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Chapter 3 
 

Auditory Discrimination and Reading Fluency: Using Generalized Additive 
Modelling to Study a Neurophysiological Marker of Emerging Dyslexia 

 

Abstract | Background: Converging evidence from research on the aetiology of 
developmental dyslexia suggests that a core component of reading failure is a 
cognitive deficit in phonological processing, which itself may originate from a more 
fundamental deficit in auditory perception and discrimination. So far, most studies on 
deficient auditory processing in dyslexia have focused on the mismatch negativity 
(MMN), an ERP component traditionally regarded as an objective measure of the 
accuracy of auditory discrimination. The results these studies yielded, however, have 
been rather mixed, with some finding reduced MMN in the dyslexic group and others 
finding normal MMN. This inconsistency is partly caused by methodological 
differences across studies regarding, for example, deviance size (the size of the 
difference between standard and deviant stimuli), temporal/spectral features of 
stimulus materials, and time window of analysis.  

 
Aims: In the current study, we aimed to test whether the presence/size of the mismatch 
negativity can reliably distinguish poor from normal readers. 
 
Methods: To achieve this objective, we used a passive oddball paradigm to elicit 
mismatch responses. Both speech (syllable) and nonspeech (tone) stimuli were used, 
with the size of the deviant stimulus manipulated. In offline analysis of the ERP data, 
we used generalized additive modelling (GAM) to investigate the relation between 
reading ability and the presence/size of the mismatch responses. As a nonlinear 
modelling approach, GAM allows us to assess the complete, nonlinear pattern of the 
ERP signal over time, thus avoiding the need for a specific time-window of analysis 
(which is often difficult to define as the MMN exhibits large variability in timing).  
 
Results & Conclusions: Overall, the size of the mismatch response was not 
systematically related to reading score in either condition. For the tones, exploratory 
analyses revealed a positive, albeit moderate, correlation between reading score and 
the size of the MMN to small deviants in the left hemisphere. For the syllables, 
mismatch responses were found, also for small deviants, at midline electrodes in time 
windows corresponding to the classic MMN and a late discriminative negativity 
(LDN); the size of these mismatches, however, was not reliably related to reading 
performance. Taken together, these findings do not support the validity of the 
mismatch response as a neurophysiological marker of dyslexia: the relation between 
reading fluency and the presence/size of the mismatch response is not robust and is 
highly dependent on a wide range of methodological factors.  
 
 
Key words: auditory discrimination, phonological-core deficit, developmental 
dyslexia, mismatch negativity (MMN) 
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3.1. Introduction 
 
  Developmental dyslexia, or specific reading difficulty, is a learning disorder 
characterized by a persistent failure to acquire efficient reading skills, which occurs 
despite normal intelligence and adequate schooling. Historically, the etiology of 
developmental dyslexia has been explored in the visual, the auditory, and the 
cognitive-linguistic domain (Vellutino et al., 2004).  
  One of the candidate hypotheses, the rapid auditory temporal processing theory 
(RATP; Tallal & Piercy, 1973a, 1973b), claims that developmental language and 
literacy disorders are caused by difficulties perceiving transient or rapidly changing 
sounds (for more recent reviews see, e.g., McArthur & Bishop, 2001; Talcott & 
Witton, 2002; van Ingelghem et al., 2005). Over the past few decades, research on the 
auditory deficit has been extended to incorporate aspects of auditory analyses that do 
not tax temporal processing. There is good evidence that dyslexics perform poorly on 
a wide range of auditory tasks, for example, frequency and amplitude modulation 
detection (Ahissar, Protopapas, Reid, & Merzenich, 2000; Amitay, Ben-Yehudah, 
Banai, & Ahissar, 2002; Boets, Wouters, van Wieringen, & Ghesquière, 2006; Fischer 
& Hartnegg, 2004; Menell et al., 1999; Rocheron, Lorenzi, Fullgrabe, & Dumont, 
2002), intensity discrimination (Amitay, Ahissar, & Nelken, 2002; Amitay et al., 
2002), and categorical perception of phonemes and nonspeech stimuli (Breier et al., 
2001; Serniclaes, Sprenger-Charolles, Carré, & Démonet, 2001). Such difficulties in 
basic auditory processing lead to underspecified phonological representations and 
hence to disrupted phonological processing, which, in turn, has been postulated to lie 
at the core of developmental dyslexia (de Jong & van der Leij, 2003; Pennington & 
Lefly, 2001). 
  An objective measure of the accuracy of auditory discrimination is the mismatch 
negativity (MMN) of the event-related potential (ERP). The MMN arises in response 
to any discriminable change in a repetitive sequence of homogeneous stimuli 
(Näätänen & Alho, 1997; Näätänen et al., 2004; Näätänen & Winkler, 1999). It is 
commonly thought to be generated by a change-detection mechanism that compares 
each incoming stimulus with the auditory memory representation of the preceding 
stimulation (Garrido, Kilner, Stephan, & Friston, 2009; Näätänen, 1992, 2001; 
Näätänen & Winkler, 1999). A suited design to study the MMN is the oddball 
paradigm, in which the MMN is obtained by subtracting the ERP response to standard 
stimuli from that to deviant stimuli. This results in a frontocentral negativity in the 
difference waveform that peaks between 100 to 250 ms after stimulus onset (Luck, 
2005). 
  A large body of empirical evidence has shown that the presence and size of the 
MMN correlates with behavioral discrimination performance, suggesting that the 
MMN is an apt tool for assessing auditory discriminability (Bishop, 2007; Näätänen, 
1992). Moreover, the MMN is regarded as developmentally stable, as it has been 
elicited in infants as well as young children (Cheour, Leppänen, & Kraus, 2000). Such 
findings generated expectations that the MMN would help detect auditory 
discrimination deficits in children with (or likely to develop) dyslexia at an early age. 
Crucially, the MMN indexes automatic, pre-attentive processing of auditory stimuli 
and therefore can be elicited in the absence of attention (Garrido et al., 2009; 
Näätänen, 2001; Ritter, Deacon, Gomes, Javitt, & Vaughan, 1995). This characteristic 
renders the MMN particularly suited for studies with children and clinical 
populations.  
  Early research has indeed supported the use of MMN as a diagnostic tool for 
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dyslexia. Diminished MMN amplitudes in dyslexic individuals have been reported for 
standard – deviant tone pairs differing in frequency, as well as for speech stimuli 
contrasting various acoustic features, such as frequency transition (spectral changes, 
e.g., /da/ vs. /ga/; Kraus et al., 1996; Meng et al., 2005; Schulte-Körne et al., 2001), 
and voice onset timing (temporal changes, e.g. /ba/ vs. /pa/; Cohen-Mimran, 2006; 
Moisescu-Yiflach & Pratt, 2005). Furthermore, longitudinal studies have evidenced 
the predictive value of the MMN for later reading skills. For example, following 
children at familial risk for dyslexia and their age-matched controls, the Jyvaskyla 
study in Finland found correlations between mismatch response to speech stimuli 
recorded shortly after birth and later reading and spelling skills (Guttorm et al., 2005; 
Lyytinen et al., 2004).  
  On the other hand, contradictory findings have also emerged. The poor reliability of 
the MMN at the individual level has been noted (Picton, Alain, Otten, Ritter, & 
Achim, 2000; Uwer & von Suchodoletz, 2000). Moreover, attenuated MMN is not 
present in all dyslexics. In a review of MMN studies with SLI/dyslexic children, 
McArthur and Bishop (2001) found that a significant proportion of children with 
developmental language/reading disorders, sometimes more than half of the sample, 
didn’t show attenuated MMN. A more fundamental issue is that the presence/size of 
the MMN often fails to converge with behavioral discrimination measures (Bishop & 
Hardiman, 2010). If a participant showing an MMN cannot discriminate the sounds 
behaviorally, the failure could be due to peripheral factors such as poor attention, 
while initial analyses of the sounds in the brain are intact. The opposite pattern, 
however, is more difficult to explain, i.e., participants lacking an MMN can 
nevertheless perceive the differences behaviorally. Indeed, the MMN is often missing 
in a large percentage of healthy study participants, especially when the standard – 
deviant parings are easily discriminable (Neuhoff, et al., 2012; Pettigrew et al., 2004). 
Such findings have raised doubts about the validity of the MMN as a diagnostic index 
for dyslexia. 
  A potential explanation for the variability across studies concerns the way the MMN 
is measured. Traditionally, this is done by first computing separate averages for the 
standards and the deviants across multiple trials, subtracting these to obtain a 
difference wave, and then measuring the peak or mean amplitude of the difference 
wave within a specific time window. A problem with this approach is the arbitrariness 
involved in the selection of the time window for measurement. As noted by Bishop 
(2007), the timing of the MMN varies considerably, depending on a number of 
parameters including participant age (e.g., Shafer, Morr, Kreuzer, & Kurtzberg, 
2000), acoustic features of the stimuli (e.g., Gage, Poeppel, Roberts, & Hickok, 
1998), and the probability of the deviants (e.g., Sabri & Campbell, 2001). Moreover, 
in addition to the classic MMN, a late discriminative negativity (LDN) has been 
identified between 300 to 550 ms after stimulus onset (Bishop, Hardiman, & Barry, 
2010, 2011; Cheour, Korpilahti, Martynova, & Lang, 2001; Korpilahti, Krause, 
Holopainen, & Lang, 2001). The discovery of the LDN, which seemingly indexes 
additional processing at a later stage (Bishop et al., 2011), further blurs the time 
window of the mismatch response. Hereinafter we use the general term “mismatch 
response” to address both the classic MMN and the LDN. Yet another difficulty for 
time-window selection is that the difference wave rarely shows a conspicuous peak; 
in many cases, the standard and deviant waveforms diverge over a prolonged interval 
(Bishop, 2007). Taking these points together, a new approach for analyzing the 
mismatch responses is called for, one that avoids pre-selection of the time window for 
measurement. 
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  In the current study, we therefore use generalized additive modeling (GAM; Wood, 
2006) to investigate the mismatch response. Different from linear regression models, 
in which the effect a predictor has on the dependent variable is linear, GAM can be 
used to model nonlinear relations. With GAM, it is possible to assess the nonlinear 
shape of the ERP signal over the entire timespan wherein the effect of interest might 
emerge. Such a characteristic renders GAM well suited for studying ERP components 
with large variability in timing, as present for example, in the mismatch response.  
Moreover, GAM provides flexible tools for modeling nonlinear interactions. 
Specifically, multiple predictors are combined in smooth functions termed “splines” 
(Meulman et al., 2015; Wieling et al., 2014), which yield a wiggly surface (when two 
predictors are combined) or a wiggly hyper-surface (when three or more predictors 
are combined). In our case, we use a tensor product spline to model the interaction 
between time and reading score. This allows us to avoid group dichotomization (poor-
reader vs. control), a practice that often proves to be arbitrary when participants are 
yet too young for diagnosis of dyslexia to be given (i.e., before end of Grade 2 in the 
Netherlands). Last but not least, GAM accounts for systematic variations introduced 
by random-effect factors (e.g., subjects and items) via factor smooths (nonlinear 
analogue to random intercepts/slopes in mixed-effect linear regression), hence 
increasing the generalizability of our results. 
  In summary, in this study we use GAM to investigate mismatch responses to both 
speech (syllables) and nonspeech (tone) stimuli. Additionally, deviance size, i.e., the 
size of the difference between the standard and the deviant stimulus, is manipulated, 
because it has been known to influence the mismatch response, such that small 
deviance size makes a more sensitive test (Bishop, 2007; Bishop et al., 2010). We 
hypothesize that in both conditions, the size of the mismatch response grows larger as 
reading score increases, especially for the small deviant.  
 

3.2. Methods 
 

3.2.1.  Participants 
 
  Twenty-one children (9 males and 12 females; mean age [±SD] = 7.7 [±0.46] years) 
participated in the current study. All children were recruited from regular primary 
school, and were tested during the second half of Grade 2. Teachers were asked to 
refer especially poor readers for this study. Informed consent was obtained from both 
parents prior to inclusion. Parents also filled out questionnaires regarding neurological 
disorders, handedness, as well as auditory and visual acuity. All participants were 
neurologically healthy, right-handed, and had normal hearing and vision. The study 
was approved by the Medical Ethical Review Board of the University Medical Center 
Groningen (ABR nr NL43354.042.13). 
  Before participating in the ERP experiment, the children were tested (on a separate 
day) for reading fluency and reading-related cognitive abilities. A comprehensive 
behavioral test battery was administered, which comprised assessments of word 
reading (Drie-Minuten Toets, hereinafter referred to as DMT; Verhoeven, 1995), 
phoneme deletion, rapid automatized naming (RAN test; Denckla & Rudel, 1976), 
and orthographic knowledge. For statistical analyses, scores on the DMT test were 
used to index reading ability, which is a standardized word-reading test in Dutch. All 
children had normal nonverbal intelligence based on performance on the Matrix 
Reasoning subtest of the Wechsler Preschool and Primary Scale of Intelligence test 
(WPPSI; Wechsler & Naglieri, 2008). 
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3.2.2.  Materials 

 
  An oddball paradigm was used to elicit mismatch responses. To observe automatic, 
pre-attentive processing of sounds, we presented the children with silent movie clips 
along with the auditory stimulation. The paradigm consisted of two conditions, i.e., 
tones and syllables, with the size of deviant stimuli manipulated (small vs. large). The 
tone stimuli consisted of a standard 1000 Hz tone, a small deviant of 1030 Hz and a 
large deviant of 1200 Hz. The syllable stimuli were adapted from a /bak/-/dak/ 
continuum used in van Leeuwen et al. (2008). The /bak/-starting point was 
characterized by a constant level of the F2 at 1100 Hz. For each intermediate signal, 
the F2 onset was gradually situated at higher frequencies, making the fall of the 
transition steeper in every step. At the /dak/-endpoint of the continuum the transition 
was falling from 1800 to 1100Hz. The 50% point of classification was situated 
between levels 3 and 4. For the current study, level 1 was used as the standard, level 3 
as the small deviant and level 5 as the large deviant.  
  In each condition, there were two blocks of 400 trials. In each block, the standard 
stimulus appeared on 70% of the trials (280 trials). Each type of deviant stimulus 
(small vs. large) was quasi-randomly presented with 15% possibility (60 trials), so 
that two deviants (irrespective of deviance size) never occurred in succession. All 
stimuli had durations of 175 ms, and were presented at 85 dB to both ears through 
headphones. Stimulus onset asynchrony was set at 1 s.  
 

3.2.3. ERP recording and analysis 
 
  The electroencephalogram (EEG) was recorded on an ASA-Lab system, using a 64-
channel WaveGuard cap with sintered Ag/AgCl electrodes (ANT Neuro Inc., 
Enschede, the Netherlands). Additional electrodes were used to record horizontal 
(HEOG; electrodes positioned at the outer canthus of each eye) and vertical eye 
movements (VEOG; electrodes positioned above and below the left eye). Impedance 
was kept below 20kΩ. The EEG was digitized online at a sampling rate of 512 Hz and 
was referenced to the average of all channels. 
  For offline analyses, the acquired EEG data were corrected for eye blinks using 
principal component analysis (Ille et al., 2002). The corrected data were subsequently 
band-pass filtered (0.5 to 40 Hz) and segmented into trials of 1000 ms duration, 
including a 200 ms baseline. Trials with extreme amplitudes (larger than ± 100 μv) 
were subsequently rejected. The remaining trials were baseline corrected and down 
sampled to 100 Hz to speed up further analyses. The data were then exported from 
ASA-Lab to the statistical package R, including both types of deviants and the 
standards before the large deviants. Standards occurring at other positions were 
excluded to ensure that each condition consisted of an equal number of trials (i.e., 120 
trials). Specifically, 15 fronto-central channels, i.e., F3, F5, FC3, FC5, C5, C3 from 
the left hemisphere, F4, F6, FC4, FC6, C4, C6 from the right hemisphere, and FZ, 
FCZ, CZ from the midline, were selected for statistical analyses according to the 
maximum of the potential distribution on topographic maps. In R, mean amplitude for 
each region was computed by averaging across selected channels per region; these 
region-averages were then used for GAM analyses. For visualization purpose, we 
present grand average ERPs at all selected channels in Fig. 3.1.  
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3.2.4. Statistical analyses 

  We use generalized additive modeling (GAM) to investigate whether children with 
higher reading scores show larger mismatch responses, separately for each condition 
(Tone vs. Syllable). The analyses were performed using the mgcv package (version 
1.8.4; Wood, 2006) in R (version 3.1.2). 
  For each condition, the minimally adequate model was determined by means of 
model comparison. Specifically, ML (maximum likelihood estimation) scores were 
used to compare models differing in fixed effects, and fREML (fast restricted 
maximum likelihood estimation) scores were used to compare models differing in 
random effects. Since GAM reports negative likelihood, a reduction in ML/fREML 
scores indicates an increase in the goodness of fit and the generalizability of the 
model (Wieling et al., 2011, 2014). To start with, we fitted a baseline model with a 
nonlinear pattern over Time (0-800ms) as the only fixed-effect factor, and Subject as 
the random-effect factor. In subsequent models, Reading score (DMT), Hemisphere 
(left, mid or right) and Condition (standard, small deviant, or large deviant) were 
added step-by-step while the random-effect factor was held constant. A fixed-effect 
factor, either continuous or factorial, was preserved only if it significantly increased 
the goodness of fit of the model, as shown by Chi-square tests of ML scores (p < 
0.05). Similarly, to assess whether additional complexity was needed in the random-
effect structure (e.g., to allow for hemispheric differences in individual ERP patterns 
over time), the fixed-effect factors were kept constant (i.e., those identified to be 
necessary in the previous step) and Chi-square tests of fREML scores were applied. 
 

3.3. Results 
 

3.3.1. Mismatch response to tone stimuli 

  The minimally adequate model with all significant predictors and verified random-
effect factor is specified as follows: 

μV = thin plate (Time, by = Hemisphere × Condition)  
         + Hemisphere × Condition  
         + factor smooth (Time, Subject × Hemisphere)  
 
  Since Reading score did not significantly improve the goodness of fit of the model 
(the model with Reading score has a higher ML score than the one without Reading 
score), only one continuous predictor is included in the final model, i.e., Time. 
Accordingly, we use a thin plate regression spline to assess the (nonlinear) effect of 
time on the amplitude of the ERP signal (see Wieling et al., 2011 for an application of 
the thin plate regression spline in dialectology). The thin plate regression spline, an 
apt tool for modeling a single nonlinear predictor, yields a one-dimensional smooth 
that depicts the nonlinear shape of the ERP signal over time. The by-part in the thin 
plate regression spline allows this smooth to vary for each of the nine combinations of 
Hemisphere (left, mid, or right) and Condition (tone stand, tone small deviant, or tone 
large deviant). As the thin plate regression splines are approximately centred (i.e., on 
average equal to 0), overall differences (across the entire time window) between the 
nine combinations are accommodated by the separate interaction between Hemisphere 
and Condition. Finally, the model includes factor smooths per subject, which allow 
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the time trends to vary per subject (separately per hemisphere). This final model 
explains approximately 2% of the variance of our dependent variable. The 
significance and associated statistics of the predictors are summarized in Table 3.1.  
 

 

 
 
Interpreting fixed-effect predictors 
 
  To facilitate interpretation, Fig. 3.2 and Fig. 3.3 visualize the smooths modeled with 
the thin plate regression splines, separately for each type of deviant (Fig. 3.2: small 
deviant; Fig. 3.3: large deviant), and for each region of analysis (top: left hemisphere; 
middle: midline; bottom: right hemisphere). In both figures, Panel A presents the 
smooths for the standard tones and Panel B those for the deviant tones. As shown in 
Table 3.1, all smooths presented in Panel A and B are highly significant (all ps < 2e-
16). The edf values (i.e., estimated degrees of freedom), which provide an estimation 
of the degree of nonlinearity, indicate that they are highly nonlinear (all edf’s > 8). 
These smooths essentially model the unfolding of the brain potential over time and 
therefore resemble the grand average ERPs shown in Fig. 3.1. For both standard and 
deviant tones, the P1-N1 complex is present across the scalp, and is most prominent at 
left-hemisphere electrodes. 
  Since the mismatch response is indexed by the difference between ERP response to 
the standard and the deviant stimuli, we subtracted the smooths for the standards from 
those for the deviants (via the function plot_diff from the R package itsadug; van Rij 
et al., 2015). The resulting smooths representing the deviant – standard difference 
wave, i.e., the mismatch response, are presented in Panel C. For both types of deviant, 
a reliable mismatch response is visible in the left hemisphere, as reflected by a 
negative peak around 200 ms (i.e., the time window of N1) in the deviant – standard 
difference wave. For the midline and right hemisphere, however, there is no evidence 
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for a robust mismatch response, as the confidence bands of the difference waves 
overlap with the zero line across the entire timespan under investigation (except for a 
positive peak around 300 ms at midline electrodes for the large deviant – standard 
difference wave). 
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Interpreting random-effect factors 
 
  In the current dataset the random-effect factor is Subject. Item does not constitute a 
random-effect factor because only a limited number of levels are sampled for this 
factor (i.e., two deviants, one standard). As shown in the random structure of the final 
model, the effect of time varied significantly per subject, indicating that there was 
large variability in the nonlinear subject-related ERP patterns over time. Moreover, 
these individual ERP patterns varied significantly between different scalp regions. On 
the other hand, we did not find any indication that they varied significantly between 
different conditions (the factor smooth (Time, Subject × Condition) was not 
warranted), or between different combinations of hemisphere and condition (the 
factor smooth (Time, Subject × Hemisphere × Condition) was not warranted either).  
 
Exploratory analysis: the effect of reading score on the size of mismatch response 
 
  To investigate the relation between reading score and the presence/size of the 
mismatch response, we built a separate (non-optimal) model incorporating Reading 
score, specified as follows: 
 
μV = tensor product (Time, Reading score, by = Hemisphere × Condition)  
         + Hemisphere × Condition  
         + factor smooth (Time, Subject × Hemisphere)  
 
  Here, a tensor product spline models the interaction between two continuous 
predictors, i.e., time and reading score, generating a two-dimensional regression 
surface that varies for each of the nine combinations of Hemisphere and Condition. 
This model has a similar structure to the final model (see above); the only difference 
is that the one-dimensional smooths (modeling the effect of time) in the final model 
are replaced by two-dimensional regression surfaces (modeling the interaction 
between time and reading score). To assess the relation between reading ability and 
the mismatch response, we subtracted the regression surfaces for the standards from 
those for the deviants, separately for each type of deviant and each region of analysis 
(via the function plot_diff2 from the R package itsadug). The resulting surfaces are 
visualized in Fig. 3.4 and Fig. 3.5 (Fig. 3.4: small deviant, Fig. 3.5: large deviant; in 
both figures: Panel A: left hemisphere, Panel B: midline, Panel C: right hemisphere). 
In these contour plots, the amplitude of the deviant – standard difference is plotted as 
a joint function of time (ms; x-axis) and reading score (DMT; y-axis). The modelled 
amplitude is color-coded, with blue, green, yellow and light grey indexing increasing 
values.  
  For the small deviant (Fig. 3.4), a positive relation between reading score and the 
presence/size of the mismatch response is observed in the left hemisphere, as the 
deviant – standard difference grows larger (i.e., becomes more negative) as reading 
score increases around 200 ms. Such a positive relation, however, is missing in the 
same time window for midline and right-hemisphere electrodes, where the unfolding 
of the brain potentials follows a much more complex, nonlinear pattern. For the large 
deviant (Fig. 3.5), the relation between reading score and the size of the mismatch 
response is nonlinear across all three regions of analysis. 
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  To further illustrate the positive relation between reading score and the size of the 
mismatch response discussed above, Fig. 3.6 and Fig. 3.7 each offers a different type 
of visualization of the regression surface for the small deviant – standard difference 
(i.e., mismatch response to the small deviant tone) in the left hemisphere (via the 
function plot_diff from the R package itsadug). In Fig. 3.6, time (x-axis) is plotted 
against the amplitude of the mismatch response (y-axis). Panel A visualizes the 
general pattern of the mismatch over time, with reading score set to the average value 
(DMT = 52). Panels B, C, and D present time trends of the mismatch response for 
children with a reading score of 40, 60 and 80, respectively. Consistent with the 
pattern observed in Fig. 3.4, a reliable mismatch response is observed in children with 
higher-than-average reading scores, but not in children with average or lower reading 
scores (the confidence bands of the small deviant – standard difference waves are 
distinctively above the zero line in the time window of the mismatch negativity in 
Panels C and D, but not in Panels A and B.   
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  In Fig. 3.7, reading score (x-axis) is plotted against the amplitude of the mismatch 
response (y-axis), with Panels A to E showing the effect of reading score on the small 
deviant – standard difference at 160 ms, 180 ms, 200 ms, 220 ms and 240 ms, 
respectively. A positive relation between reading score and the size of the mismatch 
response starts to develop around 160 ms, and can be reliably observed between 180 
and 240 ms. 
   

 
 

 
   

3.3.2. Mismatch response to syllable stimuli 

  The minimally adequate model with all significant predictors and verified random-
effect factor is specified as follows: 
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μV = thin plate (Time, by = Hemisphere × Condition)  
      + Hemisphere × Condition  

+ factor smooth (Time, Subject × Hemisphere)  
 

  This model is similar in structure to the final model for the tone condition. In total 
the model explains approximately 3.1 % of the variance of our dependent variable. 
The significance and associated statistics of the predictors are summarized in Table 
3.2. 
 

 

 
 
Interpreting fixed-effect predictors 
 
  Fig. 3.8 and Fig. 3.9 visualize the smooths modeled with the thin plate regression 
splines, separately for each type of deviant (Fig. 3.8: small deviant; Fig. 3.9: large 
deviant), and for each region (top: left hemisphere; middle: midline; bottom: right 
hemisphere). In both figures, Panels A and B presents the smooth for the standard and 
the deviant syllables, respectively. All smooths are nonlinear and highly significant 
(all edf’s > 7.4). Panel C presents the smooths representing the deviant – standard 
difference, i.e., the mismatch response, obtained by subtracting the smooths for the 
standards from those for the deviants. Assessing both types of deviants and all regions 
of analysis, only the small deviants elicited a larger negativity than the standards at 
midline electrodes around 200 and 500 ms, as demonstrated by the negative peaks in 
the mismatch wave in Fig. 3.8.  
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 Interpreting random-effect predictors 
 
  With regard to the random-effect structure, the effect of time varied significantly per 
subject, indicating that there was large variability in the nonlinear subject-related ERP 
patterns over time. Besides, these individual patterns varied significantly between 
different regions of analysis.  
 
Exploratory analysis: the effect of reading score on the size of mismatch response 
 
  Similarly to the tone condition, we built a separate model to investigate the effect of 
reading score on mismatch responses to syllable stimuli. The model is specified as 
follows: 
 
μV = tensor product (Time, Reading score, by = Hemisphere × Condition)  
         + Hemisphere × Condition  
         + factor smooth (Time, Subject × Hemisphere)  
 
  In this model, Time and Reading score are combined in a tensor product regression 
spline, which models a two-dimensional regression surface that varies for each of the 
nine combinations of Hemisphere and Condition. To investigate the relation between 
reading score and the mismatch response to deviant syllables, we subtracted the 
regression surfaces for the standards from those for the deviants, separately for each 
type of deviant and each region of analysis (via the function plot_diff2 from the R 
package itsadug). The resulting surfaces are visualized in Fig. 3.10 and Fig. 3.11 (Fig. 
3.10: small deviant, Fig. 3.11: large deviant; in both figures: Panel A: left hemisphere, 
Panel B: midline, Panel C: right hemisphere). As shown in these figures, across both 
types of deviants and all regions of analysis, the regression surface being modelled is 
highly nonlinear, indicating there is no systematic relation between reading score and 
the presence/size of mismatch response to deviant syllables. The only exception is 
observed for mismatch response to large deviants at midline electrodes (shown in Fig. 
3.11, Panel B), where the deviant – standard difference grows more and more positive 
(i.e., with an opposite polarity to usual mismatch response) as reading score increases. 
Such a positive correlation is present across the entire time span under investigation.   
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3.4. Discussion 
 

  The objective of the current study is to examine the validity of the mismatch 
response as a diagnostic tool for the auditory discrimination deficit in developmental 
dyslexia. Previous research has yielded inconsistent results regarding this issue: on 
the one hand, studies have shown that the presence/size of the mismatch response 
reliably distinguishes between dyslexic and normal readers; on the other hand, 
failures in finding MMN differences between clinical and control groups have been 
reported, as well as poor correlation between behavioural discrimination measures 
and mismatch responses. As noted by Bishop (2007), the disparity in the literature is 
partially attributed to the way the mismatch response is measured: with its large 
variability in timing, the mismatch response is difficult to assess objectively with 
peak/mean amplitude measured over a specific time window, defined a priori or post 
hoc.  
  In the current study, we therefore used generalized additive modelling (GAM) to 
investigate the relation between reading fluency and the presence/size of the 
mismatch response. As a nonlinear regression approach, GAM is capable of 
modelling the (nonlinear) shape of the ERP signal over the entire timespan wherein 
the effect of interest might emerge, and is therefore particularly suited for assessing 
ERP components with large variability in latency, such as the mismatch response. In 
addition, by accommodating reading score as a continuous (nonlinear) predictor, 
GAM allows us to characterize the relation between reading ability and the mismatch 
response on a fine-grained, continuous scale. Below we summarize major findings 
obtained from our GAM analyses and discuss their relevance, separately for the tone 
and the speech condition.  
 

3.4.1. Mismatch response to tone stimuli 
 
  For both the large and the small deviant, a reliable mismatch response was observed 
only in the left hemisphere. Overall, we found no indication that reading score was 
systematically related to the size of the mismatch response, as the inclusion of the 
factor Reading score did not significantly improve the goodness of fit of the model. 
Exploratory analyses including Reading score, however, revealed a positive, albeit 
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moderate, correlation between reading score and the size of the mismatch response for 
the small deviant in the left hemisphere. 
  Results from MMN studies using nonspeech stimuli are rather mixed, with some 
finding reduced MMN in the dyslexic group (Baldeweg et al., 1999; Csépe, 2003) and 
others finding normal MMN (Heim et al., 2000; Kujala et al., 2003; Meng et al., 
2005; Schulte-Körne et al., 1998, 2001; Sharma et al., 2006). Furthermore, the 
opposite pattern, i.e., enhanced MMN to nonspeech stimuli in the dyslexic group, has 
also been reported (Hugdahl et al., 1998; Kujala, Lovio, Lepistö, Laasonen, & 
Näätänen, 2006). Such inconsistency in the literature has raised questions about 
whether the MMN, as the field once anticipated, can be used to assess the auditory-
processing deficit in dyslexia. The lack of systematic correlation between reading 
fluency and the presence/size of the mismatch response in the current study thus casts 
further doubt on the validity of the MMN as a neurophysiological indicator of 
dyslexia.  
  In a separate model testing the effect of reading score, nevertheless, a mild 
correlation between reading score and the size of the MMN to the small deviant was 
found at left hemisphere electrodes. This aligns with findings from studies explicitly 
manipulating the size of the deviant, i.e., reduced MMN in clinical groups was most 
often observed in studies using relatively small deviants (Baldeweg et al., 1999; 
Csépe, 2003). In a review of MMN studies on frequency discrimination, Bishop 
(2007) concluded that studies reporting significant group differences tended to use 
deviant – standard differences (i.e., the percentage change [in Hz] from the standard 
to the deviant) of 10% or less, presumably because larger differences yield a sizable 
MMN in most participants and therefore do not reveal subtle impairments in auditory 
discrimination. On the other hand, it has also been noted that easily discriminable 
deviant – standard pairings often do not elicit an MMN at all, and therefore cannot 
distinguish the clinical from the control group (e.g. Pettigrew et al., 2004; the current 
study). With regard to lateralization, one might expect that the mismatch response is 
left lateralized for speech stimuli and bilateral for nonspeech stimuli, but the literature 
on laterality effects suggests a much more complicated picture: while some studies 
found left-hemispheric attenuation of the MMN (and its magnetic counterpart 
MMNm) in dyslexics (Kujala et al., 2003; Renvall & Hari, 2003), others found 
nonsignificant group differences (Kujala et al., 2006; Schulte-Körne et al., 2001; 
Sharma et al., 2006). Overall, laterality effects are subtle and highly variable 
depending on other factors (Bishop, 2007). Our finding of a left-lateralized reading 
score – MMN size correlation, which was revealed by exploratory analysis, should 
thus be interpreted with caution.  

3.4.2. Mismatch response to syllable stimuli 
 
  Similar to the case of the tone condition, in the syllable condition, the inclusion of 
the factor Reading score was not warranted in the final model, indicating that the 
presence/size of the mismatch response was not systematically related to reading 
score. Exploratory analyses including the factor Reading score did not reveal any 
significant effect, either. Across both types of deviants (large and small) and all 
regions of analysis (left, midline, and right), mismatch responses were found for the 
small deviant at midline electrodes around 200 ms and 400 ms, in correspondence 
with the time window of the classical MMN and the LDN. The presence of the LDN 
in the syllable condition (but not the tone condition) adds to previous findings that the 
LDN is most prominent in response to speech stimuli (e.g., Korpilahti et al., 2001). 
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  Despite initial findings of significant attenuation of the mismatch response to speech 
stimuli in children with dyslexia (e.g. Kraus et al., 1996; Schulte-Körne et al., 1998, 
2001; for a review see Schulte-Körne & Bruder, 2010), results from subsequent 
studies have been highly variable: significant group differences are frequently absent 
(e.g., Heim et al., 2000; Paul, Bott, Hemi, Wienbruch & Elbert, 2006; Sebastian & 
Yasin, 2008; Shafer, Morr, Datta, Kurtzberg, & Schwartz, 2005), or are found only in 
subgroups (Banai, Nicol, Zecker, & Kraus, 2005; Giraud et al., 2005; Lachmann, 
Berti, Kujala, & Schroger, 2005;  Shankarnarayan & Maruthy, 2007). The null result 
reported in the current study, once again, questions the validity of the mismatch 
response as a diagnostic tool for the putative auditory deficit in dyslexia. 
  A number of methodological factors might account for the lack of correlation 
between reading ability and the presence/size of the mismatch response observed in 
the current study and many other studies. First of all, the type of stimulus seems to 
play a role. MMN differences between clinical and control groups were most often 
found in studies using standard /da/ and deviant /ga/ (e.g., Sharma et al., 2006; Uwer, 
Albrecht, & von Suchodoletz, 2002). The contrast between /ba/ and /da/, on the other 
hand, seldom elicited significant group differences (for a review, see Bishop, 2007). 
Such a result pattern, though not fully understood yet, suggests that specific spectral 
features of speech sounds may pose particular difficulties for children with dyslexia. 
For example, deficient processing of fast acoustic changes may play a role, as the 
second formant transition of /ga/ is much steeper than that of /da/. 
  Another potential explanation for the null results is that the MMN deficit is not 
directly related to literacy problems per se. Rather, it reflects impairments in oral 
language skills, which are often present in children with dyslexia (Bishop, 2007; 
Schulte-Körne & Bruder, 2010). A number of studies have noted co-occurrence of 
attenuated MMN and poor scores on receptive/expressive oral language tasks (Banai 
et al., 2005; Sharma et al., 2006; Uwer et al., 2002). In future research, it would be 
useful to subdivide the poor-readers into those with and without oral-language 
impairments, and test whether the two groups respond differentially to speech 
deviants. 
   

3.4.3. General discussion and conclusion 
 
  In the current study, we aimed to examine mismatch responses to both speech 
(syllable) and nonspeech (tone) stimuli in beginning readers of Dutch. To summarize, 
the size of the mismatch response was not systematically related to reading 
performance in either condition. For tones, exploratory analyses revealed a positive, 
albeit mild correlation between reading score and the size of the MMN to small 
deviants in the left hemisphere. For syllables, mismatch responses were found for 
small deviants at midline electrodes in time windows corresponding to the classic 
MMN and the LDN; the size of these mismatches, however, was not reliably related 
to reading performance. 
  The inclusion of both speech and nonspeech stimuli is interesting, as it allows us to 
investigate whether the auditory deficits are restricted to speech perception, or 
whether they also affect the processing of general acoustic information. In keeping 
with the phonological-core deficit theory, several researchers have proposed that the 
auditory deficits in dyslexia are specific to speech, and therefore cannot be attributed 
to impairments in the basic auditory mechanism (Bishop & Snowling, 2004; Bitz, 
Gust, Spitzer, & Kiefer, 2007; Schulte-Körne et al., 1998, 2001). Our data, however, 
do not support this view, as a moderate correlation between the size of the mismatch 
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response and reading score was found in the nonspeech condition, but not in the 
speech condition. In future research, studies matching speech with nonspeech stimuli 
for spectral and envelope complexity are needed to shed light on this issue (Bishop, 
2007). 
  Overall, the mismatch responses investigated in the current study did not reliably 
discriminate poor from average readers. Indeed, a large body of empirical data has 
questioned the reliability of the mismatch response as an index of the accuracy of 
auditory discrimination in the general population, as well as its validity as a 
neurophysiological indicator of developmental dyslexia. On the one hand, the 
presence/size of the MMN often fails to converge with behavioral discrimination 
measures (the MMN is even found to be absent in a large percentage of healthy 
subjects), and the reliability of the MMN at the individual level is rather poor. On the 
other hand, the auditory deficits indexed by attenuated mismatch responses are 
seemingly restricted to subset of cases of dyslexia, and are highly dependent on a 
wide range of methodological factors (e.g., the type of participants being tested, size 
of the deviant, acoustic features being contrasted, time window of analysis, etc.). For 
future research, we therefore suggest judicious selection of stimulus materials, and 
employment of suited statistical tools that capture the large variability of the 
mismatch response in timing (e.g., the GAM approach used in the current study). 
Moreover, it would be interesting to subdivide the clinical group based on the 
participants’ cognitive-linguistic profiles and relate the MMN deficits to subtypes of 
language or literacy disorders.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 




