core, called thesecondary auditory corteand after that, to thauditory association cor-
tex (Goldstein| 2002).

Secondary
auditory
cortex

Auditory
association
cortex

STS is opened

Figure 2.9: Organization of the auditory cortex. LS staratddteral sulcus and STS for
superior temporal sulcus. In this picture both the LS and &ESopened” to expose part
of the auditory cortex not visible from the surface (adagtech |Goldstein, 2002).

Timing information due to phase locking is not as importastaafrequency encoding
mechanism in AC as it is in the earlier processing stagesrdyisun Al phase lock only
up to about 500 Hz, in contrast to the auditory nerves thas@hack up to about 5000 Hz
(Goldstein| 2002).

2.1.6 Feedback mechanisms

Frequency selectivity has been extensively studied in alsinStudies have documented
feedback mechanisms that increase the frequency setgamil sharpen the tuning of
the auditory system neurons. Interestingly, both amphibind reptiles use each hair
cell as an electrical resonant filter. This causes neuralan to be elicited only if
the frequency of the stimulus matches the electrical resioinr@quency. This mechanism
is modulated in hair cells by calcium-activated potassitmannels and calcium currents
(Ashmare and Gale, 2000).
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Also, the outer hair cells change the basilar membrane impesl (see Figuie 2110), and
this causes changes in the "best frequency” places of thabasembrane. This process
is modulated by both place on the basilar membrane (fastbteddloop) and by the

efferent neurons connected to OHCs (slow feedback loopgeéAROOL).

INPUT S|GNAL‘ MIDDLE
1 EAR

COCHLEAR FLUID

BASILAR MEMBRANE |
IMPEDANCE Kigy/Vi5c

TECTORIAL SLOW ACTING
MEMBRANE ACTIVE FEEDBACK

OUTER HAIR CELLS

INNER HAIR CELLS

AUDITORY NERVE

\/_

Figure 2.10: Inner ear block diagram (adapted from Aller120

The tuning curves of the auditory nerves are very narrow,tbist cannot be fully ex-
plained by the vibration patterns of the basilar membrartedi8s have shown that the
frequency-tuned movement of the outer hair cells shargemsdsponse to a certain fre-
guency. This movement, called the electromotile respomsahanically amplifies the
vibration of the membrane at certain point (Goldstein, H00Quter hair cells do not
send large electrical signals to the auditory nerve, butrdgisig them from cochlea also
significantly reduces the responses of the inner hair céllstile response of OHC is

modulated by a slow active feedback mechanism (Allen,2001)

Increased frequency selectivity in cochlea can be exptalnyean micromechanical the-
ory called thecochlear amplifiethypothesis. This explains a hypothetical mechanism,
which increases the sensitivity of BM to low level sounds,atdhe same time, increases
frequency selectivity of the BM vibrations. This is done bawing or adding electrical

and mechanical energy to outer hair cells in cochlear pamtitdepending on frequency
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(Allen, 2001). Feedback refines and tunes the resonantdraxyulocation in BM, ei-
ther by amplifying hair cell bundle movements, or by amptifythe BM motion in the

specified location.

Recently, a gene nameguesand especially a protein callgatestin operating only in
OHCs, have been found to be a likely requisites of this kindast, active feedback.
Prestin has been demonstrated to be necessary for OHCoehextility, and deletion of
pres has been noted to cause hundred-fold loss of hearirsitigey (Liberman et al.,
2002;Géléoc and Holt, 2003). Whether prestin is then bottessary and sufficient
for the OHC electromotility, or if it requires some other sténces, still requires further

studies.

There has been quite a lot of evidence of different activdliaek mechanisms that work
already at the level of BM. As an alternative, the passive Bbtel, where no new me-
chanical energy is added to system, is also able to explaim#éasured neural responses
(Allen, 2001).! Liberman et all (2002) also suggests theipoig that no additional ac-
tive feedback mechanisms are required besides the prastigimpfor the high cochlear
sensitivity. In summary, the function of outer hair celles®s very important for the sharp

frequency tuning properties of our hearing system.

2.1.7 Frequency discrimination

The primary auditory cortex (PAC) is crucial for the fine-grad frequency discrimina-
tion. There is physiological evidence from AC lesions iradicg that neurons in PAC are
required to maintain finely tuned frequency discriminatoapabilities of human (Tramo
et al.,.2002). Weber fractions for the frequency discrintiora(fraction between just no-
ticeable difference in frequency and base frequency ANA,) in a patient having AC
lesion was about 8-fold compared to other neurologicalgpési, and 20-fold compared
to normal control subjects. Further, monkey studies supperinvolvement of primary
auditory areas in frequency discrimination capabiliti8sudies have found that neurons

in the surrounding areas of the Al (equivilavent to human P&€ not as narrowly tuned
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to sound frequency as the primary auditory areas of /AC (Kiostedd. | 19977; Rauschecker
et al.,[1995). Surrounding regions seem to exhibit prefegein more complex sounds

than pure tones.

2.1.8 Duration discrimination

Neural substrate of sound duration discrimination has b#isoussed in_Belin_et al.
(2002). There appears to be two cerebral processes involthd discrimination task: a
supramodal right fronto-parietal cortical network and &awwk of regions such as basal
ganglia, cerebellum and right prefrontal cortex. At theelesf human AC, the right
temporal lobe seems to be specifically important for theipeeduration discrimination,
based on MEG studies that have found mismatch negativity \1td duration changes

to be stronger over the right temporal areas (Giard et a@5)1.9

Similar to the frequency specificity of AC neurons, therehygsological evidence from
bats that some AC neurons have preference to a narrow rangteraflus durations, or
alternatively either to a short or long duration (Galazyokl &#eng, 1997). Again, similar
to the corticofugal modulation of the frequency-tuned o@st the "duration-tuned” neu-
rons of the bat AC have been shown to change their best danaitb various feedback-

induced mechanisms (Ma and Suga, 2001).

2.2 Electric signals of the brain

The basis of all bioelectric signals is the transformatiéra con-electric signal to an
electrical signal in the active cellular membrane. A chexhpgrocess involving both the
influx and outflux of potassium (K) and sodium (N&) ions through a cellular membrane
starts anaction potential(AP) in a singlenerve cell(Figure[Z11). Signal arrives to a
neuron through a chemical mechanism indéndrites If a neuron should fire, the action
potential travels down aaxonto the end terminals in order to signal to other neurons.

The junction between an axon and the adjacent cell is catledynapse This is the
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channel that neurons use to communicate with each othernhattion from the cell body
goes along the axon as an electrical action potential, thessa the synapse to the next
nerve cell or muscle cell as a release of specific transnstibstances (Malmivuo and

Plonsey, 1995; Lang etlal., 1994).

The part of the synapse on the axon side is calledteeynaptic terminaland the part
on the receiving side is called thpmstsynaptic terminal The gap between these sides,
the synaptic cleftand its chemical properties are responsible for that tfanmation in

synapse goes only in one direction (Malmivuo and Planse951.9

Synapse
Dendrites — e \77%4

Figure 2.11: Diagram of a nerve cell.

Action potentials alone cannot be measured using EEG or MEGtsynaptic potentials
(PSP) are thought to be the primary source of the extraeelfidld potentials, i.e., the
potentials that are measurable with non-invasive meth8deckmann and Elger, 1999).
In an ideal dendrite, the postsynaptic potential causestaaciellular current that can be
approximated with a current dipole. The density of this eatrdiminishes quickly as the
distance from the synapse grows (Malmivuo and Plansey,Y1$hBile postsynaptic po-
tentials are also relatively short in time, they are an oafenagnitude longer potentials,
lasting from milliseconds to even tens of seconds (depgaiirthe transmitter), whereas
action potential lasts only for about 1 ms (Malmivuo and Bk 1995). Thus, PSPs are

summable which makes it possible to detect them even froradhlp (Lang et all, 1994).

Postsynaptic potentials are either excitatory (EPSP) ahititory (IPSP). EPSP occurs

in a so-called excitatory synapse, and IPSP in an inhibggnapse. Several action po-
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tentials that travel along the same fiber within a short gkdabtime cause summation of
EPSP in the synapse, which again can trigger a new actiomfpaten the postsynaptic

neuron if the AP firing threshold is reached (superthresipoligéntial). IPSP causes hy-
perpolarization in the postsynaptic neuron, i.e., charfdheoresting potential to an even

more negative value (Speckmann and Elger, 1999).

EPSP causes a net inflow cditions(i.e., ions that have positive charge) on the postsy-
naptic membrane. This causes an increase in the potergjabjatization. IPSP has the
opposite effect, causing an outflow of cations from the nana/or inflow of theanions
(ions with negative charge) into the nerve cell (SpeckmamhEger)1999). Each PSP

causes an elementary dipole moment of

Q =1\ (2.2)

in the end of dendrite, wherkis the intracellular current analis the length constant of
the membrane, typically 0.1-0.2 mm for cortical neuron.cGkdtion of the current can

be done using change of voltagd” during a PSP. This is done using equation

[ =AV/(\ry) (2.3)

wherer, is the resistance of the intracellular fluid per unit lengBvaluating this with
typical values gives) ~ 20 fAm for a single PSP. Usually the current-dipole moments
have to be in an order of 10 nAm to be measurable outside the Adaus, synchronous
activation of hundreds of thousands or possibly even mmiliof synapses is required

(Hamalainen et all, 1993).

Both the action potentials and postsynaptic potentialse&lectric fields, and by Ohm’s
law also intra- and extracellular currents. Resistancehefdellular membrane is low
compared to the intra- and extracellular space (Langlet@94). As said before, activity
of single neurons, action potentials, can’t be measuredbywasive methods, like EEG
(SectioZ.B) or MEG (Sectidn2.4). Whether the brain agtigan be measured outside
the head depends both on the number of activated neurons@agrtchrony of activation.

Neurons that are activated in synchrony cause the larggsvnses. Other factors include
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geometry of activated neuron groups and their relation th edher. To cause summable
activation, a large number of neurons have to be orientedarsame direction. Random
orientation of cells would cause them to cancel each othmengials out due to the vector

summation.

Open fieldsthat are caused e.g. by pyramidal cells in the cortex, asiblei even far
away from the sourceClosed fieldsthat are generated e.g. in nuclei, are measurable
only in close vicinity of the source (Lang etlal., 1994). Ryrdal cells form 70% of the
neocortical cells. Pyramidal cells oriented parallel toface contribute to most of the

magnetic field that extends outside the skull.

2.2.1 Field potentials and neural sources of EEG and MEG sigals

Activation of the synapses generates postsynaptic patentind further cause neural
currents to flow. This can be seen in both EEG and MEG, as theheurrents cause
electromagnetic fields. Negative electrical field potdstiathe scalp are generated when
superficial excitatory synapses, or more deeply locateibituny synapses, are activated
in synchrony. Electric potentials with positive polaritn the other hand, are similarly
generated by superficial inhibitory synapses or deeplytéataxcitatory synapses (Speck-

mann and Elger, 1999).

Synaptic activity thus causes small potential differencethe extracellular space, that
again, lead to extracellular currents. .. I,,. After a large-scale summation, these cur-
rents can cause large field potentials that are measurabtedutside the head. Basics
of this process are shown in Figure 2.12. The strongest lsigita generated by large

pyramidal cells, oriented perpendicular to the corticafae.

The potential distribution changes over time and placeeddimg on the neural activity
source location and strength, and these small electrimpatelifferences are the signals
that are recorded usirglectroencephalograpi§£EG). In traditional EEG, the potentials
are measured from outer layer of the head (scalp) using ag afelectrodesEEG can be

used to measurspontaneous activitgndevent-related (evoked) potentidlSRP or just
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Figure 2.12: Potential generation on the scalp by curreminsation.

EP). Spontaneous activity of the brain, when measured frenstalp, is about100 V'

(Malmivuo and Plonsey, 1995). If using a DC amplifier, evedavirange of potentials
can be measured. These are generally knowb@gpotentials which corresponds to os-
cillations of about 0.01-0.1 Hz. Due to many kinds of techhproblems, DC potentials
are rarely measured from the scalp. DC measurements, howeag show better and

more accurately the actual functions of neural cells (Sperin and Elger, 1999).

Regularly occurring rhythmic activity in EEG are traditalty divided to different bands,
which are called thelelta band(< 4 Hz), thetheta band4—-8 Hz), thealpha band(8—

13 Hz) and thébeta band>13 Hz) [Lang et &l., 1994). EEG activity that occurs within
these bands are called with corresponding namesgdelta rhythm In addition to these
bands, also so callegpmma bandctivity at about 40—-100 Hz can be detected from EEG
signal. Some additional ways of using even more Greek tettedivide EEG activity to
frequency bands has also been proposed, but they have movésesuccessful (Nieder-

meyer, 1999).
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2.2.2 Event-related potentials

Basic idea in an event-related potential (ERP) measuremeiot take short segments
(epochs) of EEG data time-locked to stimuli, and averagmtheross all identical stim-
uli. With this kind of method, the spontaneous changes, Ogebtirifts and other typical
changes in EEG signal are averaged out, and the signalise-ratio (SNR) is better than
analyzing only single segments. Signal quality is basjdllé better the more averages
there is (Figuré2Z13). ERPs are in magnitude smaller thaneo§pontaneous activity, as
the averaging decreases the level of background activiRP<consist of both negative
and positive fluctuations during a short period of time rigatore and after the stimulus
onset. This period is usually in the order of a few hundrediseitonds in neurophysio-
logical studies. Naturally the period can be shorter or &mfpr example in the order of

only milliseconds when studying brainstem responses.

Event-related potentials can be elicited by for many kindstionuli, for example a flash
of light. This kind of potential is called theisual evoked potentig]VEP). Auditory
evoked potentiallAEP) are studied in a similar fashion, by presenting a satimdulus
and investigating what happens right after the onset of doéso neural response to a
touch stimulusgomatosentory evoked potenti8SEP) can be studied with this research

method.

The auditory responses

The neural responses to auditory stimuli can be measuredfatett levels and time

scales of the auditory pathway. Electrocochleogram (EG)ds measured with an elec-
trode near the round window. These responses are very bavliy)g latencies of 1-4 ms.
Brainstem auditory evoked potentials (BAEP) stand for ao§seven positive waves dur-
ing the first 12 ms following sound onset. Middle latency pwigds (MLP) occur between
12-50 ms after the stimulation. Late responses mean anyedvyadtentials after 50 ms.
Late auditory evoked potentials have given much insightuméin cognitive neuropsy-

chology, and they are an area of great interest (Niedermé&gee).
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Figure 2.13: ERP signal quality as the number of averagesases. Notice the smaller
vertical scale in subfigures as N progresses.

Using ERP studies to study auditory stimulus processirftgrént late components can
be pointed out from the ERIP50refers to positive peak at about 50 ms from stimulus
onset.N100(or just N1) means the negative peak at around 100 ms. Thisuislly one

of the most prominent of the auditory respons@&0Q P200and P300are similarly
defined. An additionain can be added to response name (Bl§0O0N) to clarify that the
response is obtained using MEG, i.e., it is an average of dgnetic response. In MEG,

the averaged responses are callgdked response fields event-related fieldEERF).

The amplitude of N100 depends on the amplitude of the stiamdi the uniqueness of
the presented sound. By presenting successive identicallstvith a short interstimulus
interval (ISI), the N100 peak amplitude is decreased. Thaften explained to be caused
by synaptic depression (e.q., Budd etlal., 1998). Basithfylonger the ISl, the higher
the N100 peak (Hari et al., 1982). Using for example the otdbxaeriment paradigm,
the amount of difference between the standard stimuli aeadiéviant stimuli affects the

amplitude and latency of the N100 elicited by the deviannhsti (JAaskeldinen et al.,
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2004). This automatic difference in neural responses Isd¢#he MMN (mismatch neg-
ativity). By exploiting information about amplitude chaasyof N100 in successive trials,
the neural generators of N100 (or in general the whole N10@eyvhave been found to
be both frequency and location specific (Naatanenlet alg&)YlF8owever, in that study,
the frequency specificity of N100 was found to be much moraisokhan the location

specificity.

There are of course several other factors that affect theahezsponses to auditory stim-
uli, but the N100 changes were discussed here most as thelismessed later in this
thesis. Additionally, for example P300 increases in layesied decreases in amplitude
under light drowsiness (Koshino et al., 1993). During sléeprivation, N200 is found to
increase in latency and decrease in amplitude besides30§t FHHowever, no significant

change in N100 was found in a similar experiment (Lee et D42.

In general, to be able to measure the relatively small chengauditory responses in-
duced by e.g. attention, the stimulus intensity should k¢ &8 low as possible. Other-
wise no change in responses might be visible, because thenseor neural populations
can e.g. reach their maximal firing rate or be in their refoagctperiod during the pre-
sentation of stimuli. In this study, we hypothesized that ftequency selectivity would
be higher with a low stimulus intensity. Additionally, thechtion specificity of the ac-
tive neural populations will be lower with loud auditoryrstili, as activation of nearby

populations will lead to poorer spatial SNR in noninvasivaib imaging methods.

2.2.3 The forward and the inverse problem

In theforward problemelectromagnetic fields outside the head are calculated wéral
source location and strength are known. The problem can fireedealso as the calcula-

tion of any electromagnetic field outside the head, giverctireent distribution inside.

Noninvasive methods of recording activity of the brain h#tveir limitations. The basic
guestion of interest in studies is what kind of activity oethrain the measurements

correspond to, and where are the sources of these actigatiBstimating the source
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currents using only the measurements on the scalp is cdikenhterse problem The
source localization accuracy depends on the number of ardgnt measurement points,

the more the better (Malmivuo and Plonsey, 1995).

The inverse problem is generally ill-posed, meaning thettels no unique solution to the
problem. Several different dipole configurations can impiple yield the same potential
distribution. With some constraints concerning e.g. thaber of sources or their shape, a
unique solution can be found. For this, there has to be a nfodebth volume conductor

(the head) and for the source.

The model of the source can lead to systematic errors, ifésdwt correspond to reality.

If no extra information about the source(s) is availablee golution is to estimate an
equivalent current dipol€ECD) on each time point. ECD is allowed to change position,
rotate and to change amplitude. Traditionally dipole fgtimas been done using least-
squares fitting technique, minimizing the error functiorirmiespect to the location and
orientation of the dipoles. This has some problems, e.g. fihction could get stuck
in local minima, so various other algorithms have been dped to overcome these

problemsi(Mosher et al., 1999).

Exact localization of neural sources needs simultanousnmdtion from several chan-
nels. Thus, multi-channel MEG data is a good choice for ECmedion. In MEG,

the localization is most accurate for cortical sources #ratperpendicular to the scalp.
Radial source dipoles are problematic, as they generditeditternal magnetic field that
could be measured. Also, the deeper the sources are lotagathore inaccuracies occur

in dipole location and magnitude estimation (Mosher e118199).
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2.3 Electroencephalography (EEG)

2.3.1 Equipment
Electrodes

EEG electrodes can be either bipolar or unipolar. In bipelactrodes, the potential
difference between a pair of electrodes is used. In unipa&trodes, potential of each
electrode is compared to either a neutral electrode (neéexeor to the average of all
electrodes (common average) (Malmivuo and Plansey, 1986)e-course display from

a single electrode is also referred ashannel

Surface electrodes are metallic rings, with diameter ofualiocm. When using surface
electrodes, the material of the electrodes is importanectibde should provide stable
values, i.e., the electric properties should not changetove. Also the electrode should
provide good and long-lasting electric contact, makingn#ensitive to electrode move-
ments. Good surface electrode materials are noble metald, (glatinum, silver) and

electrodes coated with salt, like Ag-AgCl.

Electric wires and amplifiers

Signal from the scalp goes from the electrode in a wire to apldier. These wires are
exposed to electromagnetic disturbance, so their lengthldipe kept at minimum. From
the amplifier the signal is transferred away for further mging using a shielded cable,

like a coaxial or twisted pair cable, or as recently is oftene via an optic fiber.

To reduce the effects of outside disturbances, a diffeakmimnplifier is often used to
amplify EEG signals. Differential amplifier only amplifieke difference between two
electrodes, thus losing the common noise (often the 50 Hzpbme). In practice this is
not completely possible, as the amplifier is not able to separnly the common voltage

V.. from the differential voltagd’; — 1, (see Figuré2.14). The difference between the
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gains A and C is called the Common Mode Rejection Ratio (CMRR3 often defined
in decibels as CMRR=20*log(A/C). Most modern amplifiers @&@MRR value of over
100 dB.

vavz A >—
Vire | © AWV, V)
V2+VC +C_VC

Figure 2.14: Basic principles of differential amplifier ggted from _Lang et al., 1994).

Electrode configuration

The most widely used international standard of electrodegohent is called th&0-20

system In this system, the electrode positions are determinedhy rfieference points:
the nasion(delve at the top of the nose), tivdon (lump at the base of the skull in the
back of the head) and the outer edges of auditory canals dndaws. After measuring
the distance between these points (center-line and ezar)p-the lines are divided to
10% and 20% intervals and this information is then used whacing other electrodes.
Figure[31 (p[411) demonstrates this system in practice had's common names of the
electrodes as well. The advantages of using 10-20 systdmatithte results from different

laboratories and across subjects are comparable.

Electrode attachment

EEG measurement from the scalp is prone to various artitaatlsnoise. To maximize
the quality of the signal, impedance for every electrodeuhbe adjusted to equal level,
preferably as low as possible. Typically impedance is sé&—b0 K2. Impedance can

be minimized by preparing the skin before attaching el@&soto it. Skin underlying
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the electrode should be first cleaned up. Scrubbing the skinavspecial paste during
preparation and using a conductive paste between theadecind the skin is a common

practice.

2.3.2 Problems

EEG is very prone to electric disturbance. This can be redlligegood placement of
wires. EEG and in general the electric field potentials tmatraeasured from the scalp
do not directly correspond to brain activity. Signal is battenuated and distorted on its
path to the surface. The strongest attenuator is the shutilalso the electrode and its
impedance attenuate the signal. Tissue outside the brtaimuates the signal depending
on the frequency. Slow delta-band activity might pass tgloalmost intact, but beta

activity can be attenuated by a significant amount (Lang/e18984).

EEG has good temporal resolution, about 1 ms, but spatialutsn is poor, thus making
source estimation inaccurate. Spatial accuracy can beased by adding more elec-
trodes and by using a Laplacian estimate. This way EEG carhralnost the spatial
accuracy of MEG. This improvement has its limits, becausgues underlying the scalp
both attenuate and blur the signal together (Lang let al.4)19Bhe skull smears the po-

tential distribution, which makes solving of the inverselgem problematic.

2.4 Magnetoencephalography (MEG)

For a comprehensive review, see e.q. Hamaldinenl et al.|{16@3vhich this section is

largely based.
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2.4.1 Measuring magnetic fields

MEG is closely related to EEG. The generator for both sigisademe, our brain, and the
electrical and magnetic fields are coupled by Maxwell’s ¢éigna. MEG measures only
the magnetic fields on the scalp. EEG has more sources ddasife.g. due to the head
and other muscle movements and sweating. Additionallhe@&EG signals are recorded
from the scalp, the electrical properties of skin, like coaiivity, should stay identical

throughout the recording, which is rarely realistic. If EE&urce modeling is attempted,
an accurate multi-layer volume conductor model is requiMdgnetic fields, on the other
hand, are not affected by tissue the same way as electris fistdMEG offers often in

practice less distorted signal than EEG and thus also ksgitgial resolution (Lang et al.,
1994). MEG recordings are also reference-free, whereas fielsmaps largely depend

on the type of reference used (Hari, 1999).

As said, electric and magnetic fields are coupled by Maxweljuations, which are in

non-dispersive, isotropic material as follows

v.E =2 (2.4)
€o
— —0B
V-B =0 (2.6)
£

V x E = ,u0(7+ an ) (27)

ot

where E is the electrical field densityl{/m], p free electric charge density’[m?], €
electrical permittivity for free spacef[/m], B magnetic flux densityl}’b/m?], t time
[s], uo magnetic permeabilityff /m] and J current density i /m?]. A quasistatic ap-
proximation, ignoring term@® £ /0t andoB/0dt, can be made as frequencies involved in

brain activity are generally below 100 Hz (Hamalainen €11093).

Basically this means that change in the magnetic flux causegeatric field, and a elec-
trical current or a change in the electric field induces a netigrfield. Magnetic and

electric fields are orthogonal, i.e., their field differs By 9This causes different type of
field patterns for EEG and MEG (Figure2115).
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Magnetic field Electric potential

Figure 2.15: Idealized magnetic and electrical field paggenerated by tangential dipole
(adapted fromm Hamalainen et al., 1993).

2.4.2 Equipment

Most MEG measurements are done utilizQUID (Superconducting QUantum Inter-
ference Device) gradiometers, introduced in the early $9QHarni,[1990). Alternating

magnetic fields generated by the brain induce current to 8&ehsors through the su-
perconducting flux transformers. To retain their SQUID mudies, the sensors are lo-
cated in a dewar containing liquid helium at -269 Container including the sensors is

then brought to as close to the head as possible.

A gradiometer basically picks up the magnetic flux only froroestain spatial location.
This is more sophisticated than using a single pick-up loagmetometer. Problem with
this kind of magnetometers is, that they measure both theakignd the noise, noise
meaning here magnetic fields not caused by neuronal sowgesthe magnetic field of
the earth. By using two pick-up coils in series, wound in apfgodirections, it is possible
to overcome the problem of constant magnetic field and des#gsors sensitive only to
nearby neural sources. Two most widely used types of gragliers are thexial and the
planar gradiometel(Figure[Z.16). First order axial gradiometer is most sévssito B,,
the radial magnetic field component. The axial gradiomed¢eats maximum signals in
both sides of a dipole. The lower loop is called fhiek-up coiland it detects most of
the signal as it’'s closer to the neural source. The upper, [dwcompensation cailis
identical in area but wound in opposition. The planar gratéter measures essentially

the tangential derivate of the magnetic fiehd3, /0= or B, /0y, and it detects maximum
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signal right above the dipole (Hamalainen etlal., 1993; H£99)

;’pl_anal;
gradiometer gradiometer

Figure 2.16: An axial and a planar gradiometer (adapted kdam, 1999).

The pioneering MEG studies used only single-channel magmeters, which meant that
the magnetometer had to be moved to a different location tasore field map for the
whole head\(Hari, 1999). Nowadays multi-channel equipmmmntering the whole head,

has made MEG recording much faster and less prone to noise.

2.4.3 Problems

Magnetic field of the earth is in order of tens or even hunddasillions higher than the
magnetic field generated by our brain (Hari, 1999). This putish pressure on the sen-
sitivity of the measurement devices. MEG has to be measuaradriagnetically shielded
room, utilizing e.g. several layers of aluminum apdnetal. Even small metallic ob-
jects can interfere with the recordings, if they are broughd too close vicinity of the
magnetometer. MEG is most sensitive to the axial (tang@matical sources, generated
in the fissures, and only a little signal is generated by faabarces located in the gyri

(Hamalainen et al., 1993).
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2.5 How attention works at the neural level

Attentional mechanisms are known to operate within all sgnsnodalities, and also
across modalities. In this short overview, only within-raéty changes are handled in

more detail.

Attentional processes involving integrating informatimom many modalities are con-
trolled by both bottom-up and top-down mechanisms. Loctliese types of multimodal
control circuits appear to be the superior colliculus (SChie midbrain and the pulvinar
nucleus of the thalamus, which are both known to be operatiVeast in spatial atten-
tion tasksl(Shipg, 2004). In addition to these structuregesor frontal, inferior parietal
and superior temporal cortex have been found to exhibit gbsrin the neural activity
during attentional cues, suggesting that these strucaregvolved in voluntary atten-
tional control (Hopfinger et al., 2000). Additionally, batte dorsolateral prefrontal and
anterior cingulate cortex seem to be involved in cognititergional task, with both areas
having different roles for control (MacDonald et al., 2000hus, frontal areas seem to
be important for attentional control. This is also suppoig lesion studies, where es-
pecially right frontal lesion patients showed deficits istsined attention (e.g., Wilkins
et al.,.1987; Rueckert and Grafman, 1996). The right fromte& has also been dominant
in normal attentional task, as shown e.qg. by the EEG topdyramaps in Garcia-Larrea
etal. (1992). However, itis likely that no single brain adesninates all the attentional ef-
fects. A possible explanation could be that there existseskind of complex network for
the top-down attentional contral (Hopfinger et al., 200ay,Which neuroimaging meth-

ods like functional magnetic resonance imaging (fMRI) coog used to study further.

Attention is classically thought to function within the semy memory, where the incom-
ing stimuli is compared to a template in the sensory memany gfreview, see_Cowan,
1988). This "attentional trace” is a cortical represematdf the relevant features needed
to discriminate the attended stimuli from the other stinfhii&tanen, 1982). The sensory
store is called the&conic memoryfor vision, theechoic memoryor hearing, and théap-

tic memoryfor the sense of touch. The capacity of the sensory memomnited for all

modalities, lasting only for seconds and having capacityrdy few objects.

32



2.5.1 Neural changes in vision and other modalities inducely at-

tention

Attention has been shown to induce direct neural changéginisual cortex of a monkey.
For example, attention was found to both enhance behavyedibrmance in a visual
discrimination task and to selectively increase the nenasphonses in V4 area of rhesus
monkeys |(Spitzer et al., 1988), via attenuation of neurgpoase to unattended visual
stimuli just outside the receptive field of the attended stiin V4. In subsequent studies,
the main effect of attention in the visual system of a monkmyeared to be an increase in
gain of orientation-selective neurons in both V1 and V4 si@ahe visual cortex (Treue
and Truijillo,11999] McAdams and Maunsell, 1999). In these studies, attention did not
appear to induce selective changes in the preferred otientidat the neurons responded
to. There have been some studies where neuronal shiftsdevedtended location are
notable, measured as changes of the receptive fieldsl(@gnoCet al., 1996, 1997). In
addition,.McAdams and Maunsell (1999) found some neurongdirthat would show
proper orientation tuning only in the attended task, butenionthe unattended task (16%

of all neurons included in that study).

Both attentional modulation mechanisms, increase in gdiar(ge in neurons firing thresh-
old) and increase in selectivity (change in tuning curveeafure-specific neurons), could
be used to explain the enhanced behavioral performanceceat@RI study in humans
(Murray and Wojciulik,2004) found evidence that visuakation causes such changes
in the neuronal population level that cannot be explaineddiyn effect only. Increased

selectivity of the orientation-specific areas was suggkasethe cause for this.

Attention has also been shown to modulate the somatosesgsigm in neural level. In
addition to ERP changes, attention has been e.g. showneaira@et changes in neuronal

firing patterns of the somatosensory cortex of a monkey iftetz et al., 2000).
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2.5.2 Attentional effects in the auditory system

The effects of attention on visual processing has been mumie thoroughly studied
than the effects of attention on auditory perception. Simib visual system, attention
to auditory stimuli can also (1) increase the neural selégtor (2) increase the gain of
the neural responses. Neuronal mechanisms of attentitwe iauditory system have been
reviewed in_Giard et al! (2000). Here, the attentional effexspecially in ERP studies

involving auditory stimuli are reviewed.

So, then, how does attention modulate the neural responaeare measured by EEG?
When attending a stimuli, the ERP component P300 is elicltezlto cognitive process-
ing. It is most clear in discrimination tasks, where infregti(deviant) objects have to
be differentiated from the frequent ones. The P300 is indumevoluntary attentional
control, when attention is focused to objects within one alitgl It has no single source
inside the primary sensory cortex, like some other ERP corapts, but it has multiple

distributed generators across the scalp (for a review, sgethnn and Knignt, 2001).

The attentional effect on earlier ERP components (P50 an@DNare not as clear as
the P300, as their amplitudes are mostly affected by phlyprcgerties of the stimuli,
like brightness of the visual stimulus or loudness of theitaug stimulus. Attention has
been thought to involve cognitive processes, which oftemalotake place within tens
of milliseconds after the stimulus onset. Enhancement df lbiee P50 and N100 am-
plitude due to selective attention has still been widelywahao take place in various
experiments, which would suggest that attentiam operate also in a very early stage
of sensory processing (Herrmann and Knight, 2001). As arradtive to the direct,
often described as a gain-based effect of attention on ttg ERP component ampli-
tudes, an idea of additional processing due to attentiorbbas proposed. This would
be seen as stimuli-specifirocessing negativitin the neural responses, when the ERP
recorded in the unattended condition is subtracted fronERE of the attended condition
(N&atdnen, 1982; Alho etlal., 1987). This is similar to thismatch negativityMMN)

of the neural responses in experiments using oddball pgradinly MMN seems to be

attention-independent process (Naatanenlet al.| 1993).
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The underlying mechanism causing these changes in thelmesponses could be e.g.
shift of the frequency tuning curve (characteristic fregeyechange), sharpening of the
tuning curves or a positive gain effect, i.e., the threshotdingle response gets generally
lower and the whole tuning curve shifts down (Figlre 2.17dwHhese kind of specific
changes might be reflected in large-scale neuronal actvétyliscussed later in this work
under Sectiofi3l5. Sharpening of the frequency tuning migicur due to inhibitory

mechanisms as well, as reported in bat MGE_by Sugal et al. {1997

dBA 0.‘.
f
>
(a) Shift of tuning curve (b) Narrowing (sharpening) of tuning

curve

dB4

(c) Gain effect, change in threshold

Figure 2.17: Examples of effect of attention on tuning csrve

Already the classic study hy Hillyard etlal. (1973) showed difect of selective atten-
tion on the N100 amplitude in a binaural pitch discriminatiask, where the attended
sounds were presented only to the other ear. Early atteaitrondulation in the auditory

system, starting as early as 20 ms from stimulus onset amdj lodien present at around

100 ms, has been reported later e.gl_in Rif etlal. (1991) aifaklorff et al. [1993).
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The effect they found was basically gain-based: the evokagetic brain responses to
attended sound were larger than the responses to unattesndaed. Additionally, both
studies were able to locate the source for this attentidifetteto the auditory cortex on
the supratemporal plane, suggesting that the attentiorutates directly the neural gen-
erators of the auditory N100. Enlargement of both the eanly later ERP components
like N100 has been supported in several subsequent stdiesl(ange et al., 2003).

Monkey studies have shown that long-lasting training cahaee the tonotopic organiza-
tion of Al towards the attended sound frequency (Recanzbak, d993). The changes
in A1 were also reflected in the performance of the behavitask, i.e., in perceptual
acuity. On the other hand, by classical conditioning, ACeeive field changes happened
already after 5-10 trials in a study by Weinberger étlal. )990 cortical remapping of

the AC can in some cases be very rapid.

2.5.3 Attentional dysfunctions

All people do not possess normal attention network in thigiry i.e. they do not perform
in selective attention tasks as well as healthy people asdilply have some attention-
related problems in their everyday life. Attentional dysfyions are very common in
neurological diseases, typically including cognitiveatders as well (see Kuikka etlal.,
2001). Often the patients feel that their attention is samelimited, and that they can
concentrate on one task at a time. Focusing on the main taspassible if there are even

small distractors. Additionally slowing down of informati processing is often evident.

The cause of the attentional dysfunction can be damage tdarcarea of the brain or
changes in the function of neural transmitters. For exapiyath mild closed head injury
(MHI) and frontal lobe lesion patients have shown dysfuntdiin attentional tasks, where
especially the MHI patients had smaller negativity diffeve of ERP amplitudes than
the controls in a dichotic listening task (Solbakk et lal.99pP This would suggest that
the "attentional trace” mechanism worked less efficieraty] thus impaired their ability

to detect deviant sounds. Many brain damage patients alsstanttly feel fatigue and
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sleepiness, leading to reduced alertness and, thus, pgoenfermance in tasks involving

attention.

Additionally, there are number of clinical conditions whegrersons attention is somehow
dysfunct, e.g. Alzheimer’s disease, schizophrenia amhatin-deficit hyperactivity dis-
order (ADHD). For a review on ERP changes in ADHD, see Bar@le2003). ADHD-
related changes in ERPs have been found especially in th®guchodality, from the
earliest brain-stem responses to the late ERP componeimnésewespecially the reduced
P300 is apparent. Typical ERP studies of ADHD involve auglitw visual selective atten-
tion tasks. However, many studies have also suggestedthegduced-capacity attention
is not the cause of ADHD symptoms, even though the ERP sthdiesshown abnormal-
ities in different stages of sensory processing. This isppwith ADHD might perform
in the selective attention task as well as healthy peopla(ffierence in reaction times
or errors), but the ERP amplitudes, latencies or topogespHiffer from healthy peo-
ple (even though these findings can sometimes be contragicteurther, schizophrenic
patient perform worse in the Stroop test, where efficienbleabming requires selective
attention (for a review, see Henik and Salo, 2004). The anteingulate gyrus dysfunc-
tion has been proposed as one cause for this (Carter et 8iF).1Beep down, all of the
mentioned clinical conditions may reduce to abnormaliirethe structure or the wiring

of the brain.

The latency of the ERP peaks in attention-related tasks lsanb& studied, along with
the ERP component amplitudes and topographies. In a studgdhachizophrenic pa-
tients, the later peaking of the difference wave Nd (negadifference, a.k.a. processing
negativity) was reported with patients, compared to hgattintrol subjects (Higashima
et al.,.2004). However, as the original authors commentedpatients were under med-
ication during the tests, so the patients’ attention mighbeen affected by this. On the
other hand, a study with children having attention-defiBibHD) and tourette/tic syn-
drome has shown earlier peak latencies in the early ERP coemp®with ADHD patients
(Oades et all, 1996). In the same study, both patient grouthsmpaired attention had

modified ERP topographies compared to healthy controls.
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In summary, deficits in attention can impair or otherwise hoalready the early sensory
processing phases. With a suitable set of stimuli and exygerial paradigm, the differ-
ences can be noted with ERP recordings. The earlier the osagis done, the better the

treatment is to help the patient.

2.5.4 Specific hypothesis for the present study

Here, our aim was to show attentional modulation in the eaugtitory pathway, which
would be seen as ERP changes to a simple auditory stimulusp@gfically hypothe-
sized that during the frequency discrimination task, therdional effect would be more
evident than during the duration discrimination task. Adufially, it was tested whether
either one of the mechanisms (sharpening vs. gain incrésse)r explains the changes
induced by attention. The shift of tuning curves (CF changas thought to be unlikely
to happen in a relatively short period of time, such as duandpalf an hour experiment
block. For example, in Recanzone et al. (1993), it took seweeeks to show changes in
Al

The decision on which mechanism (sharpening vs. gain) ienikely to happen during
the attentional task was done by comparing the simulatisalt®to the empirical data.
The simulation was done on how the frequency tuning curvegés could be reflected
in large-scale neuronal activity level. Also a "best-fit"l@ion was calculated, using
combination of both mechanisms, to roughly fit the real expental data to the values

given by the simulation model with a minimal error.
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Chapter 3

Methods

3.1 Experimental subjects

Test subjects of the EEG experiment included in the dataysisa]N=20) were healthy
right-handed university students, aged 18-28 (meadev=23.6-2.6), both male and
female (N=13 / 65% male, N=7 / 35% female). All of the subjdwsl normal hearing.
Some had previous experience as subjects in EEG, but mostvaére. Subjects were

paid to participate in the experiment.

Two of the EEG subjects were also selected to the MEG expatinle addition, two
extra subjects were selected, so that in total, N=4 people weasured in the MEG
part. The MEG subjects were aged 22—-31 years (nistdev=25.3-3.9), 1 female and 3

males.
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3.2 Instrumentation

3.2.1 EEG equipment

The vast majority of modern EEG devices are digital, utiigzianalog-to-digital (AD)
conversion. The digital EEG equipment currently used in Kedsinki University of
Technology, Laboratory of Computational Engineering, bhasn obtained from Brain

Products GmbH (Midnchen, Germany).

Measurement system in this study consisted of two elastic E&ps (Easy Cap, both
64-channel) of different sizes, and two BrainAmp 32-chaliteG amplifiers, of which

only one was used in this study since 32 EEG channels were E#ber one of the caps
was used in each study, depending on the diameter of theulgjsicts head. Amplifiers
were connected with an optic fiber to a computer, that waspgeui with a special PCI

interface card.

The EEG channels that were used according to the extend2a $@stem were Fpl, Fp2,
F3, F4, C3, C4, P3, P4, O1, O2, F7, F8, T7, T8, P7, P8, Fz, CzZ-®€%, FC2, CP1,
CP2, FC5, FC6, CP5, CP6, TP9 and TP10 (see Figule 3.1 foidast In addition to
these, two electro-oculogram (EOG) electrodes Eogl an@ ke placed around the
eyes to detect blink artifacts, and one electrode was athtththe tip of the nose in order
to provide a common reference channel (here called the Retntihe beginning of each

measurement, all electrode impedances were set beloW210 k

EEG recording setting

EEG raw data were recorded using Vision Recorder softwaraiiB°roducts GmbH).
Data postprocessing was done with Vision Analyzer softwal& from Brain Products
GmbH. EEG data were recorded with a sampling frequency oftb00In the analysis
part, the tip of the nose was first selected as a new refer&efel§i). Afterwards, filtering
was done using a passband of 0.5-40 Hz (attenuation 24 @B&)@nd 50 Hz notch filter.
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F'reaurlcular
point

Figure 3.1: The international 10-20 system (adapted fronmMaio and Plonsey, 1995).

The data were then segmented, with time course of -200—-6Q@lats/e to the stimulus
onset (standard tone). Artifact rejection was done usitig@>V as the rejection criteria.
Further, a so called gradient criterion was used, maximultage step per sampling point

being 50uV. After that, the segments were baseline corrected for-R0fs and averaged.

The required number of good segments to be included in theged signal was 100. If
the number of artifacts was too high, the experiment wasicoatl manually and EEG
recorded for an extra minute or two until a sufficient numbleaverages were collected.
Initial number of standard tones for each condition was W8ich allowed at maximum

16% of segments to be bad. If the single subject data sti#daio show enough good
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averages, the subject was dropped out of further analy$is Hlappened for 2 subjects,
either because of fatigue or excess number of blinks. Forsabgct measurement had
to be redone on another day because of excessive sweattartifAlso there were 3

experimental test runs using a shorter ISI, but as the sgyfahterest were not as robust
as with the original settings, these subjects were excldided the analysis to keep the
experiment settings homogeneous for all the subjects.t&hi&1 leads to smaller N100
amplitude (as explained e.g. lin Budd et al., 1998), and im ¢hse, the amplitude was
then too small to provide good enough SNR for the EEG datainAdll, the number of

"good” subjects for both stimuli sets was N=10. Typicallgthumber of averages was

about 105-110 for every response type.

3.2.2 MEG equipment

Helsinki University of Technology, Low Temperate Labomgtohouses a 306-channel
Neuromag Vectorvie8QUID neuromagnetometer, with 102 sensor elements in adtelm
array (two orthogonal planar gradiometers and one magrettnn each). This device is
located in a shielded room, covered with two layerg-ahetal and aluminum to attenuate
the effects of outside magnetic fields. The recording andyaisasoftware used was also

provided by the equipment manufacturer, Neuromag Ltd (Bspmland).

All MEG channels available were recorded. In addition to M&8itannels, two EEG EOG
electrodes were attached in order to detect blink artifaBtaring the recording, MEG
data were filtered with 0.1-40 Hz passband. Segments with3®@0 fT/cm (MEG) or
+751V amplitude were automatically rejected from the averadee fumber of segments

in averaged response was typically 105-115 (out of 119).

3.3 Testsetup

The test setup and stimuli used were highly similar to thesarsed by Sams and SalmElin

(1994). Originally, there was only a passive task, wherestligects were reading a book
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and ignored the stimuli. In the current study there were ttt@rdive discrimination tasks:
of (1) the duration and (2) frequency difference of shortratsy in addition to the passive
task. There were also some methodological difference$igd@Sams and Salmelin (1994)
experiment was done using MEG only. Here, two experimentge wene, the first using

32-channel EEG, and a follow-up experiment with selectdyesus using MEG.

3.3.1 Stimuli details

1 kHz sinusoidal sounds were presented with continuougmoaskers. White noise was
bandstop filtered with varying notch width. The notch was syatrically located around
1 kHz. One condition included unfiltered white noise. Thees\also one "silent” control

condition where the tones were presented with no maskerdkgraund.

The "standard” sine tone was 1000 Hz, 100 ms. Infrequentiadévtarget tones were
either longer in length (150 ms), higher in pitch (1020 Hz)poth. The probability for

standard sound was 85% and for each deviant tone type 5%inalt@enes had 5 ms linear
rise and fall times. The order of the tones was randomizeldotS®ach tone (from onset
to onset) was 1.5-2.5 s, varied randomly. In the beginnirepeh trial, five standard tones
were presented in a row, but EEG segments during these ficsteéstwere omitted (i.e.,

not included in calculation of the average ERP). See TaflleRgure[3.P and Figule3.3

for details about stimuli and for a diagram of the stimulig@atation order.

Table 3.1: Types of tones used.

Frequency (Hz) Duration (ms) Percentage of all tones

1000 100 85% ("standard”)
1000 150 5%
1020 100 5%
1020 150 5%

White noise was digitally bandstop filtered using a high oFl® filter in Matlab (R12.1,
MathWorks Inc., Natick, USA). Attenuation in the stopbanasmigh and transition band
was very steep, minimum of 120 dB attenuation with transiband of 1 Hz. Stopband

limits were symmetrically located in the frequency domaimead 1000 Hz, although the
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1000 Hz 1020 Hz

Figure 3.2: Diagram of the stimuli used in the experimente Slimuli were presented
with a continuous white noise masker in the background. ©heg followed each other,
the deviant tones were either longer in duration or highggitch or both.

~5 min | ~30 min ~25 min ~30 min
A A A A
r N N Ny O N
Volume Frequency Passive Duration

adjust part | | discrimination 1 condition [ | discrimination

[ T 11 L [ 11

+150 0 +40 | silent | £500

|
~30 sec ~5 min of each

break noise type

time

Figure 3.3: An example of experiment presentation ordede®of three different condi-
tions and noise types were randomized.

symmetricity was not then present in octave scale. For el@rip150 Hz” in Tabld3.P

means limits of 1000 H#150 Hz (i.e., the white noise was bandstop filtered in range

850 Hz-1150 Hz). Notches were divided into two stimuli s@&b{e[3.2) to make the
experiment shorter for individual test subjects, whildl sillecting enough interesting

data. For both stimuli sets, N=10 subjects were includetérdata analysis.
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Table 3.2: Used noise maskerst300 Hz” below means bandstop filtering white noise
around 1000 H£500 Hz, i.e., 500-1500 Hz.

Notches for stimuli set #1 | Notches for stimuli set #2
silent (no masker) silent (no masker)
+ 500 Hz + 400 Hz
+ 150 Hz + 250 Hz
+ 40 Hz + 80 Hz
0 Hz (unfiltered white noise) 0 Hz (unfiltered white noise)

3.3.2 Description of the test run

Sound intensity level adjustment

Before the actual tests, the noise intensity level was &eljuso that the tones were barely
audible (i.e., the 50% hearing threshold). Adjustment wasedby the experiment in-
structor in 1 dB steps using simple up-down rules defined WI€l&3. This procedure
was explained in_Levitt (1971). Basically the level of sownas adjusted depending on
the answers the subject gave. The volume was not changedeatte answer, but was

based on the last 2—3 answers.

During the volume adjustment, the subjects were instrutdgatess a button whenever
they heard a tone (sine-wave tone, 1000 Hz, 100 ms, 5 ms liseaand fall times). Tones
were played with an ISI of 2—8 seconds. Unfiltered white naias played constantly in
the background and the SPL of this noise that was changed fgrienent instructor.
Too late an answer (over 1 second from stimulus onset) wamded as a miss (- in
Table[3B). See Figuie3.4 for an illustration of the volurdgiatment. As the volume
adjustments were done by hand, the up-down rules of TaOeé&.& not always followed
vigorously. During the volume adjustment, subject wasmgtinside the same room

where the actual test took place as well.
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Table 3.3: Up-down rule table used. — denotes no answer,rect@answer. Stimuli SNR
was increased by adjusting noise volume to lower intensity.

UP group, increase stimuli SNRDOWN group, decrease stimuli SNR
—— + +
—+— +—+
+—— —++

att_noise
0,00

0,01
0,02
0,03
0,04
0,05
0,06
0,07
0,08
0,09
0,10
0,11
0,12
0,13 - -
0,14 - - - -+ 4
0,15
0,16 = +i+ + =i+ + +
0,17
0,18 Sl o o+
0,19
0,20
0,21 + o+ o+
0,22
0,23
0,24 + !4
0,25 HFTFTE
0,26
0,27
0,28
0,29
0,30

1 2 3 4 5 6 7 8 910 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
trial number

Figure 3.4: An example of volume adjust part in the beginmhtgial.

Trial run

The whole test was divided into three conditions: (1) doratiscrimination, (2) fre-
guency discrimination, and (3) a passive task. Each camditias further divided into
five shorter parts, each lasting approximately 5 minutesur arts out of five had dif-
ferent kind of white noise in the background (either bangdiitered or unfiltered, plain
white noise), while in one part only the tones were presefit@tént” condition). The

sine tone stimuli were identical in all of the parts.

During all conditions, the subjects were sitting alone ionfrof a computer monitor in
a soundproof and electrically shielded (RF shielded) rodine distance between sub-

jects’ head and computer screen was 90-100 cm. The room wgspeg with a small
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camera for subject monitoring and safety reasons. The ctanpthich the stimuli were
presented and the subjects’ answers recorded, was locatsid@the shielded room. In
the discrimination tasks, the subjects were instructede¢sga button as fast as possible
whenever he or she could hear a deviant tone. In the passikettee subjects either
watched a silent movie from computer screen (EEG) or readok BRIEG), and were

instructed to disregard the sounds that were played in lrackgl.

The order of the three conditions was counterbalanced @ramzed) across subjects. The
order of the different noise types during one condition wias aounterbalanced by ran-
domization. After each noise type of about 5 minutes there avahort break. After five

5 minute blocks there was a longer break and during that thgesuwas disconnected

from the EEG amplifier and was allowed to walk freely outside shielded room.

The stimuli were presented with a dedicated computer (Bentll, Windows 98) and
Presentation Software (version 0.81/9.00, Neurobehaliystems Inc., Albany, USA).
The script listings used for presentation are included ipéyix[A. All of the sound
files used in the experiment were in WAV format, using 44.1 lddmpling frequency and
16-bit precision. Sounds were presented binaurally thmowgp high quality speakers
(Roland Stereo Micro Monitor MA-8), which were located syetnically in both sides
of the computer monitor (distance from subjects head 9000 Speakers were di-
rectly connected to Sound Blaster Live! card working as thensl source. During the

discrimination tasks, a small fixation cross was shown onmaer screen.

The MEG experiment

There were some differences between the EEG and MEG regpséissions. In MEG,
the sounds were presented monaurally only to the left eauntiira custom-made auditory
tube, as external loudspeakers could not be brought to ie&lsd room. There was no
computer monitor in the MEG room, as the fixation cross way amrked to the wall.
The stimuli, the order of test runs etc. were otherwise igdaht However, in MEG only
the notch widths from the stimuli set #1 were used, i.e. ndgmbset of stimulus types as

in EEG. This was due to few number of experimental subjects.
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3.4 EEG and MEG data analysis

EEG peak detection

The evoked response components P50, N100, and P200 wenahete: manually. Brain
Vision Analyzer was used in EEG data display. In the markingse, averaged responses
from electrodes Fz, Cz, TP9 and TP10 were displayed simediasly on screen. Time
offset for component peak was selected subjectively on comenteria, with 2 ms reso-
lution. If any component seemed to have multiple peakseettie first or the global peak
was selected, depending on the situation. In total, 900 pioets were selected (10+10
subjects, for each subject 3 tasks with 5 stimuli types imdask, 3 evoked potential
components => 20*3*5*3=900).

These hand-picked latencies were used to obtain amplimidesfrom all channels at that
particular latency. Additionally, the standard error oé tmean (SEM) and the P50-N100
peak-to-peak values were also calculated. The peak-toyadaes were thought to show
the amplitude suppression effect more clearly, as the imeskdr EEG data in averaged
ERPs seemed to have some amount of DC shift in different tondj even after baseline

correction of -200-0 ms. However, the peak-to-peak valuesat presented here.

For some test subjects, the AEP components were almost sifgb®s mark in conditions
where the signal was strongly attenuated (i.e., smallesthnaidths and plain white-
noise masker). This was due to poor SNR in evoked EEG resporiSeen the N100
component could not be clearly detected for some caseseMadiges were not excluded
from calculation of average. Since the signal of interest waedictedad hocto be very
weak in these conditions, the latency was marked by extatipgl from earlier and easier
tasks (with larger notch width) to get even some descrigatency and amplitude value

for this condition.
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3.4.1 Data quantification and statistical analysis

In most of the subsequent data analysis steps the two ste®tgiused were pooled to-
gether so that the masker window widths form a continuums Thalso reflected in the
data figures. The two common stimulus types ("silent” andltenéd white noise, "0”)

were simply averaged in some calculations, or in some cases standard error calcula-
tion was involved, all the cases were included. This alsona¢hat N=20 for these two

extremities, and N=10 for the stimulus types in between.

EEG data was quantified by taking the mean amplitude aroumdEBP peak. The time
window selected for this was 8 ms, so given the sampling siEpsns, two values before
and two values after the absolute maximum peak value weheded. These amplitudes
were analyzed using a two-way repeated measures ANOVA,aeitidition(duration vs.
frequency discrimination task vs. passive task) simaulus typdsilent,+500, ..., 0, see
Figure[3.2, p[45) as within-subjects factors. Similar gsisl was done also on the N100

peak latencies.

A two-way repeated measures ANOVA was also used to analgzetction times. Anal-
ysis was done in Statistica (version 5.5, StatSoft Inc.s@uUSA) and in Excel (version
2002, Microsoft Corp, Redmond, USA). Same fact@@(ditionandstimulus typewere
used, but this time there was only two conditions, as in tlesipa task the subjects did

not have to respond at all.

3.4.2 MEG data analysis

MEG data were modeled using equivalent current dipole (E€tig Dipole fitting
(fixed dipole model) was done in Neuromag software, usinghegpas the conductor
model for the head. Initially, one dipole was calculatedhe silent condition (only sine
tones), using a selection of 34 channels over the right hEmeie temporal areas. After
that, the event-related fields (ERFs) from other conditi@tisnuli set #1:+500, +150,
+40 and 0) were used to fit a new dipole to the original dipolersgt. ERF was baseline-
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corrected for -50—0 ms before dipole fitting. Goodness+ofvéis generally >70% even

for the conditions with the lowest notch widths.

3.5 Simulating the effects of attention

A relatively simple computer model was constructed to sateithe effects of attention
in two ways: (1) increase in gain and (2) sharpening of tumimgyes of auditory-cortex
neurons. These changes were assumed to be reflected in dtrecgdetential amplitude
across the different experimental conditions. Modeling wlane using Matlab (R13,
MathWorks Inc., Natick, USA). The approximate shape of gkauning curve was cho-
sen to resemble single-parameter rounded-exponeRtiat (p) filter. Single-parameter

Roez(p) has a general form of
Wi(g) = (1 +pgle™ (3.1)

wherep is the steepness of the filter apdthe relative width of the frequency notch.
Note that the rounded-exponential filter is not used hereaditional way to describe
general auditory perception under notched-noise comditla this model, theRoez(p)

filter was chosen to model the tuning curves of single neyrandg is used as a factor
to the frequency difference between each neurons chaistatdrequency (CF) and the
standard sound frequencyzoex(p) was adopted for simplicity, even though there are
more precise filter types for auditory system modeling,,glee gammachirp(lrino and

Patterson, 1996, 2001) or tlgammatondilter. The general shapes of these kind of
simulated tuning curves are shown in Figlrd 3.5 fmalues 5, 10, 15 and 20. As can be

seen, the higher is, the narrower the tuning curve is around the center freque

The frequency range around the region of interest was divid® equal spaces, each
representing a characteristic frequency of a single tunurge. Region-of-interest limits

were based on the task with the largest notch width, #BID Hz. Frequency range 350—
1850 Hz was then chosen to include the critical bands ardumdaise edges. This range

was divided to 10 Hz steps (151 in total), and for each frequ&2®0 "neurons” were
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Figure 3.5: Tuning curves approximated by rounded-exptaldiiter shape.

simulated. The probability for each neuron to fire on the déad stimuli of 1000 Hz
was inversely proportional to the shape of theex(p) filter (see Figuré-316), basically
the closer the CF of "neuron” was to 1000 Hz the more probdiefiring would be.
Probability distribution was scaled to yield a total sum ofhe probability curves highly
resemble the normal curves with same mean and differeranvegi Additionally, if the
neuron didn't fire on a certain time point, there was $t0.02 chance it would fire on its
own, corresponding to the spontaneous activity of neurdhi probability is not shown

in the figure.

The probability distributions were additionally maskedwa window function, trying to
take into account the edges of the noise masker. This ereve@lap basically rectangular,
with both edges following a raised-cosine function. Theedicosine function width was
based on the critical band width of the edge frequency tsavidth wa2df, where theilf

is given by EquatioiZ2l1). On the edge frequency, the valukeénvelope function was

thus initially p=0.50 before normalizing. As an example, envelope funstimn stimuli

set #1 (£500, +150,+40 and 0) are shown in Figuke B.7. The envelope functions were

not strictly symmetrical, as the frequency-dependentcalitband determined the width
of the rising or falling edge. To somehow model the "silenthdition, a completely

rectangular window was useg=1.0 for every frequency).
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Figure 3.6: Modeling the probability of neuron firing when GFLO00 Hz

Compression of the neural response based on the stimukrssity was not taken into

account, as the stimuli SPL stayed constant during all theaatests.
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Figure 3.7: Envelope functions used for modeling stimulitse(+500,+150,+40, 0).

After setting up the initial parameters, the modeling wastetl. Time course for model
was -50-150 ms, with 1 ms steps. For each time point, thenotaber of activated neu-
rons was recorded. After firing, each neuron had 5-13 msatefna period. This relates

to spike rate of about 65200 spikes/second, which is qe@sanable value based on
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neurophysiological data. The playing time of the stimulsv@a-100 ms, during which all
the neurons were allowed to fire. When stimuli were not plgyonly modeled sponta-

neous activity was taking place. Examples of time course det shown in Figufle3.8.
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(a) p=10, stimulus=500 (b) p=20, stimulus=0 (unfiltered white
noise)

Figure 3.8: Examples of simulated activation of neurons.

The spontaneous activity level was calculated by takingntiean of neural firing rate
during the time period of 120-150 ms (i.e., after the stilmybmesentation). This was
subtracted from the average firing rate during stimulus gmegtion (0—100 ms) to get

some kind of estimate for the level of neural activity.

Additionally, it was tested what a gain-type change wouldseato the amount of simu-
lated neural activity with the given tuning curves. Incieasgain would cause downward-
shift in the tuning curve, reducing the threshold of the sbstimuli SPL needed for neu-
ronal activity. Similarly, a decrease in gain would shifettuning curve upward. This
effect was simulated with a constant coefficient in the pbiliig curve of Figured 3.6. For
studying this effect in approximate scateof Roex(p) was chosen to be constant of 15.

Gain valueg of 0.8—-1.4 were chosen for visualization, with step size3.2f
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Chapter 4

Results

4.1 Pilot study results

In the pilot study the whole research paradigm was testedotit N=7 subjects were
measured. All were male, aged 20-23 (meatev=22.21.3), and 6 of them were
right-handed. The experiment settings (Presentatioptsgnvere fine-tuned during these
tests. For example ISI, the total number of averages in tHe &R. changed from subject

to subject, so the measured data for one subject were notlgicemparable to the other.

Even though the setup was not identical to all the subjeltesERPs were still averaged
for N=6 subjects, and grand average ERPs are shown in Figiulend’ZR. The curves
look different for the attended tasks and the passive tablichwvas the aim. No further

statistical analysis was made due to the nature of the data.

The results of the behavioral task (Figlirel4.3) looked gaodall, as a clear reduction
in the number of correct answers was evident as a functiomawbwing the notch width.
This reduction was roughly the same for both tasks, sugygstiat the difficulty level
of both tasks was similar. The response times were alsoaserkinversely proportional
to the notch width. The harder the task, the more time it t@o@rtswer and less correct

answers were given.
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Figure 4.1: Grand average ERPs from electrode Cz in pilgests (N=6).
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Figure 4.2: Grand average ERPs from electrode Cz in pilgestb (alternate view).
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Figure 4.3: Behavioral task data from the pilot subjectsgN="False alarms” include
answers to non-target stimuli and too long a response timesglgpping next stimulus).
Standard error of the mean (SEM) of the response time is ledmlifrom each subjects’
average time, so the actual variance in response timeshghig

4.2 Results of the EEG study

4.2.1 ERP calculation

ERPs were plotted for all channels. As the N100 amplitudemwast robust at electrode
Cz, the resulting ERP from that channel is shown in Fiduré 4Ae figure shows the
gradual diminution of the ERP component amplitudes anceas®d peak latencies as the
notch gets narrower. The averaged N100 peak values fromichdil subjects are shown
in Figure[45.

Time resolution of the peak latencies was 2 ms, which was duleet 500 Hz sampling
rate used in recordindglf, = Fi whereTj is time interval and, the sampling rate). The

EEG amplitude resolution was OV

The latencies at which the auditory component peaks wenedfearied across the sub-
jects and conditions, with a clear upward trend as the natthgarrower. Mean latencies
of the N100 peak and P200 peak are shown in Figulie 4.6.
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Figure 4.4: Grand average ERPs from electrode Cz (N=10).
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Figure 4.5: Averaged ERP peak values and SEM from electradéNE10). The con-
ditions with statistically significant differences betwethe passive task (UD) and the
attended tasks (DD and FD) are marked with $<0.05 and ** =p<0.01.

57



N2100 latency

180
160t
2 140t
120t — UD
=1 FD
- = DD
100
1400 _ +150 __ +40
Slent 5064250 48 0
stimulus type
P200 latency
280 —
260
240t
g 220}
200
— UD
180t = FD
- = DD
160
1400 __ +150 _ +40
Silent 5064250 480 0

stimulus type

Figure 4.6: Latency of the N100 and P200 peaks (N=10).

Statistical analysis of the N100 peak amplitude and latency

ANOVA showed significant effect of both tlendition(F(2,18)=24.95; p<0.001) and the
stimulus typéF(7,63)=4.17; p<0.001) for the measured N100 peak angdiai electrode
Cz. However, theonditionx stimulus typenteraction of these factors was not significant

other than in analysis done on stimuli set #1 values only,{2)82.70; p<0.02).
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For the N100 peak latencies at Cz, a significant effect wasdan both thecondition
(F(2,18)=6.12; p<0.01) and tretimulus typgF(7,63)=26.88; p<0.001), but not in their

interaction.

After initial testing, ana priori planned comparison test (contrast analysis) was done
to test the hypothesis if the two attended task differed feanh other (contrast vector

[1 -1 0], for DD, FD and UD, referring to the coefficientsused in comparison). No
significant changes were found in N100 amplitude (F(1,850p=0.57) or in N100 la-
tency (F(1,9)=0.045; p=0.84).

Similar contrast analysis was done to test the hypothesigifinattended condition (UD)
differed from the two attended ones (DD and FD), using cattvactor of [-1 -1 2].
Highly significant difference was found both in N100 ampiieéu(F(1,9)=67.39; p<0.001)
and in N100 latency (F(1,9)=11.15; p<0.01). To get moreitbgtanformation, an indi-
vidual condition-by-condition test was done to see in whstimulus type the change is
most clear. This was done again with a contrast test, keddingl 2] as the vector for
the conditionand by setting in turn eacstimulustype to 1, e.g.,[0 0 1 0 0 0 0 0] to
test the third stimulus type in the pooled set. The resultsesting N100 amplitude are
shown in Tablé_4]1. Similar test to N100 latency didn’t shagn#icant changes in any
other condition than the silent one (F(1,9)=11.67; p<Q.01)

Table 4.1: F values for different stimulus types, unatteh@¢D) vs. attended conditions
(DD and FD) * is for p<0.05, ** for p<0.01.

Stimulus type| F(1,9) value  p-level
silent 3.608 0.0900
+500 0.1048 0.754
+400 4.348 0.0667
+250 12.85 0.00589**
+150 19.76 0.00161**
+80 10.42 0.0103*
+40 0.8846 0.372

0 19.25 0.00175**
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4.2.2 EEG contour maps

The contour maps of the different conditions are shown inufggL.Y. The contour maps
were plotted at N100 peak latency of electrode Cz. Theselbire-@ne maps, showing
the total topographic EEG distribution on the scalp. Maximuew angle is 90. As
can be seen visually, there were no clear between-condihanges in the topographic
distributions at least according to the group-average. ddta most clear difference in the
passive (UD) condition when compared to either attenddd (@B or FD) was that the
activation level was generally lower and thus the amplisusteown by the contour map

smaller.

4.3 Results of the MEG study

The event-related fields (ERFs) for MEG study were calcdlaimilarly to the ERPs of
the EEG study. As the stimuli were presented to the left Barstrongest ERF amplitudes
were shown in the right hemisphere. The progressive dinonuif the ERFs in MEG

study was very similar to EEG.

From the dipole fitting results, the dipole amplitude (moth&pn (in NAm) was chosen
for inspection. Average results with SEM are shown in Fidlifé MEG dipole am-
plitudes show similar attenuation towards the narrowechatidths as the EEG ERP
amplitudes. The dipole magnitudes were lowest for the endtd condition only with
the three narrowest notch widths. However, the differenetgvben the passive and the
attended conditions in MEG failed to reach statistical gigance. This could well be
due to few number of subjects, high variance in dipole amgét and also in the shape
of the "attenuation” in individual subjects (see Figlird 4r@l note especially the different
scale on each subfigure). No dipole amplitude normalizairasimilar was attempted to

overcome this.
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for unattended (passive) condition.
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Figure 4.9: MEG dipole moments of individual subjects.

4.4 Behavioral task

Behavioral performance (hit rate) is shown in Figlre #.1thitwas defined as a button
press before the onset of the next stimuli (i.e., within aetiwindow of 1.5-2.5s). A
late answer was regarded as a "false alarm”, as was the cHse@mawer to non-target

stimuli. Results from both attended tasks (DD and FD) arbliigimilar, showing that the
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difficulty level of both tasks was roughly equivalent. Thewher of target stimuli in each
task was 14 (i.e. hits+misses=14 for each noise type). lrrdgriency discrimination

task the number of false alarms was slightly higher than endtiration discrimination

false alarms
Duration discrimination Frequency discrimination
T misses

200 200 = hits
£ &
2 150 g 150
3 7
= =]
o =
S 100 100
3 123
j i
£ 50 50
2 E

0,0 0,0

silent 500 +400 +250 *150 +80 40 0 silent 500 +400 #250 150 80 +40 0
stimulus type stimulus type

Figure 4.10: Behavioral task results (hit rate) from the Ef@ly. "False alarms” include
answers to non-target stimuli and too long a response timesglgpping next stimulus).
Standard error of the mean (SEM) of the response time is ledmlifrom each subjects’
average time, so the actual variance in response timeshghig

Reaction times are shown in Figure4.11. The reaction tima®\generally longer the
harder the task was and the narrower the notches were. AN@UAed significant effect
of the stimulus typgF(7,49)=8.81; p<0.001), but there was no significant ¢fedche

condition(DD and FD) or in the interaction of those two factors.

Reaction time, stimuli sets #1 and #2 pooled
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Figure 4.11: Reaction times from the EEG study. Reactiomsimith standard error of
the mean (SEM) are plotted for both stimuli sets. DD standslfwation discrimination
task, FD for frequency discrimination.
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4.4.1 Hitrate vs. N100 peak amplitude

Behavioral performance followed quite closely the amplés of the N100 responses.
Percentage of correctly detected deviant sounds (hit dite)jnished in a similar way
than for example the N100 peak amplitude (see comparisoiyinéf4.12). This is most
evident in group average data, as there was quite much earianindividual subjects.
Using this information, the neural responses could be us@dedict the outcome of the
behavioral task, at least to some amount. The linkage bettteeN100 peak amplitude
and the detection of the stimulus been noted also by Paraanrand Beatty (1980). The
similarity between the neural responses and the behavesalts is clear also from other
contexts, e.g. by noting the similarity between tuning egrabtained from single-neuron

recordings and psychoacoustical tuning curves (see $¢€2fio2, pagg10).

N100 amplitude vs. hit rate, DD N100 amplitude vs. hit rate, FD
= DD N100 = FD N100
= Hit rate - Hit rate

- T400 150 F40 - T400 150 £40
silent 5600 250 > 180 0 silent 5650 250 > 180 0

stimulus type stimulus type

Figure 4.12: N100 peak amplitude from electrode Cz (solatklline) vs. behavioral
task hit rate (dashed blue line). Plots are manually stestth approximately same scale,
but the scale units are not shown. Peak-to-peak amplitudevas kept intact (in:V),
and behavioral hit rate (in %) was scaled in all plots usingffedent of -3.5 and offset of
-0.5 to approximately match the other scale.

As the effect seemed to be relevant in the group average ttiatajmilarity between the

correct answers and the neural response amplitude wasd t@si@n individual level (see

Figure[41IB). The correlation between the number of cdyeldtected deviants and the
N100 peak amplitude was tested. Correlation coefficienais found to be -0.3934. 200
observations comes from 2 stimuli sets, 2 attended comditid different stimulus types
per condition and 10 subjects (2*2*5*10=200).
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Figure 4.13: Scatterplot of hit rate and N100 peak amplitude

4.4.2 Reaction time vs. N100 latency

Further, the N100 latency and the reaction times seemedliokszl, so their correlation
was tested on an individual level as well (Figlire #.14). €lation coefficient was now
0.3386. This time there was only 193 observations (not 20feése), because for some
subjects, reaction time could not be calculated as thereanwvasswer for certain stimulus

types within one block.
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Figure 4.14: Scatterplot of N100 latency and the reactiorti
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4.5 Simulation results

Simulated results of changing the tuning curve width arensh Figure[4.Ib. The
amplitude of simulated neural responses diminishes fagten thep value of Roex(p) is
low and tuning curves of single neurons are wide. The meavedicin level for the widest
tuning curves starts from the highest value, but the aatiadevel gradually diminishes
to the lowest level with the thinnest notches. The level divaton does not decrease
much when the tuning curves are sharp, as there are alwayes iseanons responding to
stimulus. In other words, with the sharpest tuning curvies,amplitudes seem to level

out as a function of the notch width.
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Figure 4.15: Modeling the effect of tuning curve sharpndsange. The higher the
parameter value is, the sharper the tuning curve.

Results of simulated gain changes in tuning curves are slwwigure[4.16. Based on
this model, a constant gain change in tuning curves and tiarease in the probability
of single neurons firing would simply increase the level dofivation. The amount of
increase is not constant in all conditions, rather the chandguning curves induced by
gain seems to have multiplicative effect also on the ne@sponses, depending on the

level of the normal activation (g=1.0).

66



1000

-e g=0.8
900+ ‘== g=1.0
—— =12
ne g=14

Relative activation

100+

0 | | | | | | )
silent 500 400 250 150 80 40 0
Stimulus type

Figure 4.16: Modeling the effect of gain change.

45.1 Simulation results vs. the actual data

As the level of activation given by the model was in an aripytiscale, the first step was
to scale the data to the same level as the neural responsiuatapl(about 2—nV). This
was done with two parameters, coefficierdind offsets. The basic idea was to minimize

error M S, in

n

MS, =" ((am; + ) = duas)’ (4.1)

=1
wherem, are the values given by the simulation af)g; are the N100 peak amplitudes
of the unattended (UD) condition at electrode Cz. Pararadterthe initial fitting were
p=15 for tuning curve sharpness agdl.0 for the gain. The errar was minimized with
«=-0.00678 and@=0.387. These values were fixed for the further calculatiéwuklition-
ally, the mean square error and a goodness-of-fit values eadcalated. Goodness-of-fit

was calculated by

n

g=1-= (b —b)?*/ Zb? (4.2)

=1
whereb; are the actual data values alcre the simulation results. The same formula is
typically used also in the evaluation of how well an ECD fits #ttual measurement data
in MEG (see Equation 61 in_Hamaladinen etlal., 1993). The clibg; is to 1 (or 100%),

the better the model agrees with the measurement data.
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Valuesa and 3 were fixed based on the best fit in UD condition, and the next wies

to fit the data from the two attended conditions (DD and FD)hi simulation results

by only adjusting they andg parameters of the model. These were changed to take into
account the change in tuning sharpness and change in gapecatesely. The best fit
results are shown graphically in Figure4.17. Additiongtiyas tested how well only the
other mechanism (sharpening vs. gain) could predict thesarement values. In these
calculations, thg was 1.0 when changing only tipgparameter (change in the sharpness),
andp was 15 when changing only tlievalue (gain change). The mean square error and
the goodness-of-fit values are shown in T4blé 4.2. As there wely few data points in

this experiment, the goodness-of-fit values obtained herelase to 1.
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(a) DD vs. simulation (b) FD vs. simulation
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(c) UD vs. simulation

Figure 4.17: Best fit results of the actual data vs. simutatio
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Table 4.2: Results of fitting the simulation results to tha data.

Condition g p mean square error goodness-of-fit

Best fit DD 7.1 24 0.6974 99.64 %
FD 50 22 0.5049 99.81 %
ubD 1.0 15 1.260 97.78 %

Sharpness change only DD 1.0 14 3.858 88.91 %
FD 1.0 13 3.543 90.77 %
ubD 1.0 15 1.260 97.78 %

Gain change only DD 20 15 2.404 95.69 %
FD 20 15 1.687 97.91 %
ubD 1.0 15 1.260 97.78 %

Best fit values were obtained by taking into account both trenge in the tuning curve
sharpness and the change in gain. For this, both increasen(@QD: g=1.0=-7.1; FD:
¢9=1.0=-5.0) and sharpening of tuning (DP=15=-24; FD: p=15=22) seemed to take
place. Additionally, based on these calculations, theciase in gain explains better on
its own the change in N100 amplitude in attended conditibas the sharpening of the
tuning. Minimizing the mean square error when only tuningzetsharpness change takes
place would suggest that the tuning curves would be actwadgr in the attended con-
ditions. This does not seem to be the case, if the gradual Mif)flitude suppression
of actual data in attended conditions (Figlrd 4.9, . 57)taedsimulation results (Fig-
ure[4.15, p[B6) are compared visually. The straightforwaidimization of the mean
error only leads to situation, that for little differeptvalue, the error is smaller, even

though still substantial.
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Chapter 5

Discussion

5.1 Neural response amplitude suppression by the masker

stimuli

Suppression of the neural response amplitude with the emiatitches was expected,
based on the previous results in Sams and Salimelin (1994) clbker the standard sine
tone is to the noise masker edges in sound frequency, théegtth@ overlap between
the neural populations that are activated by both soundshisnstudy, the masker was
bandstop filtered white noise. Decreasing the width of thedbtop filtered notch caused
the masker to contain frequencies that activate the samemeas the standard tone.
This is especially true if both sounds fall within the samiéical frequency band. As a
result of this overlap, the neural response was smallerdgtidindard stimuli the narrower
the notch was. Thus the fact that N100 shows this effect stgppiwe previous reports
showing that N100 is generated at least partially by thettmioally organized auditory
cortex neurons. Attentional effects have been previoustyv to take place directly in
the AC, e.g., by localization of the attention-sensitivanaé generators (Rif et al., 1991,

Woldorff et al.,[1993) and according to 40-Hz transient cesges|(Tiitinen et all, 1993).
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5.2 Attentional modulation of the neural responses

The EEG results showed most clearly the change of the neespbnses in the attended
conditions vs. the unattended condition. The N100 peak itundjels from electrode Cz
with some of the smallest bandstop filtered notche250 Hz and below) were signifi-
cantly smaller in the unattended condition than in the tagksre subject was asked to
perform a discrimination based on the sine tones that weaedh@ver the masker. Fur-
ther, evaluation of MEG dipole fitting results showed a samnitend: in unattended task
the gradual dipole amplitude diminution was slightly morenpunced as a function of

narrowing of the noise notch widths than in the attended itimms.

Comparing the modeling results with the EEG data (Sefidl4 p [67) would suggest
that the effect of attention in the auditory system is moreawfincrease at the neural
activity level (gain effect) than increase in the seletyivf the respective neurons (as
measured in tuning curve sharpness). The results here aecordance with previous
studies in the auditory system showing increased neuralitgctiuring attention (e.qg.,
Hillyard et al.,|1973] Rif et al.l,_1991; Woldorff et lal., 1993The gain effect, as op-
posed to the selectivity increase, has been observed dfernnathe visual system (e.g.,
Treue and Trujillb, 1999; McAdams and Maunsell, 1999). Etrmugh the gain effect is
more pronounced in this study (seen as generally higheahezsponse amplitudes), the

changes in N100 amplitude can not be explained by the gascteshly.

Even though there was a clear amplitude change in the atlarsdghe unattended tasks
using some window widths#250, +£150, +80), the amplitudes seemed to converge to
the same level in the lowest notck40). Thus, it could be that there are limits to the
attentional effect. The reason for this converging of thektondes in the lowest notch
could even be physiological, i.e. it is simply not possildaliscriminate different kinds
of tones beyond some limit, when the masker and the sine tegadncies overlap. Thus
our brain won’t produce any stronger neural responses sftere lower threshold in fre-
guency difference. However, as the hit rate didn’t dimirtisizero in the lowest notches,
this was not the case at least in the attended conditionspasafithe subjects evidently

heard the tone and were able to make the discrimination lestwee standard tone and
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either the higher or the longer tone. Still, the statistar@lysis showed significant differ-
ence in the unfiltered white noise ('0’) condition betweea timattended and the attended

tasks.

A more logical explanation would be that the N100 amplituolassing the+40 Hz notch
window converged to the same level for some other unknowsoreabut they should have
been different. This way, the lower amplitudes in the umatéal condition would form

a more logical continuum, as the change would evident fonatith widths of+250 Hz

and below. This is, the-40 Hz is outlier due to the measurement noise. For example, by
looking at the results from an electrode close by, Fz, theQ\H@plitudes are generally

in the same level, but th&40 Hz amplitude is lower than in Cz and fits better in the
continuum. A follow-up experiment replicating the stimsétup could be done to verify

that the results of the-40 Hz stimulus type was really only due to noise.

As especially the N100 and P200 peaks seem to occur latehdaattended tasks (Fig-
ure[4®, p[(BB), it could be that the neural sources reorganithe cortex due to attention,
causing asynchrony in their activation and thus differentilof summation in the scalp,
which again can be seen as changes in the measured ERP pdakdes@nd latencies.
Follow-up studies with e.g. MEG or fMRI (due to their bettecalization accuracy) could
reveal with a modified test setup if this kind of reorganiaatshould really happen. In
any case, already according to this study, it seems thattettedoeschange the neural
responses to the auditory stimuli in some way, and this ah@gonsistent in the evoked
auditory responses measured. The maximum amplitudes ofetheal responses, occur-
ring in silent,+500 or in+£400 condition, are basically at the same level for both altein

and non-attended tasks. It is only with the narrower not¢h&650 Hz and smaller) that

the changes take place.

The effects of attention were most prominent in the EEG erpant using the central
electrodes Cz and Fz, where the amplitudes of the neurabmesg were also the largest.
Qualitatively similar changes were found in ERPs of othecgbdes as well, but the
effect was much weaker. The scalp distribution of EEG padésiat N100 peak didn't

show any special change during the attended conditiondig@surtattended one.
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No significant difference in the neural responses was fowtdiden the two different
attended tasks used, (1) duration discrimination and @juency discrimination. The
pre-study hypothesis was that during the frequency disndtion task, the effect would
be even more evident. In this study, this kind of specialctiligy increase was not found.
It might be possible to show this with different attendedksasr different experimental
setup, or with more thorough studies using only MEG, duestbdtter SNR and localiza-

tion accuracy.

5.3 Behavioral task results and other notes

A notable correlation between the behavioral task resuitsthe neural data was found,
both in hit rate and in reaction times. This is interestirgpexially when the time scale
of the neural responses:100-170 ms) and behavioral tasks500—1000 ms) were quite

different.

It is important to note that the latencies of especially tH®0land P200 peaks seemed
to be generally lower for the unattended, passive conditi@am for the two attended
tasks. Thus, attention seems to delay the neural respogsassimall amount. This
could be explained by changes in the very early perceptidnded by attention, e.g.
in accordance to Broadbent’s classic early filter model §mhort review about some
models of selective attention, see Cowan, 1988). In othedsydt seems that attention
changes some early perceptual stages which causes latengped N100, suggesting
possibly atop-downfeedback process. Because of the later, relative constmtdy, the
early auditory processing phases would seem most likelyetsdrial in nature, adding
an extra stage to early processing of sound stimuli. On therdtand, the later peaking
can also be explained by a parallel model, by stating that la¢ak is caused by the
reordering of the neural processes that constitute the ERfponent we call "N100”.
This is also supported by some models, which suggest quiqiypening processes (less
than 0.25 to 0.5 seconds) to be essentially parallel, andtbellonger-lasting processes

to be sequential (Cowan, 1988).
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Itis generally known, that the N100 peak does not consisisifg single source generator,
but it has multiple neural sources that sum up together irstadp (Jaaskeldinen etl al.,
2004). Recording signals directly from the neurons couldiged to investigate whether

attention delays their maximal firing latency or just restsihe area of cortical activation.

Notably, increased lateral inhibition in the auditory @xrimight explain both the tuning
effects and increased latency on its own. Lateral inhihitrothe human auditory cortex
has been recently suggested to have more important effactidbituation (Pantev etlal.,
2004). Lateral inhibition could work well in the tonotopltyaorganized auditory cortex,
where neurons responding to close-by frequencies areddadbse to each other. By
increasing inhibition around the areas correspondingeattended frequency, the neural
response to the attended sound frequency would be morelghaned and robust than
normally. Sharpening of the tuning due to inhibition hasrbeeidenced in animal studies
(e.g.,.Suga et al., 1997). Later latency of the response atesiralso in monkey studies
bylRecanzone et al. (1993), where monkeys were trained tomigate small frequency

differences.

ERPs from the EEG experiment show that there is neural ctimked to the stimulus
for much longer period of time in the attended tasks than énghssive condition. The
ERPs of the unattended conditions quickly reached the inas@lhereas the ERPs of the
discrimination tasks retained in the positive side longeg.( P200 peak was later). This
suggests that some additional late processing of the stiakds place, probably funda-
mentally cognitive, but the exact effect and cause are unknmased on just this study.
This probably reflects the P300 ERP component induced bytatte even though it was
not specifically studied here. The P300 is known to be moshprent ERP component
sensitive to cognitive processing, especially in discniation tasks (see Herrmann and
Knight,12001). It is generally evoked by infrequent stimblit in this study it seems to

be present also in the ERP of the frequent stimuli.

74



5.4 Final notes and ideas for further experiments

How is it possible for attention to increase our hearing g@ity so that the change can
be seen even in the underlying neural responses? Recruitthenmpletely new neu-
ral populations is one possibility, although not very likéb happen in such a short test
period, at least on a large scale. For example, it took weakmbnkeys in a study by
Recanzone et al. (1993) to show significant increase in gguéncy discrimination per-
formance and a clear change in the tonotopic organizatiase® on these results, some
kind of reshaping happening in the auditory responsivesai®atill one possibility. One
model to explain increased neural activity level in such arstime is so callegphys-
iological memoryof the primary auditory cortex (Weinberger, 1998). By cdraiing,
auditory cortex changes were evident in guinea pigs alredigy few (5—10) trials. The
changes were measured as frequency-specific receptiveliaityes, and they have been
described to last for several weeks (Weinberger i al.,|19&3nberger, 1998). In case
of conditioning is studied, the motives of the subjects lereld be considered. There
was no direct reward or feedback after a correct answer inttleaded tasks. However, as
all subjects were paid, their motive was probably to pleasesikperiment organizer and

thus to perform as well as they possibly could.

Attention is likely to work in the early level of the human atedy pathway, based on
the increased sensitivy it adds to many of our other sensaddsehearing. This could be
explained by e.g. some classic early attentional filter rsses Cowarl, 1988). Early fre-
guency filtering could happen in various ways. Direct motiafeof the primary auditory
cortex (PAC), also supported by this study, is one posgjbliome changes in the wiring
of the PAC could be a partial cause for this selectivity iases but the changes in the
primary cortical areas are not the only option. As outer lkalts (OHCs) are one cause
of our high frequency selectivity, it could be that attentis able to modulate the ac-
tive feedback mechanism in our auditory system, and thusase the effect afochlear
amplifier (see Sectioh 2.11.6, p. 115), for example by increasing lef/gdrestin protein
(Liberman et al., 2002; Géléoc and Holt, 2003). This hypsitheould require further
studies in cellular level. Feedback mechanisms in some tfauditory system are in

any case likely to "tune in” towards the attended sound fesaqy.
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In subsequent studies on the same matter, the number afediffieandstop filtered white
noise types could be increased to have more fine-graineddraxy resolution. By having
more results, a more clear picture of the amount of effect ametion of notch width
could be obtained. Alternatively, the selection of notctws could be optimized in order
to have a small set of stimuli which shows the effect cleahd further concentrate on
other kinds of changes. It could be verified if the effect asanly in a certain frequency
range, possibly close to the limits of critical band aroumelattended stimulus frequency.
Using a shorter ISI might also reveal sharper tuning progerf the auditory system,
as was one explanatory factor of results by Naatanenl et @88)1 However, based on
the pilot studies here, this would require a redesign of tireenit test setup or the use of
some other research method than the present EEG system.aghamn the use of long
ISI is beneficial to induce high attentional load to the expental subjects, as the limits

of their echoic memory capacity temporally are nearly exege

By using either the amplitude modulation or the slightlyreesed latency as the criteria,
the results here could be adapted to clinical studies. Tipethesis is, that for patients
with attentional dysfunctions, the attention effect shawhis study is not as clear as
for the healthy control group. Proving this would, of coymssuire further studies with

real patients. The discrimination tasks presented hengneequstained attention, so only
that will likely cause notable differences in the resultstisglf. On the other hand, as the
attentional load required in the task is high, individualweduced vigilance or excess

fatigue will show diminished effect as well.

Some further modeling could be done on how the frequencyguoirves change during
attention. Also, it would be interesting to hypothesize amddel on how the lateral
inhibition works in the primary auditory cortex. Whethetattion to certain attribute
(e.g. frequency discrimination task) is able to modulaterakresponses in a special way,
still remains to be seen. This could be studied with some roleseer research methods

or different kind of tasks to the test subject.

Here, we focused ohowthe attention modulates the neural responses and did naf-spe

ically askwherethe attentional changes took place. We only noted that thetufation
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happened probably in the primary auditory cortex, as the E&tRponent N100, reported
to be generated in the human PAC (Rif et lal., 1991; Woldor#lgt1993 Tiitinen et &l.,
1993), was modulated. It has been reported in both lesiorsaledtive attention studies
that there might be a center for attention in the frontal aretne brain (Wilkins et al.,
1987; Rueckert and Grafman, 1996; Hopfinger et al., 2000;daald et al., 2000). In
future studies, the use of the functional magnetic resanamaging (fMRI) would in-
crease the spatial accuracy of the localization when seayd¢br structures and networks
of several regions involved in attentional top-down motiata Additionally, the use of

fMRI would allow us to extend the scope of the search to sulmadistructures.
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Appendix A

Presentation scripts used in study

A.1 Example main presentation script for one stimulus

type (d_1.sce)

scenario = "Effect of attention on neural tuning";

# in this phase 1 answer buttons

active_buttons=1;

button_codes=128;

target _button_codes=128;

wite_codes=true; # wite all codes to parallel port (for EEG acquisition)

pul se_wi dt h=100; # seens to be ok

response_mat chi ng = si npl e_nmat chi ng; # don’t stop trial on answer, there is one "correct" answer
defaul t _noni tor_sounds = fal se; # by default don't stoP sounds

pcl _file = "read_volume.pcl"; # read volune info fromfile (att_tone.txt)

$noi se_file="c:\\jaakko_noi se\\ noi se_500_600s. wav";
$port _code_adder =60;

# FOR EEG

$port_code_1=" $port_code_adder +2’;
$port_code_2=" $port _code_adder +3’;
$port_code_3=" $port_code_adder +4’ ;
$port _code_4=" $port_code_adder +1’;
# FOR MEG

#$port _code_1=0;

#$port _code_2=0;

#$port _code_3=0;

#$port _code_4=?; # 1,2,4,8,16

$t arget _t ype_1=0;

$target _type_2=1;

$target _type_3=1;

$t ar get _t ype_4=0;

# target _type pattern, frequency discrimnation (fd) duration discrimnation (dd)
# fd: 1 dd: O 1020 Hz, 100ns

# 1 1 1020 Hz, 150ns

# 0 1 1000 Hz, 150ns

# 0 0 1000 Hz, 100ns) STANDARD
# port_code_adder as foll ows:

#

# 40Hz noi se gap =0

# 80Hz noi se gap =10

# 100Hz noi se gap =20

# 150Hz noi se gap = 30

# 250Hz noi se gap = 40

# 400Hz noi se gap = 50

# 500Hz noi se gap = 60

# 0 Hz (whitenoise) =70

ﬁ silence (no nasker) = 80

#

REAL volunme read fromfiles att_tone.txt and att_noi se.txt
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$att_noi se=0.2; # attenuate 30dB by default
$att_tone=0.5; # attenuate 50dB by default

begi n;

sound { wavefile { filename = $noise_file; };

attenuation = $att_noi se;} whitenoise 300s;

#sound { wavefile T filenanme = "tone_980hz_200ns. wav"; };

# attenuation = $att_tone;} tone_980hz_200ns;

#sound { wavefile { fTlenanme = "tone 1000hz_1000ns.wav"; };

# attenuation = $att _tone;} tone_1000hz_1000ms;

sound { wavefile { fiTenane = "tones\\tone_ 1000hz _100ns. wav"; };
attenuation = $att_tone;} tone 1000hz_100ns

sound { wavefile {filename = "tones\Vtone_ 100th _150ms. wav"; };
attenuation = $att_tone;} tone 1000hz_150mns

sound { wavefile {filenane = "tones\Vtone 1020hz_100ns.wav"; };
attenuation = $att_tone;} tone 1020hz_100n%;

sound { mavef||e {7filename = "tones\Vtone 1020hz_150ns.wav"; };
attenuation = $att_tone;} tone_1020hz_150n%;

picture defaul t;
{ b

picture itmap { filenane = "fixation3.bnp"; }; x=0; y=0;} fixation
# start up the background noise (300sec)
default it wll play till end, and
e scenario will end
tr|a
noni'tor_sounds = fal se;
trial _duration = stimuli_length
trial _type = fixed;

sound whi t enoi se_300s;

code = $noise_file;
time = 0;

H

trial
noni tor _sounds = fal se
trlal_duratlon = 1000
trial _type = fixed
pi cture fixation

}.

# tenEIate has total of 140 or 160 trials, for where

# 10% (2*7=14 or 2x8=16 pcs) are different than standard stinuli
# 596(7 or 8 pcs) are sane as standard, but differ in one attribu
# 85% (119 or 136 pcs) are standard stimli (1000 Hz, 100 ns)

TENPLATE "noi se_stimsce";

"enpty" trial to stop the background noise and
# enﬂ E e scenario

moni t or _
trial
trial

(i targets)
t

e
e which I's not under attention

sounds = true;
_type = flxed
_duration = 1;

A.2 Supplementary file for main script (noise_stim.sce)

# play the standard tone 5 tines,
# (no port code sent)

TEMPLATE "toneslb.tent random ze {
sound_type ecode dur a;

disregard the results

t one_1000hz_100ns
t one_1000hz_100ns

tone_di sregard"
tone_di sregard"

’ 1500+$r andom val ue* 1000’
' 1500+$r andom val ue* 1000’

tone_1000hz_100ns
t one_1000hz_100ns

' 1500+$r andom val uex 1000’

t_

td

td_

tg t one_di sregard"”
t

td ' 1500+$r andom val uex 1000’

t one_di sregard"”

"s
"s
t one_1000hz_100ns "s
"s
"std_tone_disregard"

' 1500+$r andom val uex 1000’
}s '
# tenplate has total of 140 trials, for where

# 10% (2+x7=14 pcs) are different than standard stimuli (i.e. tar

# 5% (7 pcs) are sanme as standard, but differ in one attribute
# 85% (119 pcs) are standard stinul i (1000 Hz, 100 ns)

TEMPLATE "tonesl.tent random ze

ets) .
ich is not under attention

{ .
portcode is_target

sound_t ype ecode t _dura

# 7 pcs of 1020hz, 100nms

tone_1020hz_100ns "1020_100" ’ 1500+$r andom val ue* 1000’ " $port_code_1’ "$target _type_1’
tone_1020hz_100ns "1020_100" ’ 1500+$r andom val ue* 1000’ ’ $port _code_1’ "$target _type_1’
tone_1020hz_100ns "1020_100" ’ 1500+$r andom val ue* 1000’ " $port _code_1’ "$target _type_1’
tone_1020hz_100ns "1020_100" ’ 1500+$r andom val ue* 1000’ ’ $port _code_1’ "$target _type_1’
tone_1020hz_100ns "1020_100" ’ 1500+$r andom val ue* 1000’ " $port _code_1’ "$target _type_1’
tone_1020hz_100ns "1020_100" ’ 1500+$r andom val ue* 1000’ " $port_code_1’ "$target _type_1’
t one_1020hz__100ns "1020_100" ' 1500+$r andom val ue* 1000’ " $port _code_1’ "$target _type_1’
# 7 pcs of 1020hz, 150ns
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tone_1020hz_150ms "1020_150"

t one_1020hz

B —150ms "1020_150"
tone_1020hz_150ns "1020_150"

tone_1020hz_150ns "1020_150"
tone_1020hz_150nms "1020_150"

t one_1020hz

150ms " 1020_150"

tone_1020hz_150ns "1020_150"
# 7 pcs of 1000hz, 150ns

tone_1000hz_150ns "1000_150"
tone_1000hz_150ns "1000_150"

tone_1000hz_150ns "1000_150"

tone_1000hz_150ns "1000_150"
tone_1000hz_150ns "1000_150"
tone_1000hz_150ns "1000_150"

tone_1000hz_150ns "1000_ 150"
# 119 pcs of 1000hz, 100ns
tone_1000hz_100ns "1000_100"

t one_1000hz

100ns "1000_100"

tone_1000hz_100ns "1000_100"
t one_1000hz_100ns "1000_100"
t one_1000hz_100ns "1000_100"

[...1]

tone_1000hz_100ns "1000_100"
t one_1000hz_100ns "1000_100"
t one_1000hz_100ns "1000_100"

’ 1500+$r andom val ue* 1000’
’ 1500+$r andom val ue* 1000’
’ 1500+$r andom val ue* 1000’
’ 1500+$r andom val ue* 1000’
' 1500+$r andom val ue* 1000’
' 1500+$r andom val ue* 1000’
' 1500+$r andom val ue* 1000’

’ 1500+$r andom val ue* 1000’
’ 1500+$r andom val ue* 1000’
’ 1500+$r andom val ue* 1000’
’ 1500+$r andom val ue* 1000’
' 1500+$r andom val ue* 1000’
’ 1500+$r andom val ue* 1000’
' 1500+$r andom val ue* 1000’

' 1500+$r andom val ue* 1000’
’ 1500+$r andom val ue* 1000’
’ 1500+$r andom val ue* 1000’
' 1500+$r andom val ue* 1000’
' 1500+$r andom val ue* 1000’

’ 1500+$r andom val ue* 1000’
' 1500+$r andom val ue* 1000’
' 1500+$r andom val ue* 1000’

" $port_code_2’
" $port_code_2’
" $port_code_2’
" $port_code_2’
" $port_code_2’
" $port_code_2’
" $port_code_2’

" $port_code_3’
" $port_code_3’
" $port_code_3’
" $port_code_3’
" $port_code_3’
" $port_code_3’
" $port_code_3’
" $port_code_4’
" $port_code_4’
" $port_code_4’
" $port_code_4’
" $port_code_4’

" $port_code_4’
" $port_code_4’
" $port_code_4’

"$target _type_2';
"$target _type_2';

"$target _type_2';
"$target _type_2’;

"$target _type_2';
"$target _type_2';

"$target _type_2';

"$target _type_3’;

"$target _type_3’;
"$target _type_3’;
"$target _type_3’;

"$target _type_3’;
"$target _type_3’;

"$target _type_3’;

"$target _type_4';

"$target _type_4';
"$target _type_4';

"$target _type 4';
"$target _type 4';

"$target _type_4';

"$target _type_4';
"$target _type 4';

A.3 Supplementary file for main script (read_volume.pcl)

# reads volume info fromfile

doubl e att_tone;

input_file7in = new input_file;
in.open( "att_tone.txt" );
att_tone=in. get _doubl e();

#t one_1000hz_1000mns. set _att enuati on(at

tone_T000hz_T00ns
tone_1000hz_150ns
tone_1020hz_100ns
tone_1020hz_150ns

.set _aftenuation
.set_attenuation
.set_attenuation
.set_attenuation

|

at
att
att

a
att
t

t
t
t
t

tone

doubl e att_noi se;

input_file in2 = new input_file;

in2.open( "att_noise.txt" );

att_noi se=i n2. get _doubl e();

whi tenoi se_300s. set _attenuation(att_noise);

doubl e pan_gl obal ;

input_file 1n3 = new input_file;
in3.open( "set_pan.txt" );

pan_gl obal =i n3. ?et _doubl e();

# set pan to |left speaker OHIY

whi t enoi se_300s. set _pan(pan_gl obal ) ;
tone_1000hz_100ns. set _pan( pan_gl obal );
tone_1000hz_150ns. set _pan( pan_gl obal );
tone_1020hz_100ns. set _pan( pan_gl obal ) ;
tone_1020hz_150ns. set _pan( pan_gl obal

if (in.last_succeeded() &&% in2.last_succeeded() && in3.last_succeeded()) then
termprint("Reading att_tone.txt ok\nUsing value att_tone="+string(att_tone)+"\n 2;
termprint("Reading att_noi se.txt ok\nUsing value att_noi se="+string(att_noise)+"'\n");
term print (" Readi nlg set_pan.txt ok\nUsing val ue pan_global ="+stri ng?pan_gl obal ) +"\n");
# run rest of trials if volune reading K
| oop
int i =1
until |
I > trials.count()
begi n
trials[i].present();
i =i +1
end .
elseif (in.last succeeded(? I'=true) then )
termprint( "Reading volune fromatt_tone.txt failed!'" );
elseif (1n2.1ast_succeeded() != true) then

termprint( "Reading volune fromatt_noise_start.txt failed!" );

se
dterm print( "Reading volume fromset_pan.txt failed!" );

end,

in. close();

in2.close();

in3.close();

87



A.4 Volume adjust part, main script (adjust_volume.sce)

scenari o = "Sound adjust";

pcl _file = "adjust_vol ume. pcl";

# this script adjusts the sound vol ume
# of tones, with noise in the background

active_buttons=1;
but t on_codes=128;
# by default don't stop sounds
defaul t _noni tor_sounds = fal se;

begi n;
# attenuation val ues are REALLY rea? {rom files
X

# att _tone.txt and att_nol se_start.
#in PCL file - these are just to set
# the entry |level attenuation
$at t _noi se=0. 69;

$att _t one=0. 69;

sound { wavefile { filenane = "c:\\jaakko_noi se\\noi se_600s. wav"; };
attenuation = $att_noise;} whitenoise_ 300s;
sound { wavefile {"filename = "tones\Vtone_1000hz_100ns. wav"; };

attenuation = $att_tone;} tone_1000hz_std;
picture { } defaul T;

trial
noni t or_sounds = fal se; ) )
trial_duration = 1000; # wait 1sec before playing beep
trial _type = fixed;

sound whi t enoi se_300s;

time = 0;
code="nol se";
} noise;
trial

noni't or _sounds = fal se; )
# let’s just take 900nms so subject has 700ns to answer
trial _duration = 900;
trial _type=first_response;
i

picture
t ext 1 caption = "Change volume with keypad (num | ock turned on)\n )
"4 - ’down” group, decrease SNR, decrease noise attenuation by 2dB (att_noise -= 0.02)
6" - 'up’ group, increase SNR increase noise attenuation by 2dB (att_noise += 0.02)
"5 - “down” group, decrease SNR, decrease noise attenuation by 1dB (att_noise -= 0.01)
"8 - 'up’ group, increase SNR, Increase noise attenuation by 1dB (att_noise += 0.01)
0 - eng vol uggoadj ust"; font_size = 8;} text_instructions;
X=0; =- X
t ext caption = "Ask subject to press button whenever beep is heard\n\n\in\n\n\n\n";
font_size = 18; } textl;
x = 0; = 150; .
texto{ capti 88 = "Last 5 answers after volunme change:\n\n"; font_size = 18; } text2;
x =0; y =-20;
text { caption =" ", font_size = 30; } text3,
x =0; y = -50;
} picl;
time=0;

#$att _t one=whi t enoi se_300s. at t enuati on;

sound t one_1000hz_std;

ti me=0;

target button = 1;

code="beep";

dur ati on=200;

/*picture { ) )
text { caption = "[beep]"; font_size = 10; } text2;
x =0; y = 80;

} pic2;
time=1;
dur ati on=200; */
} trial1;
# "enpty" trial to stop the background noi se and

# end the scenario

trial
noni t or _sounds=t r ue;
trial _type = fixed;
trial _duration = 1;
nothing {} ;
code="st op_noi se";

} stop_noi se;

| *
trial { )
trial_duration = 5000;
pi cture
t ext caption = "attenuation $att_tone"; font_size = 24; };
x =0, y =0;

code ="att_tone=$att_tone";

*
-
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A.5 Supplementary file for volume adjust script

(adjust_volume.pcl)

# reads volunme info fromfile

doubl e att_tone;

input_filein = newinput_file;

in. open( "att_tone.txt" );

att _tone=in. get_doubl e();

tone_1000hz_std. set _attenuation(att_tone);

doubl e att_noi se;

input_file in2 = new input_file;

in2.open( "att_noise_start.txt" );

att_noi se=i n2. get _doubl e();

whi t enoi se_300s. set _attenuation(att_noi se);

doubl e pan_gl obal ; ) )
input_file 1n3 = newinput_file;
in3.open( "set_pan.txt" );

pan_gl obal =i n3. get _doubl e();

# set pan to |left speaker onIY

whi t enoi se_300s. set _pan(pan_gl obal ) ;
tone_1000hz_std. set _pan( pan_gl obal

if (in.last_succeeded() && in2.|ast_succeeded() && in3.last_succeeded()) then

termprint("Reading att_tone.txt ok\nUsi nE att _tone="+string(att_tone)+"\n");
termprint("Reading att_noi se_start.txt ok\nUsing att_noi se="+stri n?(att noi se)+"\n");
term print (" Readi nP set _pan. txt ok\nUsi ng pan_gl obal ="+stri ng(pan_gi obal y+"\n");
# run rest of trials if volume reading K
| oop
int i =1
ntil .
i > trials.count()
begi n
trials[i].present();
i =i +1
end
elseif (in.last succeeded(? I'=true) then )
termprint( "Reading volune fromatt _tone.txt failed!" );
elseif (1n2.1ast_succeeded() != true) then

termprint( "Reading volune fromatt_noise_start.txt failed!" );

se

dterm print( "Reading volume fromset_pan.txt failed!" );
end,
in.close();
in2.close();
in3.cl ose

string input="";

doubl e att_change=0. 0;

#doubl e att_noi se=0.45; # attenuate 20dB by defaul t
#doubl e att_tone=0.74; # attenuate 30dB by defaul t
nt numds;

nt nunbs;

nt nunbs;

nt nunBs;

nt nunoDs;

nt last_n_hits;

nt |last_n_incorrects;
nt |ast_n_fal se_al arns;
nt |ast_n_m sses;

nt | ast_answer_type;
string | ast_answers=" ;

ub
i nt nunber _of _chars(string input_string, string search_string)

# subroutine to return nunber of occurrences
# inside a string
#
# notice: search_string should be only
# one characters in length..
#
begi n
i nt no_chars=0;
| oop

Int startpos=1, ) )
string new_string=input_string;
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until
start pos==0
begi n
startpos=new string.find(search_string);
if startpos>0 then
no_char s=no_char s+1;
if startpos= neM/strlng count () then
new_string="";
startpos=

dnemLstring=nemLstring.substring(startpos+l,nemLstring.count()-startpos)
en
end
end
return no_chars
end

#att_t one=wor kspace. get _doubl e_vari abl e("att_tone")

whi t enoi se_300s. present()
trial 1. present();

| oop
int i =0;
| ast_n_ hi t s=0;
| ast “n_j ncor r ect s=0;
| ast _n_f al se_al ar ns=0;
| ast “_n_m sses=0;
| ast _answer “type=-1
unti
egin
system keyboard. set _max_| engt h(10); # take max 10 keyboard presses
systen]keyboard set_time out( randon(2000 8000) ); # wait 2-8 secs for input
i nput = system keyboard. i nput
#trial 1.set_duration(ran onfo 400
# adj ust volume using fO||OMAnﬂ buttons
# (preferably on keypad in right side of keyboard,
# num ock state doesn’t seemto nmatter)

#

# 8

ﬁ 4 5 6

# 4-decrease tone vol une by 2dB
# 6-increase tone volune by 2dB
# 5-decrease tone vol une by 1dB
z 8-increase tone volune by 1dB
# 0-end vol une adj ust

#

[ *

numds=i nput . fi nd(" 4"

nunBs=i nput . fi nd("6"

nunbs=i nput . fi nd("5"

nunBs=i nput . fi nd("8"

nunqs i nput. find("q"
numds=nunber _of _chars(i nput, "4");
nunbs=nunber _of _chars(i nput,"6");
nunbs=nunber _of _char s(i nput,"5"
nunBs=nunber _of _chars(i nput, " 8"
nunmOs=nunber _of _char s(i nput, " 0"

att _change=0. 0;
att_change=- doubl e( nurmds) *0. 02+doubl e( nunbs) *0. 02
- doubl e( nunbs) *0. 01+doubl e( nunBs) x0. 01
|f1nunDs>0 then #end vol une adj ust
| =
st op_noi se. present ();
end;
att_noi se=att _noi se+att _change;
if att_noise>1.0 then att_noise=1.0 end
if att_noise<0.0 then att_noise=0.0 end,
whi t'enoi se 3005 set attenuat|0n(att _hoi se);
# 1ine bel ow commenfed out because it caused
# tone to be presented twc
# (possibly because of trlall present ()
#t one_1000hz_200ns. present () ;

string att_text strlng(att _noi se);
#text1. set caption(input);
string rvall = "total _response_count: +
strlng( response_manager . total response_count() ) +
"\'ntotal _response_count (1):
strlng( response_manager . t ot al response_count( 1)) +
\ntotm hits: "+
string( response_ manager . total _hits() ) +
\ntotal |nc0rrects +
Ponse manager.total _incorrects() ) +
se_alarns: " +
esponse manager.total _false_alarnms() ) +
| _msses: " +
response_nanager . total _m sses() );

~p—~p—~
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textl.set _caption( "Ask subject to press button whenever beep is heard\n
att_noise="+att_text+"\n"+rval);
textl.redrawm);
if response_nmnager.total _incorrects() != last_n_incorrects then
| ast _answer _t ype=0;
| ast _n_i ncorrects=response_nanager.total incorrects();
el sei f response_manager.total _false_alarns() != last_n_false_alarns then
| ast _answer _t ype=0;
| ast _n_fal se_al arms=response_nmnager.total fal se_alarns();
el sei f response_manager.total misses() != last_n_mnisses then
| ast _answer _t ype=0;
| ast _n_m sses=response_manager.total _m sses();
el sei f response_manager.total _hits() !=last_n_hits then
| ast _answer _t ype=1;
| ast _n_hi ts=response_manager.total _hits();

el se
| ast _answer _type=-1;
end;
if last_answer_type==0 then
# | ast answer = - .
# -1f there was no answer (mss), even one false
# alarmor answer was incorrect
| ast _answer s=l ast _answers. substring(2,4)+"-";
el seif |ast_answer_type==1 then
# last answer = +
# -only 1f last answer was correct and answer
# was only one (i.e. no false alarns in same run)
| ast _answer s=l ast _answers. substring(2, 4)+"+";
end;
if att_change != 0.0 then
| ast _answer s= "
end;

text 3.set _caption( |ast_answers );
text3.redrawm);
#pi cl. present () ;
iP att_change '= 0.0 then
st op_noi se. present () ;

if 1==0 then noi se.present() end;
end;
if 1==0 then
triall.present();
end;
end,

# wite att_tone variable to special file,

# overwiting the old one

output_file out = new output_file;

#out . open( "att_tone.txt" );

#out.print(att_tone);

#out . cl ose();

#termprint("Witing volume to att_tone.txt\nUsing value att_tone="+string(att_tone));
out.open( "att_noise.txt" );

out.print(att_noise);

out.close();

termprint("Witing volume to att_noi se.txt\nUsi ng val ue att_noi se="+string(att_noise));

# wor kspace. set _vari abl e("att_tone", att_tone);
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