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ABSTRACT

Huttunen-Scott Tiina

Auditory duration discrimination in children with reading disorder, attention
deficit or both

Jyvéskyla: University of Jyvaskyld, 2009, 68 p.

(Jyvaskyla Studies in Education, Psychology and Social Research

ISSN 0075-4625; 366)

ISBN 978-951-39-3658-7 (PDEF), 978-951-39-3628-0 (nid.)

Yhteenveto: Kuulonvarainen keston erottelu lapsilla, joilla on lukemisvaikeus,
tarkkaavaisuuden ongelma tai molemmat

Diss.

Auditory processing has been suggested as one possible cause of reading
disorder (RD). The studies of this thesis investigated auditory processing skills
in children with RD as well as in children with attention deficit (AD). Duration
was chosen as the stimulus feature since duration has a central role in Finnish.
In the first study an event-related potential (ERP) peak called mismatch
negativity (MMN) was measured in controls and children with RD or AD. No
significant differences in the MMN amplitudes or latencies were found between
the groups, but the MMN peaks were more lateralized to the right hemisphere
in the control group, whereas in the RD group the MMNs were more
pronounced in the left hemisphere. In the second study stricter group selection
criteria were applied in order to investigate whether the MMNs of participants
with either “pure” RD or AD differ from those of participants with both types
of problems. MMNs of participants with RD were diminished as compared to
those of the controls in frontal and central channels in the right hemisphere. In
addition, the MMNs of the participants with comorbid RD and AD were
attenuated in both hemispheres and in all frontal and central channels. The
MMN:s of the AD group did not differ from those of controls in amplitude, but
the MMN peaks appeared earlier in this group. In the third study a behavioral
speech duration discrimination task was introduced to the participants in
addition to the MMN experiment in order to explore whether behavioral and
ERP tasks provide similar results concerning the duration processing in
participants with either RD, AD or both. MMNs with bigger amplitudes as well
as superior behavioral duration discrimination were observed in participants
with AD as compared to those with RD or both RD and AD. The results of the
studies suggest a duration discrimination deficiency in Finnish children with
RD, whereas no such problem was found in children with “pure” AD.

Keywords: Mismatch negativity (MMN), reading disorder (RD), attention
deficit (AD), auditory processing, duration discrimination
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1 INTRODUCTION

The theme of this dissertation is auditory duration processing in children with
reading disorder (RD), attention deficit (AD), or both as compared to children
with no problems in these skills. The first two studies of the dissertation applied
electrophysiological approach to auditory duration processing evaluation, and
the third study combined results from both electrophysiological and behavioral
duration discrimination tasks. The electrophysiological measure used in
evaluating auditory processing was an event-related potential (ERP) called
mismatch negativity (MMN), which is elicited by a change in some feature of a
repeated auditory stimulus. The behavioral auditory duration discrimination
was examined by a task requiring categorization of pseudowords (/ata/-
/atta/) varying in duration of stop closure.

Two main factors make these studies unique. First, although auditory
processing has been studied actively in children with reading problems,
relatively few studies have investigated this kind of processing in participants
with attention problems, and to the knowledge of the author no study has
studied auditory duration processing indexed by MMN in children with pure
reading disorder as well as in those with pure attention deficit versus children
with problems in both reading and attention. Attention problems often co-occur
with reading problems, and thus it is important to include participants showing
both kinds of problems in studies probing auditory deficit as one possible cause
of reading problems. Second, these studies apply duration as the key auditory
feature under investigation. Duration is a semantically central feature in Finnish
language, and thus auditory duration processing is especially critical for
Finnish speakers. I therefore wished to examine whether Finnish participants
with RD show auditory duration processing problems, which have not been
always shown in English speaking participants with similar problems
(Baldeweg, Richardson, Watkins, Foale, & Gruzelier, 1999).
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1.1 Reading disorder

Specific reading disorder refers to deficiencies in the development of reading
skills that are not explained by mental age, visual acuity problems, or
inadequate schooling (WHO, 1990). Another term often used when discussing
problems in reading is dyslexia, which refers to a specific learning disability
that has neurobiological origin and is characterized by difficulties with accurate
and/or fluent word recognition and by poor spelling and decoding abilities
(Lyon, Shaywitz, & Shaywitz, 2003). Throughout history terms used to describe
problems in reading have varied depending on the focus of the research, and
there is still plenty of variation in the terms and definitions used. In this thesis
the word reading disorder (RD) is used to refer to specific difficulty in reading,
whereas reading problems are applied as a more general term including also
cases possibly showing other kinds of language problems in addition to reading
disorder. When referring to other studies, the terms used by the authors are
used.

Reading disorder affects approximately 6% of the population (Lyytinen,
Leinonen, Nikula, Aro, & Leiwo, 1995; Pennington, 1990; Shaywitz, Shaywitz,
Fletcher, & Escobar, 1990), and due to its high prevalence and profound effects
on academic performance it has been actively studied from different
perspectives. Reading disability also seems to continue to manifest in adulthood
(Felton, Naylor, & Wood, 1990). Independent of the achieved reading level
adults with history of reading disability continue to show deficiencies in
neuropsychological measures of language skills (Felton, Naylor, & Wood, 1990).
Thus, reading problems seem to display a profound deficit that can still be
verified even if reading does not appear to be causing profound problems
anymore.

Phonological processing is considered to be the core deficit of reading
problems (Bradley & Bryant, 1983; Brady & Shankweiler, 1991, Wagner &
Torgesen, 1987). Phonological processing refers to the ability to process the
smallest units of language, phonemes, which constitute the whole linguistic
system. In order to operate on the phonemes, phonological awareness must be
developed, which means understanding that the language is constructed of
phonemes: any word can be broken into separate phonemes. In addition to
phonological processing another significant component of the reading process
is orthographic processing, which refers to the ability of an individual to
identify words or meaningful word parts on the basis of a visual representation
formed in the memory (Barker, Torgesen, & Wagner, 1992).

Although problems in phonological processing seem to be a common
problem to individuals with RD, there are differences between different
language speaking individuals in the development of reading skills: children
learning to read more consistent orthographies (i.e. Greek, Finnish) seem to
develop grapheme-phoneme recoding skills faster than children learning to
read less consistent orthographies (i.e. English, French). According to Goswami
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(2002) children learning to read more consistent orthographies have the
advantage of being able to focus exclusively on the phonemes without making
many errors, whereas readers of less consistent orthographies have to adopt
several parallel strategies of different grain sizes (whole word, onset, rhyme,
phoneme) in order to read the exception words correctly.

There are also differences in the appearance of RD in different languages:
in languages with less consistent orthographies the most pronounced difficulty
is accuracy of phonological processing, whereas in languages with more
consistent orthographies reading problems show more in the skills needed for
automatization of these processes (Grigorenko, 2001; Serrano, & Defior, 2008).
Thus, in orthographically more difficult languages problems in phonological
processing show more as mistakes in reading, whereas in easier languages
problems are more apparent in speed (Landerl, 1997).

More evidence of the role of phonological skills in reading problems
comes from intervention studies: Training methods based on phonology have
been shown to be effective in improving reading skills (Hatcher & Hulme, 1999;
Torgesen et al., 1999). The effects of training have even been reported to show in
brain correlates (Kujala et al., 2001; Richards et al., 2000; Temple et al., 2003).

Participants with RD often also experience other problems for example in
working memory (e.g. Baddeley, 2003; Brady, 1991; Cohen & Netley, 1981; De
Jong, 1998; Nation, Adams, Bowyer-Crane, & Snowling, 1999; Willcutt et al.,
2001), eye movement control (Eden, Stein, Wood, & Wood, 1994; Fischer &
Weber, 1990; Klicpera, Wolff, & Drake, 1981; Martos & Vila, 1990), and motor
skills (e.g. Chiarenza, 1990; Fawcett, Nicolson, & Dean, 1996; Kinsbourne, Rufo,
Gamzu, Palmer, & Berliner, 1991; Nicolson & Fawcett, 1994). The motor
problems often seen in participants with RD have inspired some researchers to
look for the cause of these problems in cerebellar functions (Fawcett, Nicolson,
& Dean, 1996; Nicolson, Fawcett, Berry, Jenkins, Dean, & Brooks, 1999,
Nicolson, Fawcett, & Dean, 2001). According to the cerebellar hypothesis the
main cause of RD and the related problems is the dysfunction of cerebellum,
which hinders the acquisition and automatisation of auditory, articulatory and
visual skills, which in turn shows as poor phonological processing and finally
as RD (Nicolson, Fawcett, Berry, Jenkins, Dean, Brooks, 1999; Nicolson, Fawcett,
& Dean, 2001).

The left hemisphere plays a significant role in the language functions and
several important language areas typically reside in this hemisphere. Already
Orton (1925) suggested that reading problems are related to failure of the left
hemisphere to dominate language functions. Typically the cortical areas critical
for language functions show greater left than right asymmetry (Falzi, Perrone,
& Vignolo, 1982; Geschwind, & Levitsky, 1968; Weinberger, Luchins, Morihisa,
& Wyatt, 1982). However, in participants with language deficits deviations from
the normal pattern of lateralization have been reported (Haslam, Dalby, Johns,
& Rademaker, 1981; Hier, LeMay, Rosenberger, & Perlo, 1978; Plante, Swisher,
Vance, & Rapcsak, 1991; Rosenberger, & Hier, 1980). According to the
Geschwind-Behan-Galaburda (GBG) hypothesis (Geschwind & Behan, 1982;
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Geschwind & Galaburda, 1985), the abnormal cerebral lateralization is due to
high levels of prenatal testosterone. Several studies have reported abnormalities
in the brain structures of participants with RD, especially in the left hemisphere.

11.1 Genetic and neuroanatomical findings

Based on observations of families (DeFries, Singer, Foch, & Lewitter, 197§;
Hallgren, 1950; Pennington et al., 1991; Scarborough, 1989; Vogler, DeFries, &
Decker, 1985) and twins (Alarcon & DeFries, 1997, Bakwin, 1973; DeFries &
Alarcon, 1998; DeFries, Fulker, & Labuda, 1987; Gayan & Olson, 2001) of
participants with reading disorder, the strong inheritance of these problems has
been acknowledged for a long time. Especially regions of chromosome 1
(Grigorenko et al., 2001; Rabin et al., 1993; Tzenova, Kaplan, Petryshen, & Field,
2004), chromosome 2 (Fagerheim et al., 1999; Petryshen, Kaplan, Hughes,
Tzenova, & Field, 2002), chromosome 3 (Nopola-Hemmi et al., 2001),
chromosome 6 (Cardon et al., 1994; Fisher et al., 1999; Grigorenko et al., 1997,
2000), chromosome 15 (Grigorenko et al., 1997; Morris et al. 2000; Nothen et al.,
1999; Schumacher et al., 2008; Smith, Kimberling, Pennington, & Lubs 1983),
and chromosome 18 (Fisher et al., 2002) have been found to contain genes
related to reading disability (For a review, see Fisher & DeFries 2002). It has also
been found that phonological decoding and orthographic coding have
significant independent genetic variance (Olson, Datta, Gayan, & DeFries,
1999), and that this genetic variance differs as a function of IQ (Knopik et al.,
2002; Wadsworth, Olson, Pennington, & DeFries, 2000). It seems that the genetic
influences might play a more important role in participants with RD with
higher IQ scores (Knopik et al., 2002; Wadsworth, Olson, Pennington, &
DeFries, 2000). Although there seems to be a genetic basis for reading disability,
or at least for some proportion of it, the exact transmission mechanisms are not
known.

Post-mortem studies have shown that brains of individuals with reading
problems often show anomalies in cortical areas central to language processing,
which points to the neurobiological origin of the problem. Post-mortem studies
have found brains of individuals with reading problems to have shown
neuronal ectopias (malpositioned neuron groups) and architectonic dysplasias
(absence of typical architectural organization of cortical neurons) especially in
the perisylvian regions of the left hemisphere; lack or reduction of the typical
cerebral asymmetry in the planum temporale (Galaburda, Sherman, Rosen,
Aboitiz, & Geschwind, 1985; Hughdahl et al., 1998; Humphreys, Kaufmann, &
Galaburda, 1990); as well as lesions in the inferior frontal gyrus (Galaburda et
al., 1985). Also, differences in the cell sizes have been reported. Participants
with dyslexia have been reported to show increased proportion of large
neurons and fewer small neurons in cerebellar cortex and inferior olivary
nucleus (Finch, Nicolson, & Fawcett, 2002), whereas the medial geniculate
nucleus (MGN) of thalamus has been found to show an opposite pattern of
fewer large neurons and more small neurons in left hemisphere (Galaburda,
Menard, & Rosen, 1994). In animal studies this type of difference in the cell
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sizes of the MGN has been induced in male rats by microgyria and post-
operation rats have shown deficient fast auditory temporal processing as a
result of the injury (Herman, Galaburda, Fitch, Carter, & Rosen, 1997). This kind
of processing deficit has been suggested to play a critical role in reading
problems (Tallal, 1980) and will be discussed later in detail. Another deviation
reported in the MGN of dyslexics is smaller neurons in this area in the left
hemisphere as compared to the right hemisphere (Galaburda, Menard, and
Rosen, 1994). No such asymmetry was found in controls (Galaburda, Menard, &
Rosen, 1994).

Smaller size of neurons in magnocellular layers of another thalamic
nucleus, lateral geniculate nucleus (LGN), has been similarly reported in
participants with dyslexia (Livingstone, Rosen, Drislane, & Galaburda, 1991;
Galaburda & Livingstone, 1993). This finding together with the discovery of
lack of typical leftward neuronal size asymmetry of the primary visual cortex
(Jenner, Rosen, & Galaburda, 1999) are of special interest when considering the
theory of magnocellular function deficit in participants with dyslexia.
Galaburda and colleagues have speculated that the phonological abnormalities
found in participants with dyslexia might result from abnormal development of
the left hemispheric auditory system, which is due to neuronal migration
disturbances caused by abnormal gene function and produces deficiencies
especially in the subsystems processing rapid temporal transitions (Galaburda,
1995; Galaburda, Menard, & Rosen, 1994). The magnocellular theory will be
further discussed later.

In addition to the post-mortem studies several other brain imaging
methods (MRI, fMRI, PET, MEG, EEG) have revealed different kinds of
abnormalities in both structural and activation properties of the brains of
individuals with reading problems. Structural differences have been found both
in cerebral cortex (Brown et al., 2001, Clark & Plante, 1998; Eckert et al., 2003;
Eliez et al., 2000; Leonard et al., 2001; 2002) as well as in deeper structures, such
as thalamus (Brown et al., 2001) and cerebellum (Brown et al., 2001; Eckert et al.,
2003). Studies of planum temporale have produced contrasting results: while
some studies have confirmed the postmortem findings of Galaburda and
colleagues (1985; 1989) of lack of typical leftward asymmetry in participants
with reading disorder (Hynd, Semrud-Clikeman, Lorys, Novey, & Eliopulos,
1990; Larsen, Hoien, Lundberg, & Odegaard, 1990), other studies have found
this group of participant to show normal asymmetry (Best & Demb, 1999;
Heiervang et al., 2000; Robichon, Levrier, Farnarier, & Habib, 2000; Rumsey et
al., 1997a; Schultz et al., 1994) or even exaggerated leftward asymmetry of
planum temporale (Leonard et al., 1993; 2001; 2002). The finding of extreme
leftward asymmetry of planum in participants with dyslexia may seem
puzzling. One reason for the contrasting findings might be differences in the
measurement techniques. Another reason might be differences in the
participants under study. According to Leonard and colleagues (Leonard, 2001;
Leonard et al.,, 2001) planar symmetry is typical only for participants with
reading problems who show poor verbal ability or delayed language
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development, whereas marked leftward planar asymmetry is seen in
participants with poor phonological skills only. In contrast, in the study of
Larsen, Hoien, Lundberg, and Odegaard (1990) especially participants with
pure phonological deficits showed planum symmetry. However, there are also
other possibly affecting differences in the results, for example native language
and comorbid disorders of the participants.

Reduced activity has been most often found in left temporoparietal
regions (Breier et al., 2003; Brunswick, McCrory, Price, Frith, & Frith, 1999;
Georgiewa et al., 1999; Meyler et al., 2007; Paulesu et al., 1996; 2001; Rumsey et
al., 1992; 1997b; Schulz et al., 2008; Simos et al., 2000; Shaywitz et al., 1998; 2002;
Temple et al., 2001), occipitotemporal areas (Helenius, Tarkiainen, Cornelissen,
Hansen, & Salmelin, 1999; Kronbichler et al., 2006; McCrory, Mechelli, Frith, &
Price, 2005; Schulz et al., 2008; Shaywitz et al., 1998; 2002), and Broca’s area
(Georgiewa et al., 1999), although also increased activity has been reported in
left inferior frontal gyrus (Kronbichler et al., 2006; Shaywitz et al., 1998) and
more specifically in Broca’s area (Brunswick et al., 1999; Georgiewa et al., 2002;
Kronbichler et al., 2006) as well as in right temporoparietal region (Simos et al.,
2000). The reported hyperactivities might be related to greater effort invested in
language tasks and compensatory mechanisms in participants with reading
problems (Georgiewa et al., 2002; Shaywitz et al.,, 1998). The EEG study of
Penolazzi, Spinorelli, and Angrilli (2008) suggested greater left anterior delta
amplitude in dyslexic participants to index inhibition of left frontal linguistic
areas. The left temporoparietal areas and Broca’s area seem to be related to
phonological processing (Démonet, Fiez, Paulesu, Petersen, & Zatorre, 1996;
Moore & Price, 1999; Pugh et al., 1996; Simos et al., 2002; Zeffiro & Eden, 2000),
whereas the occipitotemporal areas are suggested to be more involved in the
fast automatic orthographic processing of the whole word (Cohen et al., 2002;
2003; Dehaene et al., 2001; Dehaene, Le Clec’H, Poline, Le Bihan, & Cohen, 2002;
McCandliss, Cohen, & Dehaene, 2003; Pugh et al., 1996).

Reading problems have been also portrayed as a disconnection syndrome,
which refers to the possibility that participants with reading problems might
experience weak connections between the frontal and posterior brain areas
(Paulesu et al., 1996). PET studies of weaker correlations in the activity between
the left angular gyrus and inferior frontal cortex (Horwitz, Rumsey, &
Donohue, 1998), and left angular gyrus and occipitotemporal areas (Horwitz,
Rumsey, & Donohue, 1998; Pugh et al., 2000) in participants with dyslexia have
supported the idea of connection disruptions in this subject group. More
support comes from diffusion tensor magnetic resonance imaging (DTI) studies
showing disruption in temporoparietal white matter in participants with
reading problems, especially in the left hemisphere (Deutsch et al., 2005;
Klingberg et al., 2000; Steinbrink et al., 2008). The brain connectivity in the left
temporoparietal white matter as measured by DTI has also been found to
correlate with reading ability (Beaulieu et al, 2005; Deutsch et al., 2005;
Steinbrink et al., 2008) Since white matter plays a central role in connecting
different brain areas, this kind of disruption could explain the functional
connection problems found in participants with reading problems.
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In addition to the intrahemispheric connections differences have also been
found in the interhemispheric connections in participants reading problems.
MRI studies have found differences in the size and shape of corpus callosum,
the longitudinal fissure connection left and right hemisphere in participants
with reading disorder (Duara et al., 1991; Hynd et al., 1995; Robichon & Habib,
1998; Rumsey et al., 1996; von Plessen et al., 2002). Also a DTI study has shown
a correlation between the diffusion properties of the temporal-callosal fiber tract
of corpus callosum and phonological awareness, which might be due to higher
proportions of large axons in the good readers (Dougherty et al., 2007). This
kind of a deficit might affect the hemispheric specialization due to reduced
communication between the hemispheres (Dougherty et al.,, 2007). The DTI
studies of disruptions in intra- and interhemispheric connections might explain
the problems of participants with reading disorder in processing fast visual and
auditory information: The larger axons in corpus callosum and intact
myelination help carry signals faster and more effectively. However, some
studies have not found differences in the corpus callosum in participants with
reading disorder (Larsen, Hoien, & Jdegaard, 1992; Penninton et al., 1999). The
contrasting findings make it difficult to draw clear conclusions about the
neuroanatomical differences between participants with reading problems and
controls. Leonard (2001) has stressed the fact that participants with reading
disabilities do not form a homogeneous group, and the neuroanatomical
findings may depend on the specific type of reading disability.

1.1.2 Auditory processing and reading disorder

Although most researchers agree on the central role of phonological processing
in reading problems, there are different opinions of the origin of these problems
in reading disorder. Some researchers think that phonological problems might
be caused by problems in basic auditory processing (Farmer & Klein, 1995;
Goswami et al., 2002; Talcott et al., 2000; Tallal, 1980; Tallal & Benasich, 2002;
Tallal, Sainburg, & Jernigan, 1991), whereas according to others reading
problems are related to language processes, and basic auditory processing
deficiencies are not the cause of phonological problems (Blomert & Mitterer,
2004; Brady, Shankweiler, & Mann, 1983; Mody, Studdert-Kennedy, & Brady,
1997). Auditory processing has been widely studied in participants with
reading problems.

Participants showing reading problems have been found to perform
poorly in several types of auditory processing tasks. Lower than normal
performance has been found for example in temporal order judgment (TOJ)
tasks demanding participants to perceive the order of rapidly presented
complex tones differing in fundamental frequency (Heiervang, Stevenson, &
Hughdahl, 2002; Nagarajan et al. 1999; Reed, 1989; Tallal, 1980), tone frequency
discrimination tasks (Ahissar, Protopapas, Reid, & Merzenich, 2000; De Weirdt,
1988; Heirvang, Stevenson, & Hughdahl, 2002), frequency- (Witton et al., 1998;
Witton, Stein, Stoodley, Rosner, & Talcott, 2002) and amplitude modulation
tasks (Goswami et al., 2002; Witton, Stein, Stoodley, Rosner, & Talcott, 2002),
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and auditory localization tasks (Hari, & Kiesild, 1996). In the study of Ahissar
and colleagues (2000) adults with childhood history of reading difficulties still
showed problems in auditory processing abilities tested with several types of
tasks, although their reading skills were higher than expected on the basis of
the auditory processing skills. Thus it seems that compensating reading skills
do not necessary affect the auditory deficit.

Auditory processing problems have also been found in studies applying
language stimuli. Participants with reading problems have been found to have
difficulties in for example categorical speech perception (Breier, Fletcher,
Denton, & Gray, 2004; De Gelder & Vroomen, 1998; Steffens, Eilers, Gross-
Glenn, & Jallad, 1992). In the study of Breier and colleagues (2004) children
showing weak language skills in the beginning of first grade showed poor
auditory categorical discrimination of tokens crossing phonemic boundary
(/ga/-/ka/). Authors suggested deficient categorical perception to affect the
process of extracting phonetic information from speech, and cause more
attention being directed to uninformative subtle acoustic differences.
Categorical phonemic discrimination was also found to be associated with
phonological processing skills (Breier et al., 2004), which might implicate the
importance of categorical perception abilities in developing efficient language
processing. Steffens, Eilers, Gross-Glenn, and Jallad (1992) found adults with
dyslexia to need longer silence duration between two speech stimuli (/sa/-
/sta/) in order to perceive a change in the stimuli. Also the study of De Gelder
and Vroomen (1998) found deficient categorical speech perception (/ba/-/da/)
in children with poor reading skills.

Similar results of deficient categorical speech perception have been
reported in adults with dyslexia and their infants who are at-risk for reading
problems (Richardson, 1998; Richardson, Leppénen, Leiwo, & Lyytinen, 2003).
In these studies categorical perception was investigated by pseudoword stimuli
with varying durations (/ata/-/atta/). Duration is a crucial semantic feature in
Finnish language that can distinguish two otherwise similar words. For
example ‘mato” means worm in Finnish, wheras ‘matto” is the word for carpet.
Quantity errors are the most typical error type made by Finnish speaking
individuals with deficient reading skills (Lyytinen et al., 1995).

1.1.2.1 Rapid auditory processing theory

According to the studies of Tallal and colleagues (Tallal, 1980; Tallal & Piercy,
1974; 1975; Tallal & Stark, 1981), participants with language problems have a
basic auditory processing problem, which shows as a disability in processing
rapidly presented auditory stimuli. In the studies of Tallal and colleagues
participants had to either discriminate two stimuli (same/different task) or
judge the temporal order (temporal order judgment task, TOJ) of two stimuli.
The stimuli were either complex tones varying in fundamental frequency,
synthetic syllables, or synthetic steady-state vowels. Although several studies of
Tallal and colleagues were executed with participants with more severe
language problems, in 1980 Tallal found children with RD to experience similar
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problems. Reed (1989) and Farmer and Klein (1993) provided further support of
auditory processing problems observed in TOJ tasks in children with RD.

Brain activation abnormalities in response to rapid stimuli have been also
reported. The MEG study of Nagarajan and colleagues (1999) found adult
participants with poor reading abilities to show reduced auditory cortex
responses to brief and rapidly successive auditory stimuli in addition to the
poor behavioral performance in TOJ task. Temple and colleagues (2000) applied
fMRI to study the brain activity during rapidly and slowly changing,
nonlinguistic stimuli. They found normal adult readers to show left prefrontal
activity in response to the rapidly changing stimuli relative to the slowly
changing stimuli, whereas no such differential left frontal response was
observed in participants with dyslexia. The left prefrontal response also
correlated with performance in behavioral rapid processing task, and two of
three subjects participating in rapid auditory processing training showed
increased left prefrontal activity as well as improvement in behavioral
performance. These results were recently replicated in children by Gaab,
Gabrieli, Deutsch, Tallal, and Temple (2007).

Tallal (1980; 2000) has suggested that the fast temporal auditory
processing deficit might possibly cause problems in speech perception and in
formation of phonological representations, which in turn leads to reading
problems. Indeed, performance in auditory temporal processing tasks has been
found to correlate with reading measures (Au, & Lovegrove, 2001; Tallal, 1980;
Walker, Hall, Klein, & Phillips, 2006), although some studies have not been able
to find a strong relationship between these skills (Heath, Hogben, & Clark,
1999; Heiervang, Stevenson, & Hugdahl, 2002; White et al.,, 2006b). Further
support for Tallals theory comes from intervention studies suggesting auditory
training to improve the performance in tasks demanding discrimination of
nonspeech and speech stimuli (Merzenich, et al.,, 1996, Tallal et al., 1996).
Tallal’s view of basic auditory processing deficit as a cause of reading problems
has been however challenged by researchers who have not been able to
replicate her results (Breier, Gray, Fletcher, Foorman, & Klaas, 2002; Mody,
Studdert-Kennedy, & Brady, 1997).

1.1.2.2 The magnocellular theory and rapid processing

The magnocellular theory has been used as an explanation for the processing
deficits found in participants with dyslexia. Visual system can be divided to
two pathways, magnocellular and parvocellular, based on their sensitivity to
visual features. Parvocellular pathway is sensitive to form and color and has
poor temporal but good spatial resolution, whereas magnocellular has good
temporal but poor spatial resolution and is sensitive to contrasts, direction and
movement. The magnocellular and parvocellular pathways orginate in retina
and project to separate layers in the lateral geniculate nucleus (LGN) of the
thalamus (Livingstone & Hubel, 1987). From the LGN the visual information is
transmitted to magnocellular and parvocellular sublayers and to visual cortex
(Livingstone & Hubel, 1987).
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Several studies have shown participants with reading problems to
experience problems in visual tasks (e.g. contrast sensitivity, flicker sensitivity,
motion detection) taxing the magnocellular pathways (Ben-Yehudah, Sackett,
Malchi-Ginzberg, & Ahissar, 2001; Borsting et al., 1996; Cornelissen, Hansen,
Hutton, Evangelinou, & Stein, 1998b; Cornelissen et al 1998a; Cornelissen,
Richardson, Mason, Fowler, & Stein, 1995, Demb, Boynton, Best, & Heeger,
1998; Eden, VanMeter, Rumsey, & Zeffiro, 1996; Felmingham & Jakobson, 1995;
Johnston et al., 2008; Lovegrove, Bowling, Badcock, & Blackwood, 1980;
Lovegrove et al., 1982; Martin & Lovegrove, 1984; Martin & Lovegrove, 1987;
Ridder, Borsting, Cooper, McNeel, & Huang, 1997; Slaghuis & Ryan, 1999;
Talcott et al., 1998; Witton et al., 1998), and to show smaller amplitudes of
visually evoked potentials (VEP) in these tasks (Livingstone et al., 1991; May,
Lovegrove, Martin, & Nelson, 1991). Also abnormal activation in fMRI studies
has been reported: During visual motion processing tasks less activation has
been found in primary visual cortex (V1) and extrastriate visual areas (V2, V3,
V3A, Viv, V5/MT) (Demb, Boynton, & Heeger, 1998; Eden et al., 1996). The
study of Demb, Boynton, and Heeger (1998) also found the measured brain
activity to be correlated with motion discrimination performance and reading
speed. However, these results were not supported by the study of Vanni,
Uusitalo, Kiesild, and Hari (1997). In a post-mortem study reduced cell size in
the magnocellular layers of the LGN in participants with dyslexia has been
reported (Livingstone et al., 1991).

Cornelissen and colleagues (1998a; 1998b) found a positive relationship
between children’s motion detection thresholds and the likelihood of making
letter errors, which lends further support to the role of magnocellular
processing in reading skills. According to Stein and Walsh (1997) the effects of
magnocellular impairments to reading problems might be due to anatomical
connections from the magnocellular laminae of the LGN to the posterior
parietal cortex, which is important for normal eye-movement control,
visuospatial attention and peripheral vision. Also other researchers have
suggested that the reading problems are due to the role of the magnocellular
pathway in attention allocation required in reading (Hari, Valta, & Uutela, 1999;
Laycock, & Crewther, 2008; Omtzigt, Hendriks, & Kolk, 2002)

It has been suggested that auditory system shows a deficit similar to the
visual magnocellular deficit (Stein & Walsh, 1997). Indeed, the magnocells of
the medial geniculate nucleus have been found to be abnormal in dyslexic brain
(Galaburda et al., 1994). Stein and Walsh proposed that the magnocellular
temporal processing deficit might affect vision and audition and also for
example vestibular and motor systems, which might explain the co-occurrence
of motor problems in participants with reading disorder. Boets, Wouters, van
Wieringen, De Smedt, and Ghesquiére (2008) found evidence of a global
magnocellular model in a study assessing dynamic auditory and visual
processing, speech-in-noise perception, phonological ability and orthographic
ability in preschool children. The model connects dynamic auditory processing
to speech perception, which is related to phonological awareness, whereas
dynamic visual processing is connected to orthographic skills. Finally,
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phonological awareness and orthographic ability together with verbal short-
term memory predict literacy development.

Some studies have not found evidence of a magnocellular deficit in
participants with reading disorder (Hayduk, Bruck, & Cavanagh, 1996; Spinelli
et al., 1997, Walther-Miiller, 1995). Amitay, Ahissar, and Nelken (2002) found
only six of 30 participants with RD to be impaired in tasks of magnocellular
functions, and these subjects were consistently impaired in several other
perceptual tasks as well. The rest of the participants with RD did not differ
significantly from controls in magnocellular tasks but showed deficient
performance in tasks requiring fine visual and auditory frequency
discrimination. Amitay and colleagues (2002) concluded that some participants
with RD have generally impaired perceptual skills, whereas some have more
specific perceptual deficits. Ramus and colleagues (2003) provided similar
results of relatively low incidence (2 of 16) of magnocellular deficit in
participants with dyslexia. Magnocellular deficits have been also found in
participants with other types problems, which suggests that these problems are
not specific to participants with reading disorder (Skottun & Skoyles, 2008).

1.1.2.3 Evaluation of the rapid auditory processing theory

Although some participants with reading disorder seem to show rapid auditory
processing problems, not all of them do. This was already noticed by Tallal
(1980), and has been confirmed in other studies (Amitay et al., 2002; Bishop,
Carlyon, Deeks, & Bishop, 1999; Boets, Wouters, van Wieringen, & Ghesquiére,
2007; Heath, Hogben, & Clark, 1999; Ramus et al., 2003; White et al., 2006a).
Similarly, there are normally reading participants with deficient sensory
processing (Bishop et al., 1999; Boets et al., 2007). Twin studies have shown
sensory skills not to be as strongly genetically influenced as phonological skills
(Bishop et al., 1999; Olson & Datta, 2002). This seems also to point to the
conclusion that phonological skills are affected also by other things than pure
sensory abilities. Thus, rapid auditory processing problems can not be
considered neither a necessary nor the sole cause of reading problems. Instead
auditory processing problems have been suggested to act as moderators
compromising already poor reading skills (Bishop et al., 1999), co-occuring with
reading disability and possibly aggravating phonological problems (Ramus et
al., 2003), or the phonological problems have even been proposed to affect
negatively to basic sensorimotor skills (White et al., 2006b).

Amitay and colleagues (2002) argued that instead of a rapid auditory
processing deficit reading problems might be caused by accumulative result of
different kinds of auditory processing deficits that are not restricted to tasks
demanding fast stimulus processing. Their study applying several kinds of
auditory tasks with a wide range of stimulus constants failed to find a single
common impairment in all of the participants with RD although significant
portion of the RD group had auditory difficulties of some kind.

According to Mody, Studdert-Kennedy, & Brady (1997) and Mody (2003)
participants with reading problems experience difficulties in discriminating
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phonetically similar stimuli instead of rapid auditory processing problems and
consider the deficit to be purely linguistic. In the study of Mody, Studdert-
Kennedy, and Brady (1997) participants with poor reading skills did not differ
from controls when easily discriminable syllables were used. Also Banai and
Ahissar (2006) have stated that the auditory processing deficits found in
participants with RD are actually due to task complexity. They showed task
complexity to affect the performance of participants with dyslexia and
additional learning disabilities in tasks demanding frequency and phoneme
discrimination.

Another interesting alternative explanation for the auditory discrimination
problems in participants with dyslexia was recently proposed by Ahissar
(2007). He suggested that these participants with dyslexia have an anchoring
deficit, which causes problems in retaining and retrieving recently presented
stimuli. According to the hypothesis, perception of repeated stimuli leads to the
formation of stimulus anchors that are used to predict future stimuli and to
avoid distractions caused by irrelevant stimuli. However, in participants with
dyslexia the anchoring system does not work normally and the perceptual
system is more sensitive to external noise. Thus, in the case of auditory
discrimination studies controls would benefit from the repetition of the same
stimuli, whereas no such benefit would be present in participants with dyslexia.
The study of Ahissar, Lubin, Putter-Katz, and Banai (2006) using varying
reference tones instead of a repeated reference in frequency discrimination task
support the theory but more research is needed to test the theory using
different stimulus types and experimental conditions.

The inconsistency of the results concerning the auditory processing
problems in participants with dyslexia may be due to many factors. One is the
heterogeneity of the subject groups. The definitions of the reading problems
and diagnostic procedures vary from one study to another. Also, languages
differ in many ways and reading problems do not appear exactly the same way
in participants speaking different languages (Grigorenko, 2001; Landerl, 1997).
Since the demands and critical features vary, it seems possible that different
auditory problems might disturb normal development of reading skills in
different languages. It has been also argued that the behavioral auditory
processing found in participants with reading disorder might be caused by
nonperceptual factors, like attention and motivation (Bishop, 2007). Due to the
poor verbal skills it might be harder for these participants to develop effective
listening strategies in psychoacoustic tasks and thus it might be harder for them
to sustain attention and to be motivated (Bishop, 2007). Since attention
problems often co-occur with reading problems it is important to take these
factors into account.

1.1.3 Comorbidity of reading disability and attention deficit
Attention-deficit hyperactivity is a neurodevelopmental disorder characterized

by impulsivity, inattention and often also by overactivity (American Psychiatric
Association (APA), 2000: Diagnostic and Statistical Manual of Mental Disorders,
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DSM-IV-TR). Attention deficit can, however, also appear without overactivity
as an inattentive type. In brain imaging studies (MRI, EEG) especially
dysfunction in the frontostriatal circuits connecting frontal lobe with basal
ganglia has been often reported (Willis, &Weiler, 2005 for a review). Attention
deficits are relatively common affecting approximately 5% of population
(Lambert, Sandoval, & Sassone, 1978; Polanczyk, de Lima, Horta, Biederman, &
Rohde, 2007). The prevalence seems to be approximately the same worldwide
although varying diagnostic practise may cause differences in prevalence
estimates (Faraone, Sergeant, Gillberg, & Biederman, 2003; Polanczyk, de Lima,
Horta, Biederman, & Rohde, 2007).

In a Finnish study nearly 20% of children with reading disability showed
symptoms of ADHD as well (Lyytinen et al., 1998). Also other studies have
found attention problems and reading problems to often coexist (Dykman &
Ackerman, 1991; Knivsberg & Andreassen, 2008; Willcutt & Pennington,
2000a&Db). According to the study of Knivsberg and Andreassen (2008) attention
problems are not often thoroughly assessed in children showing reading
problems. In part the high comorbidity seems to be due to common genetic
influences (Gayan et al., 2005; Willcutt et al., 2002).

Participants with problems both in reading and attention seem to show
the typical cognitive deficits linked to both types of problems. Studies of
Willcutt and colleagues (2001, 2005) as well as Purvis and Tannock (1997; 2000)
found both phonological and inhibition problems in participants experiencing
comorbid attention and reading problems. However, the studies of Bental and
Tirosh (2007) and Toplak, Rucklidge, Hetherington, John, and Tannock (2003)
proved that the participants with both problem types may differ from the
“pure” groups and show for example more severe deficits in working memory.
This highlights the importance of clearly defined participant groups as well as
comparing the groups with “pure” and mixed disorders. In addition to the
phenotypical problems of phonological processing in individuals with reading
problems and disrupted executive functions in individuals with attention
deficiencies, processing speed has been suggested as a cognitive risk factor
shared by both groups (Shanahan et al.,, 2006; Willcutt, Pennington, Olson,
Chhabildas, & Hulslander, 2005)

Since reading disability and attention deficit often co-occur, differential
diagnostics and careful investigation of both types of problems is important.
Unfortunately the characteristic symptoms of attention deficit make it relatively
hard to reliably estimate the reading skills of participants with such problems.
Similarly, learning problems like reading disorder may cause distress and
restlessness in participants in situations demanding the use of the deficient
skills, which may be faultily interpreted as attention problems. Thus, methods
that do not demand behavioral response and active attention allocation might
be useful tools in the differential diagnostics of attention problems and learning
disabilities. A good recent example of such effort is the EEG study of Dhar,
Been, Minderaa, and Althaus (2008) who found participants with reading
problems to show problems during covert orienting task in early information



22

processing (smaller N2), whereas those with attention deficit displayed
abnormalities only in later, response-related processing stages (larger P3).

The deficient performance in auditory tasks reported in participants with
RD could be caused by problems in attention and motivation (Bishop, 2007). In
behavioral tasks the role of attention is hard to estimate. In order to study
auditory processing without such confounding effects, event-related potentials
(ERPs) can be used. One of the advantages of brain measurements in providing
further information about auditory processing is that children participating do
not have to pay attention to the task, and thus the role of attention can be ruled
out as one of the main factors affecting the results.

1.2 Mismatch negativity and auditory processing

Mismatch negativity (MMN) is an event-related potential (ERP) that occurs
when a deviant sound occurs among repeated standard stimuli and breaks the
auditory regularities of the auditory stream (Naitdnen, Gaillard, & Maéntysalo,
1978). The deviation can occur in different stimulus parameters, such as
frequency, intensity, duration, or sound location. MMN can also be elicited by
changes in phonemes or even by violations in abstract stimulus patterns
(Paavilainen, Arajdrvi, & Takegata, 2007; Tervaniemi, Maury, & Naidtdnen,
1994). The MMN response is elicited approximately 100-350 ms, but there have
been reports of a second mismatch related peak called late discrimination
negativity (LDN) around 400-600 ms (Ceponiené, Cheour, & Nadtanen, 1998;
Ceponiené et al., 2002; Ceponiené et al., 2004; Kilpeldinen, Partanen, & Karhu,
1999; Korpilahti, Krause, Holopainen, & Lang, 2001; Martynova, Kirjavainen, &
Cheour, 2003; Schulte-Kérne, Deimel, Bartling, & Remschmidt, 2001).
According to Ceponiené and colleagues (2004) LDN reflects preattentive sound
change processing at a more cognitive level than MMN.

Amplitude of the MMN is around -3uV (Licht & Horsley, 1998) and it
consists of frontal and central subcomponents (Alho, 1995; Giard et al., 1990;
Nadtanen & Michie, 1979). The central component is generated in the auditory
cortex, and the frontal subcomponent is suggested to be related to involuntary
attention switch due to the deviant stimuli (Giard et al., 1990). The MMN scalp
distribution is slightly different for different stimulus features (Giard et al.,
1994).

The elicitation of MMN is thought to be based on a neuronal process in
which the deviating stimulus is compared to the memory trace formed by the
repetition of the standard stimuli (N&d&tdnen, 1992), and thus the time elapsing
between the standard and the deviant stimulus is crucial for the MMN
elicitation. In addition to the increase of the magnitude of the deviation and
decrease of the probability of the deviant occurrence, also shortening of the
interstimulus interval (ISI) causes larger MMN. MMN has been elicited in
adults with 10 second ISI (Sams, Hari, Rif, & Knuutila ,1993). In children the
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duration of the memory trace has been found to prolong: MMN can be elicited
with 1-2 seconds ISI in children of 2 and 3 years, with more than 2 seconds ISI
in 4-year-olds and 3-5 secons in 6-year-olds (Glass, Sachse, & von Suchodoletz,
2008).

MMN tends to overlap with another negative peak, N1, which appears in
response to any notable sound change. It has been even proposed that MMN is
actually a temporally modulated N1 response that is suppressed and delayed
by stimulus specific adaptation (Jadskeldinen et al., 2004). However, this theory
has been refuted by studies showing for example that MMN can be elicited
even with stimulus omissions (Ocedk, Winkler, Sussman, & Alho, 2006; Yabe et
al., 1998), the latencies, scalp distribution as well as generator loci of MMN and
N1 differ (Néddtdldinen, Paavilainen, & Reinikainen, 1989; Winkler, Tervaniemi,
& Nddtanen, 1997; Alho, 1995; Korzyukov et al., 1999; Opitz, Schroger, & von
Cramon, 2005) and that there is a difference in the effect of N1 and MMN on
memory disruption (for a review of the evidence, see Nadtanen, Jacobsen, &
Winkler, 2005).

MMN can be recorded in children (Kraus et al., 1993; Ceponiené, Cheour,
& Nadtdnen, 1998, Gomot, Giard, Roux, Barthelemy, & Bruneau, 2000;
Korpilahti et al., 2001; Cheour et al., 2002b) and even in infants (Alho, Sainio,
Sajaniemi, Reinikainen, & Nadtdnen, 1990; Cheour et al., 1998a; Cheour et al.,
1998b; Cheour-Luhtanen et al., 1996; Pang et al., 1998; Trainor, Samuel,
Desjardins, & Sonnadara., 2001; Ceponiené et al., 2002; Cheour et al., 2002a;
Kushnerenko, Ceponiené, Balan, Fellman, & Nédtinen, 2002; Martynova,
Kirjavainen, & Cheour, 2003). However, some infant studies have found a
positive response to deviations instead of a MMN (Benasich et al., 2006;
Leppédnen, Eklund, & Lyytinen, 1997; Leppdnen, Pihko, Eklund, & Lyytinen,
1999; Pihko et al., 1999). The findings of positive response to auditory stimulus
change have been explained by greater positivity elicited by the deviant than
the standard sound due to the excitement of new afferent elements (Leppénen,
Eklund, & Lyytinen, 1997). MMN of school-age children seems to resemble that
of adults, although some developmental changes can still be seen (Gomot et al.,
2000; Kraus, Koch, McGee, Nicol, & Cunningham, 1999; Shafer, Morr, Kreuzer,
& Kurtzberg, 2000).

MMN elicitation does not demand attention, which makes MMN studies
much easier to conduct with different patient groups and especially children.
MMN has been even elicited during sleep (Campbell, Bell, & Bastien, 1991;
Martynova, Kirjavainen, & Cheour, 2003; Nashida et al., 2000; Sallinen,
Kaartinen, & Lyytinen, 1994). Although MMN elicitation does not depend on
attention (Alho, Woods, & Algazi, 1994; Naitanen, 1992; Nadtinen, Paavilainen,
Tiitinen, Jiang, & Alho, 1993), it can affect MMN amplitude in experiments that
present competition for the processing capacities (Szymanski, Yund, & Woods,
1999; Woldorff, Hackley, & Hillyard, 1991; Sabri, Liebenthal, Waldron, Medler,
& Binder, 2006). Attention also seems to affect differently MMNs in adult and
child participants: Gomes and colleagues (2000) found attention to affect the
amplitude of frequency MMNs in child participants when comparing ignore
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and attend conditions, whereas no such effect was found in adults. It may be
that difficult auditory discrimination demands attention resources in children,
whereas the process becomes more automatic over the course of development.

MMN amplitude has been shown to increase with discrimination training
(Kraus et al., 1995; Kujala et al., 2001; Nditanen, Schroger, Karakas, Tervaniemi,
& Paavilainen, 1993; Tremblay, Kraus, Carrell, & McGee, 1997; Stack &
Dalebout, 1998), which suggests that MMN elicitation is related to participants’
ability to behaviorally discriminate between presented standard and deviant
sounds. Although some studies have found behavioral discrimination ability to
correlate with MMN (Kraus et al., 1996; Novitski, Tervaniemi, Huotilainen, &
Nadtanen, 2004; Pakarinen, Takegata, Rinne, Huotilainen, & Naitdnen, 2007),
not all of them have found a clear connection between the behavioral and
electrophysiological ~discrimination measures (Paavilainen, Arajarvi, &
Takegata, 2007; Paul, Bott, Heim, Wienbruch, & Elbert, 2006; Sharma et al., 2006;
Uwer, Albrecht, & von Suchodoletz, 2002).

MMN is affected by the familiarity of speech stimuli used for its
elicitation. If a phoneme is a prototype of subjects” native language MMN tends
to be larger as compared to a phoneme that is not a prototype of the language
(Cheour et al., 1998b; Naitanen et al., 1997, Tervaniemi et al., 2006; Ylinen,
Shestakova, Huotilainen, Alku, & Naitdnen, 2006). In the study of Tervaniemi
and colleagues (2006) speakers of Finnish showed significantly larger MMNs to
duration changes as compared to German speaking subjects, whereas no
differences in the MMN:s elicited by frequency changes were found. The same
subjects also differed in the behavioral duration discrimination to the advantage
of Finnish speaking subjects. In the study of Ylinen, Shestakova, Huotilainen,
Alku, & Nadtanen (2006) native speakers of Finnish showed enhanced MMN
amplitudes in response to change in vowel duration when compared to both
non-native speakers of Finnish and non-Finnish-speaking participants.
Similarly, native speakers performed better in the behavioral discrimination of
the phonological quantity. It has been also shown that when learning a new
language cortical memory representations of the phonemes of that language are
formed and MMN can be elicited by the phoneme contrasts of the new
language (Cheour et al.,, 2002b; Winkler et al., 1999). The language specific
memory traces affecting MMN formation seem to emerge in infants already
during the first 12 months of life (Cheour et al., 1998b). Thus it seems that
experience of certain type of stimulus features can affect MMN elicitation.

1.2.1 Mismatch negativity and reading disorder

One of the first studies to encourage researchers to use MMN as a tool for
studying learning disabilities was conducted by Kraus and colleagues (1996). In
their study children with learning disabilities were studied with both MMN
and behavioral discrimination task. Kraus and colleagues found that the
children with poor behavioral discrimination of synthetic speech stimuli (/da/-
/ga/) also showed smaller MMNs than children with good discrimination
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skills. MMN measures and behavioral discrimination scores were also
significantly correlated.

Several studies have found the MMN to be attenuated in participants with
reading disorder. Differences have been found for example in studies applying
changes in tone frequency (Baldeweg et al., 1999; Kujala, Belitz, Tervaniemi, &
Nadtanen, 2003; Kujala et al., 2006), duration (Corbera, Escera, & Artigas, 2006),
tone omission (Fisher et al., 2006), and complex tone patterns (Kujala et al.,
2000). Even children at familial risk for dyslexia have shown attenuated MMN
to changes in tone frequency (Maurer, Bucher, Brem, & Brandeis, 2003), speech
sound duration (Leppdnen, Pihko, Eklund, & Lyytinen, 1999; Leppédnen et al.,
2002), and phonemes (van Leeuwen et al., 2006). However, some studies have
found diminished MMNs in participants with reading disorder only when
applying speech stimuli, whereas no impairment in responding to changes in
tone stimuli was found (Schulte-Korne, Deimel, Bartling, & Remschmidt, 1998;
2001).

Because of its critical role in Finnish language it is interesting to study
duration discrimination in Finnish participants with RD. Although several
studies have examined duration discrimination with behavioral methods, few
have investigated MMNs produced by tone duration changes, and the results
vary widely (see table 1).

One of the first MMN studies applying changes in tone duration was
executed by Korpilahti and Lang (1994). They studied children with dysphasia,
who showed a diminished MMN elicited by a large duration change (50 vs 500
ms). However, Uwer, Albrecht, and von Suchodoletz (2002) did not find a
significant difference in the MMNs between controls and children with specific
language impairment (SLI) with a smaller duration change (175 vs 100 ms).

Similarly mixed findings have been reported in studies of participants
with dyslexia. Baldeweg et al., 1999 (1999) studied both frequency and duration
MMN in adult participants of this group. In their study only frequency changes
showed significant differences in the MMNSs of the controls and the clinical
group. On the contrary, in the study of Corbera and colleagues (2006) children
with dyslexia showed deficient tone duration processing. One factor affecting
the discrepancy between the results of Corbera and colleagues (2006) and
Baldeweg and colleagues (1999) might be the difference in the length of the
stimuli. Baldeweg and colleagues (1999) applied significantly longer duration
stimuli (standard 200 ms, deviants 160 ms, 120 ms, 80 ms & 40 ms) than Corbera
and colleagues (2006) (standard 100 ms, deviant 33 ms).

The study of Kujala, Lovio, Lepistt, Laasonen, and Naiitdnen (2006)
supported the negative findings of Baldeweg and colleagues (1999) of no
significant differences in the MMNs of controls and adult participants with
dyslexia. However, again the stimuli differed in an important way from those
applied by Corbera and colleagues (2006): The differences between standards
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TABLE 1 MMN studies using duration deviants in the study of participants with reading

problems
Authors Participants Stimuli Main findings
(diagnosis, (S:Standard
age, D:Deviant)
language)
Korpilahti, | Dysphasia 7- | Tone duration change | Dysphasic children had a significantly
& Lang 13 years S: 50 ms smaller MMN in response to the more
(1994) Finnish D: 110/ 500 ms deviant sound (500 ms), whereas the
MMNs to the smaller duration deviant
did not differ between the groups.
Baldeweg | Dyslexia Tone duration change | No significant difference between the
etal. adults S: 200 participants with dyslexia and
(1999) English D: 40/ 80/ 120/ 160 controls.
ms
Schulte- Dyslexia Duration change in Attenuated MMN in participants with
Korne et adults tones of a 4-tone dyslexia in a late time window (250-
al. (1999) German pattern 600 ms)
S: 50-90-25-50 ms
D: 50-50-25-90 ms
Uwer, Specific Tone duration change | No significant differences between the
Albrecht, | language S: 175 ms participants with SLI and controls.
& von impairment | D: 100 ms
Suchodole | (SLI)
tz (2002) 5-10 years
German
Corbera et | Dyslexia Tone duration change | Attenuated MMN in participants with
al. (2006) ~11 years S: 100 ms dyslexia
Spanish D: 33 ms
Kujala et Dyslexia Tone duration change | No significant differences between the
al. (2006) adults in 5-deviant and participants with dyslexia and
Finnish oddbeall tasks controls.
S: 100 ms, D: 65 ms
S: 50 ms, D: 33 ms

and deviants were smaller (100 vs 65 ms or 50 vs 33 ms) than of Corbera and
colleagues (2006) showing significant differences between the controls and the
participants with dyslexia (100 vs 33 ms).

One other study in addition to the one reported by Corbera and colleagues
(2006) providing evidence of a diminished duration MMN in participants with
reading problems is the study by Schulte-Kérne, Deimel, Bartling, and
Remschmidt (1999). This study, however, applied duration changes appearing
in a 4-tone pattern (standard 50-90-25-50 ms, deviant 50-50-25-90 ms) instead of
a change in a single pure tone. According to the authors the study implicates a
problem in temporal information processing, whereas the tone processing per
se might be normal in participants with dyslexia. The behavioral studies have
similarly produced both positive (Banai & Ahissar, 2006; Thomson, Fryer,
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Maltby, & Goswami, 2006) and negative (Baldeweg et al., 1999) results
concerning a duration discrimination deficit in children with reading problems.

Some MMN studies have also found Late Discriminative Negativity
(LDN) arising at 400-500 ms to be diminished in subjects with reading disorder
(Schulte-Korne et al., 1998; 1999; Alonso-Bua, Diaz, & Ferraces, 2006). In the
study of Alonso-Baa and colleagues (2006) mismatch responses were elicited
with both syllable (/ba/ vs /da/) and frequency changes. Only LDN was
found to be decreased in participants with RD, whereas no significant MMN
amplitude difference in comparison to controls was observed. However, the
latencies of both MMN (syllables) and LDN (both syllables and tones) were
significantly delayed in participants with RD. In addition, Alonso-Bda and
colleagues reported differences in the lateralization of LDN: the LDN elicited by
linguistic stimuli was significantly larger over the right hemisphere in the
group with RD.

Sharma and colleagues (2006) used both MMN and behavioral tasks to
study auditory processing in control children and children with reading
problems as well as in compensated readers. The behavioral auditory
processing tasks included both tone and speech stimuli, and in the MMN
measurements tone, chord, and speech stimuli were used. All participants with
RD failed at least one of the behavioral auditory processing tests. Participants
with RD also had significantly smaller MMN area evoked by speech stimuli
(/da/ vs /ga/) than the control children. However, when applying the same
speech and chord stimuli in behavioral task significantly poorer performance in
participants with RD was only observed in chord discrimination. The
behavioral and MMN results did not support each other at the individual level:
about half of the children with RD had MMN present but showed poor
behavioral discrimination and about half showed the opposite pattern.

The study of Kujala and colleagues (2006) also did not support the idea of
a direct relationship between MMN and behavioral discrimination in
participants with dyslexia. In their study changes in vowel durations embedded
in syllable strings were used, and no difference in the MMN responses between
participants with dyslexia and normal reading skills were found whereas the
behavioral discrimination performance of the former group was significantly
worse. Similarly Paul and colleagues (2006) did not find correlations between
MMN and behavioral discrimination in participants with dyslexia when
applying speech stimuli (/ba/-/da/). This study found the MMNs of children
with dyslexia were not attenuated, whereas the participants of this group
showed problems in behavioral discrimination as compared to controls.

It seems surprising that some studies have found MMN and behavioral
discrimination to correlate, whereas some have not. Most likely in the
behavioral tasks also many other processes in addition to the auditory ones
play a role. One possible factor might be attention. Not all studies have
provided information about the attention capacity of the participants. Another
possible factor is the performance strategy. Shafer, Morr, Datta, Kurtzberg, and
Schwartz (2005) reported a participant showing robust MMN but poor
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behavioral performance to have adopted fast but inaccurate strategy in the
behavioral task. Shafer and colleagues (2005) did not report any specific
screening test for attention deficit.

1.2.2 Auditory processing and attention deficit

MMN has not been as actively studied in participants with attention deficit as
in those with reading disorder. The few studies available have not produced
sound evidence of abnormal MMNs in this participant group. Studies of
Winsberg, Javitt, Silipo, and Doneshka (1993), Winsberg, Javitt, and
Shanahan/Silipo (1997), Oades, Dittmann-Balcar, Schepker, Eggers, and Zerbin
(1996), and Kilpeldinen, Partanen, and Karhu (1999) used frequency changes to
elicit MMN, whereas speech stimuli changes (/oy/-/ay/) were applied by
Kemner and colleagues (1996). Winsberg and colleagues (1993) found
hyperactive children to show diminished MMNs in their first study, but the
difference may have been caused by the peak latency differences: hyperactive
children showed a marked negativity later, outside the time window applied in
scoring. In the second study by Winsberg and colleagues (1997) a larger sample
of hyperkinetic children showed no difference in the MMNs. Kilpeldinen,
Partanen, and Karhu observed only the second phase (at 300-500 ms) of a two-
phasic MMN to be smaller in highly distractible children, whereas the first peak
(at 220 ms) showed a nonsignificant tendency to be larger in this group. Also
Oades and colleagues (1996) found frontal part of MMN to be insignificantly
larger in children with ADHD. In the speech stimuli study of Kemner and
colleagues (1996) children with ADHD displayes marginally but not
significantly smaller MMNs. In addition, MMNs showed lateralization to the
left hemisphere in participants with ADHD, whereas in the control group
MMNs were right lateralized.

Based on the studies reviewed above it seems that abnormal MMNs have
not been convincingly documented in participants with attention problems. The
participant selection procedures were also not completely uniform. In the study
of Kilpeldinen, Partanen, and Karhu (1999), for example, the participants were
“highly distractible” children, and the criteria of high distractibility was based
on two subtests (arithmetic and digit span) of Wechsler Intelligence Scale for
Children -Revised (WISC-R). These subtests do not provide a direct measure of
attention, but on the contrary, measure several other skills as well. Thus, it can
be questioned whether the participants of this study had genuine attention
problems. On the other hand, children in the study of Oades and colleagues
(1996) had an ADHD diagnosis based on DSM-III-R criteria and were
inpatients, which implicate that they had problems severely affecting their daily
functions. Also studies of Winsberg and colleagues (1993; 1997) and Kemner
and colleagues (1996) applied DSM criteria in the participant selection.

Although MMN studies have not documented deficient auditory
processing in participants with attention problems, in behavioral studies
duration discrimination has been suggested to be impaired in individuals with
attention problems (Smith, Taylor, Rogers, Newman, & Rubia, 2002; Toplak,
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Rucklidge, Hetherington, John, & Tannock, 2003; Toplak, & Tannock, 2005).
However, the problem in examining behaviorally the skills of participants with
attention problems is their hardship in focusing on the task at hand, when they
are easily distractible, impulsive and have hard time sustaining attention. Due
to the typical features of attention problems, behavioral tasks always have the
risk of under evaluating the skills of this participant group.

1.3 The objectives of the studies

The first goal was to study, whether children with reading disorder show
diminished MMNs in response to duration change appearing in continuous
tone. Since studies displaying participants with different native languages have
produced disagreeing results of the duration MMNs in participants with RD, it
was interesting to study this peak in Finnish-speaking participants, since
duration is such a critical feature in this language. One possible explanation for
the disagreeing results might be the differences in the demands of languages.

Second goal was to compare the duration discrimination abilities of
participants with reading disorder, attention deficit, or both types of problems.
In the first study, control participants were compared to participants with
reading disorder and to those with attention deficit. However, also a high
proportion of the attention deficit group participants had comorbid reading
problems, which were considered possible confounding factors in the study.
Due to this possibility, in the second and third study, the group selection
criteria were made stricter and three clinical groups formed: participants with
reading disorder, attention deficit, or both. This way it was possible to
explorewhether the “pure” groups differ from the group with comorbid
problems as has been suggested by previous studies (Bental, & Tirosh, 2007;
Toplak, Rucklidge, Hetherington, John, & Tannock, 2003).

Third, although several studies have found either MMNs (Baldeweg et al.,
1999; Corbera et al., 2006; Fisher et al., 2006; Kujala et al., 2000; 2003; 2006) or
behavioral duration discrimination (Steffens, Eilers, Gross-Glenn, & Jallad,
1992; Watson, 1992) to be impaired in participants with reading disorder, rarely
both types of tasks have been displayed on the same participants. In the third
study the aim was to explore whether duration MMNs and behavioral speech
stimuli duration discrimination are related, and whether either one or both of
the tasks would show differences between participants with reading disorder,
attention deficit, and both.



2 SUMMARY OF THE STUDIES

21 StudyI

Two competing views have been suggested to explain the phonological
problems observed in indiviuduals with reading disorder (RD). Some
researchers have proposed the core of the problems to be at the basic level of
auditory processing (Tallal, 1980; Tallal, Stark, Kallman, & Mellits, 1980; Tallal,
Sainburg, & Jernigan, 1991; Farmer & Klein, 1995), whereas others have
advocated the speech-specific view, according to which phonological problems
are related to higher order linguistic processes. One relatively objective way to
assess basic auditory processing abilities is to measure brain potential called
mismatch negativity (MMN), which is elicited by deviations in the repeated
homogeneous auditory stimuli. Since duration is a central feature in Finnish,
duration discrimination is especially interesting. The objective of the first study
was to investigate auditory processing of tone duration changes in a control
group as well as in children with reading disability or attention deficit (AD) in
order to explore whether the children with RD actually show a basic level
auditory processing problems and whether the possible problems are specific to
this group. The hypothesis was that children with RD would show such a
deficit.

2.1.1 Methods

Auditory event-related potential, mismatch negativity (MMN), was used to
study children (8-14 years). MMNs were elicited by a duration change in a
continuous sound, which consisted of two alternating 100 ms tones of 600 and
800 Hz. The 600 Hz tones were in 15% of the tones replaced randomly by a
shorter tone of either 30 ms or 50 ms. The experiment included 700 trials, and
after the application of eye movement artefact rejection criteria (£ 60 pV) 650
trials on average were analyzed. In total, 114 children were tested, but after data



31

and participant screening, each of the three groups (controls, children with RD,
and children with AD) contained 21 participants.

2.1.2 Results

In all three groups clear MMN peaks were observed. No significant and
systematic differences in the MMNs of the control, RD, and AD group were
found. The only significant difference was in the lateralization of the MMN
peaks: In the control group the MMNs were more negative over the right
hemisphere, whereas in the RD group the opposite hemisphere showed more
pronounced MMN responses. The lateralization of the MMNs of the AD group
did not differ significantly from either one of the other two groups (controls,
RD), but still showed the same trend as controls towards more prominent
MMN peaks over the right hemisphere.

2.1.3 Discussion

Opposite to expectations, MMNs of children with RD were not attenuated as
compared to control children and children with AD. In previous studies (Kujala
et al., 2000; Schulte-Korne et al., 1999) of duration change induced MMNs
participants with reading problems have shown deficient duration processing,
although also negative findings have been reported (Baldeweg et al., 1999). The
two studies showing deficient duration MMNs were carried out with adult
participants, which can be one of the factors affecting the difference in the
results. The children participating in the present study were relatively young,
and it is still impossible to estimate whether they will be able to compensate for
their problems, and whether their reading problems are severe enough to still
show in adulthood. Thus, the participants of the study might have not have
exhibited as severe language problems as the participants of the adult studies.
Several studies reporting diminished MMNs in children have had participants
with more severe language problems than RD (e.g. Korpilahti & Lang, 1994;
Korpilahti, 1995; Holopainen, Korpilahti, Juottonen, Lang, & Sillanpé&a, 1998).

Significant difference was, however, observed in the patterns of MMN
peak lateralization between control group and RD group. Typically MMNs to
non-speech sounds are more prominent over the right hemisphere, whereas the
opposite is usually seen with speech stimuli (for a review, see Lyytinen et al,,
2005). Similar findings of atypical lateralization of MMNs have been reported in
dysphasic children (Korpilahti & Lang, 1994; Holopainen et al., 1998) and in
newborns with familial risk for dyslexia (Pihko et al., 1999; Leppénen, Pihko,
Eklund, & Lyytinen, 1999; Guttorm, Leppénen, Richardson, & Lyytinen, 2001).
Thus, it seems that the MMN processing was atypical in the RD group, even
though the MMN peak amplitude values or latencies did not differentiate the
groups.
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22 StudyII

The first study raised the question, whether the variation in the severity of the
reading problems examined in MMN studies might explain the mixed results
concerning the existence of auditory duration processing deficit in this group.
Thus, the second study was a reanalysis of the same MMN data, but stricter
criteria for reading disorder (RD) were applied. In addition, in the first study
many children with attention deficit (AD) had concurrent reading problems.
Some studies have shown children with both RD and AD to differ from
children showing “pure” RD or AD (Bental & Tirosh, 2007; Toplak, Rucklidge,
Hetherington, John, & Tannock, 2003). Therefore, the main interest of the
second study was to investigate, whether MMNs of control children would
differ from those of children with relatively severe RD, AD or both (RD+AD).

2.2.1 Methods

In the second study the same MMN data pool elicited by duration changes
(standard 100 ms, deviants 50 or 30 ms) in continuous sound was analyzed.
Stricter criteria in RD screening were applied and three clinically referred
groups with either RD, AD, or both were formed. After the eye movement
artifact rejection (= 60 uV) 650 trials on average were analyzed.

2.2.2 Results

The MMNs elicited by the more deviant sound change (30 ms) showed
significant differences between the control group and all clinically referred
groups: The RD group showed smaller MMN:ss in frontal and central channels in
the right hemisphere, the MMNs of the RD+AD group were attenuated in
frontal and central channels in both hemispheres, and the MMN peaks of the
AD group appeared earlier in the frontal channels. In addition, latency
differences between the clinically referred groups were observed as well: The
MMNs peaked later in the RD+AD group as compared to both RD group and
AD group.

Lateralization of the MMN peaks differed significantly only between the
RD and AD groups, although a nonsignificant trend to similar difference was
found between the RD and control group. As in the study I, RD group showed
more pronounced MMN responses over the left hemisphere, whereas the
opposite pattern was found in the AD and control group. In the RD+AD group
the MMN peaks did not appear in visual inspection to be clearly lateralized to
either hemisphere.

2.2.3 Discussion

The changes in the participant selection criteria (stricter RD criteria, division of
participants into “pure” AD and RD groups and a comorbid RD+AD group)
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revealed significant differences between the clinically referred groups and
control group, whereas no such differences were witnessed in the first study.
Based on the results it seems that the participant selection can strongly affect
the results obtained in MMN studies. In addition to the severity of the language
problems under study, comorbid attention problems may affect the results.

The studies of auditory duration processing in individuals with reading
problems have presented mixed results. One possibly relevant factor explaning
the contrasting results is the native language of the participants. Baldeweg and
colleagues (1999) did not find differences in the duration MMNs of English
speaking participants, whereas Corbera and colleagues (2006) reported
attenuated duration MMNs in Spanish speaking participants. In both Spanish
and Finnish duration is a critical feature, and repetition of consonant letters
lengthens the phonemic duration of a sound and changes the meaning of a
word. In English, on the other hand, consonant duration does not have such a
role. Therefore, duration processing problems might have more devastating
effects on language skills in Finnish and Spanish as compared to English.

Another possible explanation might be differences in the stimuli.
Standard stimulus of Baldeweg and colleagues (1999) was longer (200 ms),
wheres in the current study and in the study of Corbera and colleagues (2006)
standard stimulus of shorter duration (100 ms was used). The basic auditory
processing deficit has been suggested to only show with rapidly presented
stimuli of short durations (Frumkin & Rapin, 1980; Tallal, 1980; Tallal &
Benasich, 2002; Wright et al., 1997).

The second study stressed the importance of clearly defined, “pure”
groups. If comorbid problems in attention are not screened, the results of a
MMN study can be obscured. Also the severity of the RD seems to affect the
findings concerning an auditory duration processing deficit in this group.

2.3 Study III

The aim of the third study was to explore, whether electrophysiological (MMN)
and behavioral tasks would provide similar results concerning auditory
duration discrimination in children with attention deficit (AD), reading
disorder (RD) or both (AD+RD). Although several studies have found children
with RD to show auditory processing problems when either MMN or
behavioral tasks have been used, only rarely have both types of tasks been
presented to the same participants. In one of the few studies of this kind,
Sharma and colleagues (2006) measured MMNs elicited by changes in tone
frequency, chord frequency, and speech stimuli as well as behavioral auditory
processing by dichotic listening, frequency discrimination, gap detection, and
an ipsilateral speech-in-noise task. The only difference between the control and
RD groups in MMN studies was a significantly larger MMN area elicited by
speech stimuli, whereas in all behavioral tests participants with RD performed
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worse than control participants. Although all children with RD showed
auditory processing problems of some kind, no consistent relationship between
MMNs and behavioral performance was observed.

2.3.1 Methods

The same MMN stimuli as in studies I and II with duration changes (standard
100 ms, deviant 30 or 50 ms) in continuous sound were presented to three
groups of children showing either AD (N=5), RD (N=5) or both (N=5). Only the
MMN:s elicited by the more deviant sound (30 ms) were included in the analysis
since the smaller deviance (50 ms) did not show any significant differences
between the groups. After the eye movement artefact rejection criteria (£60 pV)
were applied 637 trials on average were included in the analyses.

The behavioral duration discrimination was estimated with a speech task,
in which the stimuli consisted of a continuum (/ata/-/atta/) structured by
stimuli varying in the duration of the stop closure (Richardson, 1998;
Richardson, Leppinen, Leiwo, & Lyytinen, 2003). Short duration of the stop
induces the stimulus to be perceived as /ata/, whereas long duration is
perceived as /atta/. As no differences in the MMN amplitudes of the AD group
in comparison to control children was found in the two previous studies, this
group acted as a clinically referred control group to the two other groups
showing RD.

2.3.2 Results

Children with RD and RD+AD showed significantly smaller MMNs as
compared to the children with AD. AD group also performed more accurately
in the behavioral duration discrimination task. Also some significant
associations between behavioral duration discrimination scores and the MMN
peak values were observed.

Although no significant differences in the lateralization of MMN peaks
were observed, a nonsignificant trend to more pronounced MMN responses
over the left hemisphere as compared to the right one was seen in the RD
group, and an opposite trend in the AD group. In the RD+AD group no
noticeably lateralization of MMNs was observed. These findings are in
accordance of the two previous studies.

2.3.3 Discussion

The third study provided further support of an auditory duration
discrimination deficit in participants with RD. In addition to diminished MMN
responses, also behavioral duration discrimination was compromised in this
group. Richardson (1998) and Richardson, Leppénen, Leiwo, and Lyytinen
(2003) used the same behavioral duration discrimination task to study infants
with a familial risk for dyslexia and their parents with dyslexia. Both infants
and adults were found to show worse speech duration discrimination skills as
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compared to controls. This study provides futher support of a speech duration
discrimination deficit in individuals with RD.

Two views of auditory processing skills in participants with reading
problems have been presented. According to the first view these participants
experience a basic auditory processing problem that affects also tone processing
(Tallal, 1980; 1984; Reed, 1989; Farmer & Klein, 1993). The other suggests only
the auditory speech processing is deficient (Studdert-Kennedy & Mody, 1995;
Mody, Studdert-Kennedy, & Brady, 1997; Adlard & Hazan, 1998; Studdert-
Kennedy, 2002). The current study showed auditory processing problems in
children with RD with both tone and speech stimuli, whereas no such problems
were observed in children with “pure” AD.

Some significant associations between the MMN responses and behavioral
task performance were found, even though the MMN responses were elicited
by tone duration changes and in the behavioral task the participants had to
discriminate changes in speech duration. The fact that associations between
these different types of tasks were found suggests that the basic auditory
processing problems covary with speech processing problems.

No genuine control group was available for the study, and therefore the
AD group acted as a clinically referred control group. Although this might have
affected the results of the study, more probable is that the problems of the RD
participants were underestimated than overestimated, since some studies of
participants with attention problems have found this group to have problems in
behavioral duration discrimination. No sound evidence of abnormal MMN
responses has been reported in this participant group.



3 GENERAL DISCUSSION

The differences in the experimental designs of studies applying MMN have
made it very difficult to compare MMN studies and draw firm conclusions
based on them. There are differences in, for example, stimulus characteristics
and presentation rates, data processing, and MMN peak quantification. In a
review of 26 MMN studies of participants with either dyslexia or specific
language impairment, Bishop (2007) concluded that although the results were
highly inconsistent, attenuation of the MMN and atypical lateralization in the
clinical groups was most typically reported in studies applying fast stimulus
presentation rates. According to the recommendation of Bishop (2007),
difference between standard and deviant should be smaller than 10% in order
to optimize the chance of finding differences between the controls and the
participants with language problems. In the duration studies it seems, however,
that with short standard stimuli the difference has to be relatively large in order
to show differences between the groups (Huttunen-Scott, Kaartinen, Tolvanen,
& Lyytinen, 2008; Huttunen-Scott, Kaartinen, Richardson, & Lyytinen,
submitted; Korpilahti, & Lang, 1994). It seems very important to choose the
stimulus parameters correctly to attain group differences. It would also be
recommendable to use same experimental designs in studies
changing/adjusting other variables, like participant features, in order to
compare studies.

Another thing making it difficult to draw firm conclusions on the basis of
the MMN studies is the variance in the subject groups studied. The diagnostic
practise and assessment of dyslexia and reading disabilities varies from one
country to another, and it is hard to ensure the similarity of the groups under
study even if the diagnostic label is the same. This is also related to the
differences in the languages and reading problem types typically encountered
in different languages. For example, when comparing Finnish and English,
spelling errors are more typically made by English speaking participants with
reading disabilities due to the inconsistency of orthography in English, whereas
Finnish has consistent orthography and thus the problems in reading mainly
show as slowness of reading (Landerl, 1997).
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It has been found that the subtypes of dyslexia may present different
kinds of impairment profiles. The study of magnocellular deficit conducted by
Borsting and colleagues (1996), for example, applied the subtyping of Boder
(1971), which recognizes three dyslexia subtypes: dysphonetic, dyseidetic and
dysphoneidetic. Participants with dysphonetic dyslexia have problems with
matching graphemes with phonemes and have problems especially with
unfamiliar words but whole word reading of familiar words might be relatively
fluent, whereas participants with dyseidetic dyslexia show problems especially
in whole word recognition and find especially phonetically irregular words
difficult. The third type, dysphoneidetic, comprises problems shown by both of
the two other subtypes. The study reported magnocellular deficit only in
participants with dysphoneidetic dyslexia, whereas the dyseidetic participants
did not show impaired performance in tasks stressing magnocellular
processing. Similarly, in the MMN study of Lachmann and colleagues (2005)
only a subgroup of participants with dyslexia showed diminished MMN. The
participants were divided into dyslexics-1, a group showing impairments in
non-word reading and frequent word reading and dyslexics-2, which
experienced problems in only frequent word reading. Thus, the first group
presented problems associated with dysphoneidetic dyslexia and the latter with
dyseidetic dyslexia. Only the dyslexics-2 had diminished MMN. Also Leonard
(2001) has stressed the homogeneousness of the group with reading disabilities
when studying neuroanatomical markers of reading problems. In the study of
Leonard and colleagues (2001) only participants with phonological deficit
differed from controls in neuroanatomical comparisons. Heim and colleagues
(2008) tested phonological awareness, auditory discrimination, motion
detection, visual attention, and rhythm imitation in participants with dyslexia
in a study aiming to identify different subtypes within the group. Three groups
with distinct cognitive profiles were identified: participants with problems in
phonological tasks only, those with difficulties only in attention, and
participants with deteriorated performance in phonological as well as auditory
and magnocellular tasks. Thus, the study provided evidence of problems
described by many current theories striving to explain reading problems but
only in subgroups of participants.

Although Tallal (1980) found children with reading problems to show
problems in rapid auditory processing, Tallal and Stark (1982) later suggested
that the finding might be explained by inclusion of children with oral language
deficits. In the study of Tallal and Stark (1982) reading impaired children with
no oral language deficit were not found to differ from controls in TOJ with
varying ISIs. As well, the studies of this thesis only found significantly deficient
duration MMN in participants showing relatively severe reading problem:s,
whereas no such difference was found in the first study with milder problems.
One possibility is that in the more severe cases of RD the auditory processing is
more widely disturbed and deficiencies in several types of tasks is found in
group comparisons, whereas in the milder cases the auditory processing
problems might vary more and be less pronounced and thus harder to
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document. The current diagnostic practice might not be precise enough and
therefore classify individuals with significantly different skill profiles to same
diagnostic groups.

Still another important factor contributing to the differences in the studies
is the issue of developmental factors. It has been suggested that children with
language problems might show a maturational lag in their auditory processing
(McArthur & Bishop, 2004; Wright & Zecker, 2004). According to Wright and
Zecker (2004) puberty might play an important part in the development of
language skills; because of a maturational lag in perceptual development,
slowly developing auditory skills might not be achieved before puberty (when
the brain plasticity decreases) and might thereby remain less developed. It
seems that the MMN is still not fully matured by the age of 11 years (Martin,
Shafer, Morr, Kreuzer, & Kurtzberg, 2003), although some studies have
suggested a considerably earlier maturation (Kraus, Koch, McGee, Nicol, &
Cunningham, 1999). Typically the MMNSs of children are also larger in
amplitude as compared with adult MMN (Gomot et al., 2000; Shafer et al., 2000)
and the latency also diminishes with age (Shafer et al., 2000). Thus, in certain
age groups the maturational lag in development might cause the results to
suggest that participants with dyslexia actually have a bigger MMN. Another
confusing factor is the often-reported positive change detection response in
infants (Friederici, Friedrich, & Weber, 2002; He, Hotson, & Trainor, 2007;
Leppénen, Guttorm, Pihko, Takkinen, & Lyytinen, 2004). Infant studies have
also suggested that different sound features have different maturational
timetables (He, Hotson, & Trainor, 2007).

Different features are semantically relevant in different languages, and the
elicitation of MMN seems to be affected by the language background of the
subjects. MMN elicitation depends on whether the stimulus change occurs in
features relevant in subjects language (N&dtdnen et al., 1997; Tervaniemi et al.,
2006; Ylinen et al., 2006). Difficulty discriminating a feature critical in ones
native language might cause problems in language development, whereas the
same feature might not be as central in another language and might not appear
to be problematic to individuals with reading disorder. An example of this kind
of difference between languages might be the importance of duration
discrimination in languages like Finnish and Spanish as compared to English.

MMN has not been actively used as a clinical tool despite being studied in
several clinical groups, for example in participants with schizophrenia,
Alzheimer’s or alcoholism. This is especially due to problems in interpreting
individual MMN responses. There is much variation in MMNs between
individuals and even the replicability of the peak does not seem very reliable
(Picton, Alain, Otten, Ritter, & Achim, 2000). Of the different stimulus features
duration seems to show fairly good test-retest stability (Uwer & von
Suchodoletz, 2000). In order to be used more in clinical evaluation, more
experiments combining ERP and behavioral tasks need to be conducted and a
better understanding of the relationship between MMN and behavioral
performance has to be reached.
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MMN studies of participants with attention deficit are still scarce, but the
results of the studies of this thesis support the view of normal MMNs in this
participant group. The only study that has found significantly diminished
MMNs in participants with attention problems was conducted by Winsberg
and colleagues (1993) and even in this study the difference might have been
caused by peak latency difference. Also our study II showed participants with
attention deficit to differ from controls in the latency of the MMN peaks. The
latency differences of groups under study may distort the results if ignored.
Apart from the latency diffrerences, none of the studies of this thesis using
duration changes in continuous sound found reduced MMN amplitudes in
children with attention deficit.

The importance of clearly defined participant groups cannot be
overemphasized. Attention deficits and reading disorders often co-occur
(Dykman & Ackerman, 1991; Knivsberg & Andreassen, 2008; Lyytinen et al.,
1998; Willcutt & Pennington, 2000a&b), and participants with comorbid
problems may differ from the participants with “pure” attention or reading
problem (Bental, & Tirosh, 2007; Toplak, Rucklidge, Hetherington, John, &
Tannock, 2003). The present studies show that “pure” groups and comorbid
groups should be treated as independent groups in order to identify the unique
features of each group.

Pennington (2006) has suggested changing the focus of studies from
looking single deficits to probing multiple deficit models allowing several
interacting factors in different levels of analysis to affect the outcome of a
disorder. The model acknowledges the possibility of several genetic and
environmental risk and protective factors, which interact with each other, and
none of which might be sufficient to cause all symptoms of a behavioral
disorder. At the moment several factors affecting reading development have
been well documented and studied, and it is becoming more obvious that no
single factor is enough to explain reading problems at any level. Thus, multiple
deficit models as described by Pennington (2006) might provide an ambitious
goal for the future research.
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TIIVISTELMA

Kuulonvarainen keston erottelu lapsilla, joilla on lukemisvaikeus, tarkkaa-
vaisuuden ongelma tai molemmat

Kuulonvaraisen prosessoinnin ongelmien on esitetty olevan yksi mahdollinen
syy lukemisvaikeuksiin ja niiden yhteydessa tyypillisesti esiintyviin fonologi-
sen prosessoinnin ongelmiin. Tallalin (1980; 2000) mukaan kuulonvaraisen pro-
sessoinnin ongelmat voivat vaikeuttaa puheen prosessointia, mikd puolestaan
johtaa vaikeuksiin kielen pienimpien yksikoiden, foneemien, hahmottamisessa
ja kasittelyssd. Vaikka useissa tutkimuksissa lukemisvaikeuksien yhteydessa on
havaittu kuulonvaraisen prosessoinnin vaikeutta, tulokset vaihtelevat huomat-
tavasti tutkimuksesta toiseen. Syynad ristiriitaisiin tuloksiin ovat todenn&koisesti
muun muassa huomattavat erot tutkimusmenetelmissi ja otoksissa.

Kuulonvaraisen prosessoinnin tutkimuksessa kadytetyt tutkimusmenetel-
miét ovat vaihdelleet kayttdytymistason tehtdvistd psykofysiologisiin tutkimuk-
siin. Aivojen kuvantamisen tutkimuksissa poikkeavuusnegatiivisuudeksi
(mismatch negativity, MMN) nimetty aivosihkokédyrdn herdtepotentiaali on
objektiivinen mittari kuulonvaraisen erottelukyvyn arviointiin. Poikkeavuus-
negatiivisuus voidaan havaita poikkeavan drsykkeen esiintyessd toistettavien
ddnidrsykkeiden joukossa. Toisin sanoen, poikkeavuusnegatiivisuus havaitaan
aivojen reagoidessa muutokseen kuulonvaraisessa informaatiossa.

Kielet eroavat toisistaan niille keskeisten piirteiden osalta. Suomen kie-
lessd kestolla on keskeinen merkitys sanojen merkitystd maarittavana piirteend,
ja toisinaan kaksi muuten identtistd sanaa eroaakin toisistaan ainoastaan fo-
neemin keston osalta (esim. mato-matto). Poikkeavuusnegatiivisuuden avulla
kuulonvaraista prosessointia lukemisvaikeuksisilla koehenkil6illd arvioineet
tutkimukset ovat tuottaneet ristiriitaista tietoa keston muutosten havainnoin-
nista kyseisessd ryhmaéssd. Englanninkielisilld tutkittavilla ei ole havaittu hei-
kompaa  poikkeavuusnegatiivisuutta  lukemisvaikeuksien  yhteydessa
(Baldeweg ym., 1999), kun taas espanjankielisilld, lukemisvaikeuksisilla tutkit-
tavilla poikkeavuusnegatiivisuuden on havaittu olevan heikentynyt (Corbera,
Escera, & Artigas, 2006). Espanjan kielessd, kuten suomen kielessékin, kesto on
keskeinen merkitystd médrittava piirre, mikd saattaa osaltaan vaikuttaa tulok-
siin.

Kielen ohella tutkittavat ryhmit voivat erota myos muiden olennaisten
muuttujien osalta. Yksi tdllainen tekijd ovat lukemisvaikeuksien kanssa saman-
aikaisesti esiintyvat vaikeudet. Lukemisvaikeuksien yhteydessd havaitaan usein
tarkkaavaisuuden ongelmia, jotka voivat vaikuttaa tutkimustuloksiin vaéarista-
vasti, mikéli kyseisid ongelmia ei seulota tutkimusryhmid maaritettdessa. Ai-
emmissa tutkimuksissa on havaittu, ettéd tutkittavat, joilla on samanaikaisia vai-
keuksia sekd lukemisessa ettd tarkkaavaisuudessa, poikkeavat tutkittavista,
joilla esiintyy ainoastaan lukemisen tai tarkkaavaisuuden ongelmia (Bental, &
Tirosh, 2007; Toplak, Rucklidge, Hetherington, John, & Tannock, 2003).
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Tédhén viitoskirjaan kuuluvissa tutkimuksissa oli tarkoitus selvittdd keston
erottelun ongelmien esiintymistd suomenkielisilld lapsilla, joilla on vaikeuksia
lukemisessa, tarkkaavaisuudessa tai molemmissa edelld mainituissa taidoissa.
Koska keston erottelulla on keskeinen rooli suomen kielessd, sen tutkiminen on
erityisen kiinnostavaa kyseisessd kieliryhmissa. Lukemisvaikeuksien lisdksi
tutkimuksissa arvioitiin keston prosessointia tarkkaavaisuusongelmien yhtey-
dessd, milld pyrittiin selvittdm&dn, onko mahdollinen keston prosessoinnin
heikkous erityispiirre, joka on havaittavissa ainoastaan lukemisvaikeuksien
yhteydessa.

Ensimmadisessa tutkimuksessa normaalisti lukevia lapsia verrattiin lapsiin,
joilla oli joko lukemisvaikeus tai tarkkaavaisuusongelma. Tutkimuksessa tuo-
tettiin poikkeavuusnegatiivisuusvaste yhtdjaksoisessa ddnessd esiintyvilld kes-
ton muutoksilla. Ryhmien viililld ei ollut merkittdvid eroja poikkeavuusnegatii-
visuuden ajoituksen tai suuruuden suhteen, mutta normaalisti lukevilla lapsilla
poikkeavuusnegatiivisuus oli painottunut oikeaan aivopuoliskoon, kun taas lu-
kemisvaikeuksisilla poikkeavuusnegatiivisuus oli vahvempi vasemmalla aivo-
puoliskolla. Tarkkaavaisuusongelmaisten lasten poikkeavuusnegatiivisuus-
vasteet eivit poikenneet normaalisti lukevien vasteista.

Toista tutkimusta varten ryhmdvalinnan kriteereja muutettiin, silld ta-
voitteena oli tutkia, ovatko ryhmien paillekkiisyys ja lukemisvaikeuksien aste
mahdollisesti vaikuttaneet tuloksiin. Ensimmdisessd tutkimuksessa merkitta-
villd osalla tarkkaavaisuusongelmaisia lapsia oli havaittavissa myos lukemis-
vaikeuksia. Ryhmien selkiyttdmiseksi tutkittavat jaettiin neljadn ryhmé&&n: nor-
maalisti lukevat lapset, lukemisvaikeuksiset lapset, tarkkaavaisuusongelmaiset
lapset ja lapset, joilla oli sekd lukemisvaikeuksia ettd tarkkaavaisuusongelmia.
Lisdksi lukemisvaikeuksien maédrittelyssd kdytettyjd kriteerejd tiukennettiin,
minké vuoksi toisessa tutkimuksessa lukemisvaikeudet olivat asteeltaan vaike-
ampia kuin ensimmdisessd. Keston muutoksella tuotetun poikkeavuusnegatii-
visuuden havaittiin olevan merkitsevésti heikentynyt seké lapsilla, joilla oli ai-
noastaan lukemisvaikeuksia ettd jopa merkitsevammin heikentynyt lapsilla,
joilla oli lukemisvaikeuksien ohella myos tarkkaavaisuuden ongelmia. Tark-
kaavaisuusongelmaisten lasten poikkeavuusnegatiivisuus-vasteet puolestaan
erosivat niiden esiintymisajankohdan suhteen: normaalisti lukevilla poik-
keavuusnegatiivisuus esiintyi merkitsevasti tarkkaavaisuusongelmaisten ryh-
mé&d myShemmin.

Kolmannessa tutkimuksessa pyrittiin arvioimaan keston erottelua poik-
keavuusnegatiivisuuden ohella myo6s kayttdytymistason tehtdvan avulla.
Kéayttaytymistason tehtdvéssd lasten tuli havaita keston muutos puheédrsyk-
keessd. Koska aiemmat tutkimukset osoittivat, etteivit tarkkaavaisuusongel-
maisten lasten poikkeavuusnegatiivisuus-vasteet eroa normaalisti lukevien
vasteista, kolmannessa tutkimuksessa vertasimme tarkkaavaisuusongelmaisia
lukemisvaikeuksisiin sekd lapsiin, joilla oli seké tarkkaavaisuuden ettd lukemi-
sen ongelmia. Tarkkaavaisuusongelmaisten lasten ryhmaéssd poikkeavuusnega-
tiivisuus-vasteet olivat merkitsevdsti suurempia kuin kahdessa muussa ryh-
médssd. Lisdksi kayttdytymistason tehtdvidssd tarkkaavaisuusongelmaisten
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ryhmé suoriutui kahta muuta ryhméé tarkemmin. Psykofysiologisten muuttu-
jien ja kdyttaytymistason muuttujien vililla oli myds havaittavissa merkitsevia
korrelaatioita.

Viitoskirjaan kuuluvissa tutkimuksissa havaittiin kuulonvaraisen keston
erottelun vaikeus lapsilla, joilla on lukemisvaikeuksia riippumatta samanaikai-
sesta tarkkaavaisuusongelmasta. Tarkkaavaisuusongelmien yhteydessd kuu-
lonvaraisen keston erottelu ei puolestaan ollut heikentynyt, vaikka erottelun
nopeudessa olikin poikkeavuutta. Kuulonvaraisen keston erottelun vaikeus on
tutkimusten perusteella lukemisvaikeuksien yhteydessa havaittava erityispiirre,
joka ei selity tarkkaavaisuuden ongelmilla.
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