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Abstract
Developmental dyslexia is a common neurodevelopmental disorder that is associated 
with alterations in the behavioral and neural processing of speech sounds, but the scope 
and nature of that association is uncertain. It has been proposed that more variable audi-
tory processing could underlie some of the core deficits in this disorder. In the current 
study, magnetoencephalography (MEG) data were acquired from adults with and without 
dyslexia while they passively listened to or actively categorized tokens from a /ba/-/da/ 
consonant continuum. We observed no significant group difference in active categorical 
perception of this continuum in either of our two behavioral assessments. During passive 
listening, adults with dyslexia exhibited neural responses that were as consistent as those 
of typically reading adults in six cortical regions associated with auditory perception, lan-
guage, and reading. However, they exhibited significantly less consistency in the left supra-
marginal gyrus, where greater inconsistency correlated significantly with worse decoding 
skills in the group with dyslexia. The group difference in the left supramarginal gyrus was 
evident only when neural data were binned with a high temporal resolution and was only 
significant during the passive condition. Interestingly, consistency significantly improved 
in both groups during active categorization versus passive listening. These findings sug-
gest that adults with dyslexia exhibit typical levels of neural consistency in response to 
speech sounds with the exception of the left supramarginal gyrus and that this consistency 
increases during active versus passive perception of speech sounds similarly in the two 
groups.
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Introduction

Dyslexia is an inherited neurobiological disorder leading to significant struggles in read-
ing acquisition, despite adequate schooling and intelligence, in approximately 10–15% 
of the population (Peterson & Pennington, 2015). Auditory perception deficits have 
been widely reported in dyslexia (Hari & Kiesilä, 1996; Helenius et al., 1999; Lehongre 
et al., 2011; Tallal, 1980; Vandermosten et al., 2010), and a majority of individuals with 
dyslexia demonstrate a phonological deficit (Vellutino et  al., 2004). The link between 
abnormal auditory processing and phonological impairments has often been investigated 
through the lens of categorical speech perception; however, evidence of reduced cat-
egorical perception has been found in some dyslexia samples but not others (Noorden-
bos et al., 2013; Noordenbos & Serniclaes, 2015; Ramus et al., 2003; Ozernov-Palchik 
et  al., 2021a, 2021b; Vandermosten et  al., 2010; Werker & Tees, 1987), perhaps due 
to underlying differences in general language ability among samples (Joanisse et  al., 
2000).

When a speech-sound continuum is perceived categorically, tokens at each endpoint 
are consistently labeled as members of their category, and there is a sharp discontinu-
ity in labeling responses at the category boundary. This pattern of behavioral responses 
suggests that perception is stable across trials and that category representations are well-
defined and non-overlapping. The opposite is suggested by an identification function with 
a shallower slope, as multiple presentations of the same stimulus have yielded different 
responses across trials. A shallow slope, as has been reported in some prior studies of dys-
lexia (Noordenbos & Serniclaes, 2015; Vandermosten et al., 2010, 2011), may suggest a 
deficit in categorical perception. A shallow slope on speech sound continuum tasks could 
be due to trial-by-trial variability in neural encoding and/or overlapping category repre-
sentations. Importantly, underspecified long-term representations could also be the result 
of inconsistent neural responses to speech, as the development of robust phoneme catego-
ries relies upon the extraction of acoustic–phonetic regularities from the spoken-language 
environment, and nosier encoding could reasonably be expected to disrupt such patterns. 
Therefore, interrogating purported neural inconsistency in dyslexia is critical to both inter-
preting patterns of behavioral performance and understanding its etiology. To this end, we 
measured the trial-by-trial consistency of evoked neural responses to speech in the context 
of categorical perception in a sample of adults with and without dyslexia.

Less-consistent neural responses to multiple presentations of the same speech sounds 
and tones have been observed in the auditory brainstem (Hornickel & Kraus, 2013; Neef 
et  al., 2016) and in cortex (Centanni et  al., 2018) in children with dyslexia. The neural 
noise hypothesis (Hancock et al., 2017) posits that genetic variants commonly associated 
with dyslexia may increase spontaneous firing in the brain (Centanni et al., 2018, 2014a 
b; Neef et al., 2017), potentially leading to inconsistent neural representation of phonemes 
and reduced categorical perception. Neural noise could negatively impact speech sound 
perception and/or reading by impacting any number of cortical regions, including early 
processing by subcortical auditory areas (Hornickel & Kraus, 2013; Neef et al., 2017) and 
primary auditory cortex (Centanni et al., 2018), as well as higher level processing by cor-
tical language and reading networks. Precise temporal cues are especially important for 
speech sound perception (Engineer et al., 2008; Neef et al., 2016; Perez et al., 2012), which 
increases the negative impact of neural noise on auditory processing of speech and the 
mapping between speech sounds and letter symbols. Thus, increased neural noise in any of 
these regions could have a notable impact on reading ability.

57Categorical perception and influence of attention on neural…

3456789)1 3



While the presence of increased neural noise in many of these regions of interest has 
been documented in children with dyslexia, it is currently unknown whether decreased 
consistency is also present in adults or whether years of practice, and perhaps interven-
tion, lead to typical neural consistency in adults with dyslexia. The possibility that years 
of experience with speech sounds improve the consistency of neural responses to those 
sounds is suggested by research with a rat model of dyslexia. In this model, suppression 
of the dyslexia-susceptibility gene Kiaa0319 initially results in increased neural inconsist-
ency in response to human speech sounds (Centanni, et al., 2014a). Following 4 months of 
behavioral training using speech-sound stimuli, however, rats with this genetic modifica-
tion exhibited significantly increased consistency in neural responses to speech sounds and 
were no longer different from controls (Centanni, et al., 2014b). This finding suggests that 
extended experience with speech can enhance neural consistency.

One fMRI study to date utilized multivariate pattern analysis to investigate the consist-
ency of neural responses to speech sounds in adults with dyslexia and found no differences 
across a variety of language and reading regions (Boets et  al., 2013). The authors inter-
preted this as evidence that neural representations of spoken language in dyslexia are intact 
and suggested that those with dyslexia instead exhibited deficits in retrieval of otherwise 
intact representations. However, the neural activity in that study was measured in the con-
text of a monitoring and discrimination task, while prior research in children reporting neu-
ral inconsistency in dyslexia involved passive exposure to language sounds (Centanni et al., 
2018; Hornickel & Kraus, 2013; Lam et al., 2017; Neef et al., 2017). Thus, it is unclear 
whether typical brain responses to speech in the adults with dyslexia in that study reflected 
the attentional task demands, and whether greater neural inconsistency would have been 
observed with a fully passive task as it has been observed in children with dyslexia.

Attention influences the perception of and neural response to sound. In primary audi-
tory cortex, the response amplitude to attended stimuli is significantly increased compared 
with ignored stimuli (Picton & Hillyard, 1974; Poghosyan & Ioannides, 2008). Since much 
of this prior work was conducted using EEG, it is difficult to attribute the higher ampli-
tudes in active tasks to a recruitment of additional neurons, an increase in the firing of 
the neurons encoding the stimulus (Cohen & Maunsell, 2009; Reynolds et al., 2000), or 
an increase in the consistency with which the relevant neurons fire, a relationship that has 
been demonstrated in rat models (Centanni, et al., 2014a, b). One prior study in macaques 
found that neural firing rates in visual cortex increased during an active task compared 
with passive exposure, but that attention did not alter the consistency of those responses 
(McAdams & Maunsell, 1999). Prior research, however, has not specifically determined 
how attention influences trial-by-trial neural consistency in evoked auditory responses and 
whether the relationship between attention and neural consistency differs in dyslexia. Thus, 
we hypothesized that tasks which require attention to auditory stimuli will enhance trial-
by-trial consistency in key brain regions and may provide insight into speech sound pro-
cessing deficits in dyslexia.

In addition, prior reports of neural consistency deficits in dyslexia used imaging tech-
niques with millisecond precision, both in human participants (Centanni et al., 2018; Hor-
nickel & Kraus, 2013; Lam et al., 2017; Skeide et al., 2015) and in animal models (Cen-
tanni, et al., 2014a, b). The perception of some speech sounds, such as stop consonants, 
relies on precise millisecond timing. Microelectrode recordings in rats demonstrate that a 
single consonant can be identified by the subcortical or primary auditory cortex responses  
(Centanni et al., 2013; Engineer et al., 2008). In rodent work, neural responses recorded 
using microelectrodes yield millisecond precision. When that millisecond precision is 
maintained, a classifier based on Euclidean distance accurately predicts the identity of the 
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evoking speech sound stimulus but accuracy falls rapidly when neural responses are binned 
in larger intervals (Engineer et al., 2008; Perez et al., 2012). It is therefore possible that 
equivalent temporal resolution in human neural imaging is required to detect decreased 
consistency of responses to such stimuli and that techniques with poor temporal preci-
sion, such as fMRI, may be unable to accurately measure differences in neural consistency 
across individuals.

In the current study, we investigated responses to a ten-step /ba/-/da/ continuum in 
adults with and without dyslexia using behavioral and neural imaging techniques. We 
first evaluated behavioral responses to test the hypothesis that abnormal categorical per-
ception is present in adults with dyslexia. Second, we quantified the consistency of neu-
ral responses evoked by hearing tokens from this continuum. We hypothesized that neural 
inconsistency would be higher in those with dyslexia and that the degree of inconsistency 
observed would correlate with participants’ reading skills (Centanni et  al., 2018; Hor-
nickel & Kraus, 2013). Third, we investigated whether attention influences the precision of 
neural responses by comparing consistency measured during passive exposure and active 
categorization conditions. We hypothesized that attention would improve consistency in 
both groups. Finally, because the perception of consonants such as /b/ and /d/ requires fine-
grained temporal processing, we evaluated how varying the temporal bin size for neural 
data analysis affects the sensitivity of the consistency metric. We hypothesized that larger 
temporal bins would mask any group differences in neural consistency.

Methods

Participants

We recruited and screened potential participants between the ages of 18 and 45 from the 
greater Boston area as part of a larger study on auditory processing in adults with dyslexia 
(Beach et al., 2021; Ozernov-Palchik et al., 2021a, b). All individuals were required to have 
been exposed to English from birth with no exposure to a second language prior to age 2 
and have normal hearing. Hearing was measured by pure-tone audiometry in which partici-
pants responded to the presence of a tone by raising their hand. The level began at 30 dB 
and was reduced by 5 dB until the participant no longer detected the tone. Six frequencies 
were tested in each ear: 8000, 4000, 2000, 1000, 500, and 250 Hz, and all eligible partici-
pants had thresholds at or below 30 dB. Participants were also required to have no history 
of neuropsychological conditions, including ADHD and autism and be right-handed. Inclu-
sion criterion included a score of 85 or above on the KBIT Matrices subtest, which meas-
ures non-verbal IQ (Kaufman & Kaufman, 2004). To qualify for the typical-reader group, 
participants needed a standard score of 90 or greater on four single-word and single pseu-
doword reading measures: Sight Word Efficiency (SWE; Test of Word Reading Efficiency/
TOWRE-2; Torgesen et  al., 1999), Phonemic Decoding Efficiency (PDE; TOWRE-2), 
Word Identification (WID; Woodcock Reading Mastery Test/WRMT-3; Woodcock et al., 
2001), and Word Attack (WA; WRMT-3). Participants were placed in the dyslexia group 
if they scored below 90 on at least two of those four reading measures. To calculate stand-
ard scores on certain measures with limited age-based normative data (e.g., the TOWRE, 
which is normed up to 24 years, 11 months), the oldest age group was used to calculate 
standard scores for participants whose age was outside the measure’s range.
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A total of 95 individuals were screened. Of these, seven were exposed to a language 
other than English prior to the age of two, two were not neurotypical, two were left-handed, 
seven withdrew partway through the study, two yielded unusable imaging data, two did not 
have normal hearing, one could not complete imaging due to metal in the spine, 11 had a 
history of dyslexia but did not meet our testing criteria, 10 had one reading score below 
90 (thus not qualifying for either group), three had a low KBIT score, and one participant 
exceeded our age range. We were left with a sample of 47 adults, of which 23 were typi-
cal readers (10 female) and 24 had dyslexia (15 female), 18 of whom had self-reported an 
external diagnosis of dyslexia. Characteristics of the finalized groups are summarized in 
Table 1. All participants provided informed consent prior to participating in study activi-
ties and all behavioral assessment and neural imaging procedures were approved by the 
Institutional Review Board of the Massachusetts Institute of Technology.

Additional reading and language assessments

In addition to the assessments described above that were used for inclusion purposes, all 
participants completed a background survey probing their language and reading back-
grounds as well as the following measures: rapid automatized naming of letters and rapid 
alternating stimuli (RAN/RAS; (Wolf & Denckla, 2005)), phonological awareness (Eli-
sion and Blending Words subtests of the CTOPP; (Wagner et al., 1999)), listening compre-
hension (WRMT-3; (Woodcock, 2011)), and reading comprehension (subscores for Rate, 

Table 1  Participant characteristics. Values for all assessments are standard scores and are reported as 
mean ± standard deviation

KBIT = Kaufman Brief Intelligence Test, TOWRE = Test of Word Reading Efficiency, SWE = Sight Word 
Efficiency, PDE = Phonemic Decoding Efficiency, WRMT = Woodcock Reading Mastery Test, WI = Word 
Identification, WA = Word Attack, RAN = Rapid Automatized Naming, RAS = Rapid Alternating Stimulus, 
CTOPP = Comprehensive Test of Phonemic Processing, GORT = Gray Oral Reading Test
* p < 0.05, ** p < 0.01, *** p < 0.001

Typical (N = 23) Dyslexia (N = 24) t-values

Number of females 10 15
Age (years) 25.83 ± 5.91 27.09 ± 6.03 0.72
KBIT Matrices 115.00 ± 13.52 106.09 ± 14.93 2.10*
TOWRE-SWE 108.65 ± 12.65 89.91 ± 9.83 5.53***
TOWRE-PDE 104.35 ± 6.95 83.77 ± 8.84 8.70***
WRMT-WID 110.04 ± 8.02 89.82 ± 8.43 8.25***
WRMT-WA 101.83 ± 8.32 77.36 ± 8.21 9.92***
RAN Letters 110.43 ± 5.98 101.22 ± 5.80 5.31***
RAS 2-Set 113.91 ± 8.01 102.87 ± 6.99 4.98***
CTOPP Elision 9.61 ± 1.95 7.83 ± 2.57 2.65*
CTOPP Blending Words 11.78 ± 2.35 10.74 ± 2.80 1.37
WRMT Listening Comprehension 107.48 ± 6.67 102.00 ± 11.25 2.01
GORT Rate 13.26 ± 0.52 8.26 ± 0.54 6.83***
GORT Accuracy 10.70 ± 0.44 5.65 ± 0.43 8.41***
GORT Fluency 11.83 ± 0.38 7.00 ± 0.45 8.39***
GORT Comprehension 10.48 ± 0.41 7.30 ± 0.52 4.92***
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Accuracy, Fluency, and Comprehension: Gray Oral Reading Test/GORT; (Wiederholt & 
Bryant, 2012)).

Categorical perception and stimuli

Following the behavioral assessments, participants completed a computerized categorical-
perception task. They were presented with items from a ten-step /ba/-/da/ continuum and 
asked to categorize them as either /ba/ or /da/ using a button press. Each stimulus was pre-
sented ten times each over the course of the task in pseudorandom order. The stimuli, each 
310 ms in duration, were created by morphing natural speech (see Stephens & Holt, 2011 
for full details). We used the ten odd-numbered items from the original continuum. To 
quantify categorical perception, we fit a logistic function to each participant’s proportion of 
/da/ responses at each of the ten continuum steps. The slope parameter indicated the degree 
to which the continuum was perceived categorically.

Magnetoencephalography data acquisition

On a separate day, brain activation measurements were obtained using an Elekta Neuro-
mag Triux system equipped with a whole-brain sensor array comprising 102 magnetom-
eters and 204 planar gradiometers (306 total magnetic sensors). Magnetoencephalography 
(MEG) recordings were obtained at a sampling rate of 1000 Hz and filtered between 0.03 
and 330 Hz. The position of the head was measured continuously during the recordings 
using a set of five head position indicator coils.

MEG tasks

While in the MEG device, participants first completed a passive task intended to provide 
exposure to the continuum stimuli (described above) without attention. Participants pressed 
a button when a picture of a landscape appeared on the screen in place of a fixation cross 
while consonant continuum stimuli were played one at a time through insert earphones 
(Etymotic, Oak Grove Village, IL). Inter-stimulus intervals were randomized across tri-
als to be between 1 and 1.5 s. Participants were told to make sure not to miss any of the 
pictures and that they would hear sounds but could ignore them. In the second, active task, 
participants listened to the same stimuli and classified each as “ba” or “da” with a delayed 
button-press once response options (a cartoon ball for “ba” and a cartoon dog for “da”) 
appeared on the screen. The program waited for a button press before advancing to the 
next stimulus. In both tasks, each of the ten stimuli was presented 40 times in pseudoran-
dom order. Button-press responses were made with the left hand so as not to create motor 
artifacts in the left hemisphere. Together, these tasks were completed in approximately 
25  min. Custom Matlab programs (The Mathworks, Natick, MA) were used to control 
stimulus presentation and timing. Visual stimuli were presented using Psychtoolbox (www. 
psych toolb ox. org).

Anatomical MRI acquisition

Following their MEG session, all participants completed a short MRI session to acquire 
anatomical data. Imaging was performed using a Siemens 3 T MAGNETOM Trio, A Tim 
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System (Siemens Medical Solutions, Erlangen, Germany), and a commercial Siemens 32 
channel head coil. A high resolution T1-weighted image was acquired (128 slices; 256 mm 
FOV; 1.33 mm slice thickness; TR = 2530msl TE = 3.39, 7° flip angle). Before each scan, 
4 dummy volumes were acquired and discarded to reach equilibrium, and online prospec-
tive acquisition correction was applied throughout the scan. After acquisition, anatomical 
images were processed using FreeSurfer Version 5.3.0 (Fischl, 2012). Custom individual 
anatomy files for each participant were then used to analyze MEG source data as described 
below.

Magnetoencephalography data processing

Raw MEG data were preprocessed using Maxfilter software (Elekta Neuromag, Stockholm) 
to compensate for head movements and perform noise reduction with spatiotemporal filters 
(Taulu & Simola, 2006; Taulu et al., 2004). We used default parameters (harmonic expan-
sion origin in head frame = [0 0 40] mm; expansion limit for internal multipole base = 8; 
expansion limit for external multipole base = 3; bad channels automatically excluded from 
harmonic expansions = 7  s.d. above average; temporal correlation limit = 0.98; buffer 
length = 10  s). MEG data were then analyzed using Brainstorm software (Tadel et  al., 
2011). First, a notch filter was applied to remove electrical artifacts (60 and 120 Hz notch). 
Heartbeat and eye-blink artifacts were identified by an experienced researcher and pro-
jected out of the signal. We then extracted trials and performed baseline correction (− 200 
to 0 ms) to remove the mean from each channel. Trials with excessive movement (peak-to-
peak value greater than 10,000 fT) were labeled and removed from the database. The time 
series were then temporally smoothed with a 40-Hz low-pass filter. For each trial, the MEG 
data were mapped on the cortical mantle derived from the Freesurfer automatic segmenta-
tion of the participant’s custom anatomy (Fischl, 2012). This was accomplished by first 
calculating an overlapping-spheres head model (Huang et al., 1999) and then computing 
an inverse model using a dynamic statistical parametric mapping approach (dSPM) (Dale 
et al., 2000).

We extracted the time series from seven cortical regions of interest (ROIs) derived from 
the Desikan-Killiany atlas (Desikan et al., 2006). These ROIs comprised bilateral primary 
auditory cortex (i.e., the transverse temporal mask) and five left-hemisphere brain areas 
involved in reading and language: inferior frontal gyrus (IFG), inferior parietal lobule 
(IPL), superior temporal gyrus (STG), supramarginal gyrus (SMG), and fusiform gyrus 
(FFG) (Destrieux et  al., 2010; Hickok & Poeppel, 2007). The superior temporal gyrus 
(Turkeltaub & Coslett, 2010), the supramarginal gyrus (Raizada & Poldrack, 2007), and 
the inferior parietal lobule (Norton et al., 2014) have all been associated with phonological 
processing; activity in the inferior frontal gyrus is correlated with categorical perception 
(Lee et  al., 2012); and a region of the fusiform gyrus serves as the hub for visual print 
processing (Cohen et al., 2002). To our knowledge, there is no evidence to suggest the FFG 
plays a role in categorical perception; however we included it in our analyses because of its 
role in reading and for comparison to prior work on neural consistency in dyslexia (Cen-
tanni et al., 2018, 2019a, b).

Imaging data analysis and statistical methods

The primary outcome measure of interest was neural response consistency across tri-
als (Centanni et al., 2018; Hornickel & Kraus, 2013; Lam et al., 2017; Neef et al., 2017; 
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Fig. 1). We analyzed consistency within two time windows: 50–100 ms for basic sensory 
processing and 150–300 ms for syllable-level processing (Centanni et al., 2018; Poeppel, 
2003; Travis et al., 2013). Within each participant and ROI, we first calculated the average 
response separately across the even-numbered trials and across the odd-numbered trials of 
a single stimulus (Centanni et al., 2018; Hornickel & Kraus, 2013; Neef et al., 2017). This 
step was implemented in order to minimize any effects of fatigue across the recording ses-
sion (Figs 1a and b). We then calculated consistency by correlating the even and odd trials 
within the above time windows of interest using Spearman’s rho, with the data binned in 
1 ms increments (Hornickel & Kraus, 2013; Figs. 1c and d).

To evaluate the effect of temporal bin size on the neural consistency metric, we also 
evaluated Spearman’s rho across the average of even-numbered trials vs. average of odd-
numbered trials using progressively larger temporal bins. This analysis was conducted only 
on passive responses in the left SMG, as this ROI/condition combination was the only one 
to exhibit a significant group difference. Within the time window of interest (150–300 ms 
for syllable-level processing), we binned the neural responses in a range of intervals (5, 10, 
50, and 100 ms). For example, within the 150 ms time window of interest, neural data were 

Fig. 1  To calculate neural consistency, single trial responses were binned into even numbered trials (black 
lines) and odd numbered trials (blue lines) (a–b). Even and odd trials were then averaged separately and 
Spearman’s rho was calculated between the two averages within 150–300 ms (marked with vertical lines) 
relative to stimulus onset at 0 ms (c–d). Example single trial responses (a) and averaged responses (c) in the 
left SMG of a typical reader. Example single trial responses (b) and averaged responses (d) in the left SMG 
of a reader with dyslexia. Overall, even vs odd trials were more similar in the typical readers than in those 
with dyslexia
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averaged within successive non-overlapping bins of 5 ms, 10 ms, 50 ms, or 100 ms. We 
then re-ran the correlations to determine the effect of reduced temporal precision on the 
neural consistency metric.

Results are reported as the mean of the correlation coefficient and the standard error of 
that mean (sem) across participants; t tests were paired or unpaired, as appropriate, and 
post-hoc tests were two-tailed unless otherwise noted. Bonferroni correction for multiple 
comparisons was applied as indicated.

Results

Categorical perception

Participants actively categorized ten speech sounds from a /ba/-/da/ continuum (Stephens 
& Holt, 2011) during their initial assessment session and again on a separate day while 
MEG data were acquired. During the initial assessment session, there was no main effect of 
group on response rates to each continuum step (F (1441) = 2.51, p = 0.12; Fig. 2a). Simi-
larly, during the MEG session, there was no main effect of group on response rates to each 
continuum step (F (1, 387) = 0.04, p = 0.85; Fig. 2b). Thus, our hypothesis was not sup-
ported, as intact categorical perception was observed across two sessions in this group of 
adults with dyslexia.

To probe this null effect, we next investigated whether other aspects of communica-
tion, such as language processing, may relate to categorical perception. Understanding the 
degree to which abnormal categorical perception is characteristic of dyslexia versus related 
to broader language abilities has been somewhat confounded by the comorbidity between 
dyslexia and specific language impairment (SLI) (Catts et al., 2005; Visscher et al., 2012). 
While we did not specifically test our participants for SLI, we did measure oral listen-
ing comprehension. To determine whether oral language processing was associated with 

Fig. 2  Identification responses for the steps of the /ba/-/da/ continuum measured during the behavioral 
assessment session (a) and again on a separate day in the MEG device (b). On both days, each of the ten 
steps was presented multiple times (10 each in the first session and 40 each in the MEG session) in pseu-
dorandom order. There were no differences between typical readers (black) and individuals with dyslexia 
(blue) in response rate across the steps of the continuum on either day (ps > 0.8)
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categorical perception, we correlated the slope of each participant’s continuum identifi-
cation function (from the behavioral session) with their standard score on the listening 
comprehension measure. In the typical readers, there was no relationship between these 
two variables (r =  − 0.19, p = 0.40). However, there was a significant positive relationship 
between oral listening comprehension and continuum slope in the dyslexia group (r = 0.48, 
p = 0.02), such that worse oral listening comprehension was associated with a shallower 
slope.

Early sensory processing

Because the same auditory stimuli were presented in two different tasks, with and without 
attention, we were able to evaluate the potential influence of attention on neural consist-
ency in bilateral primary auditory cortices with a three-way repeated-measures ANOVA 
(hemisphere x attention x group; Fig. 3). There was a significant main effect of attention (F 
(1180) = 80.12, p < 0.0001), such that attention lowered consistency. There were no main 
effects of hemisphere (F (1180) = 1.94, p = 0.17) or group (F (1180) = 0.87, p = 0.35).

Syllable‑level processing

To evaluate neural consistency in the language and reading network more broadly, 
we ran a three-way ANOVA (attention x ROI x group) using neural consistency values 
in the five left-hemisphere ROIs (Fig.  4). There were significant main effects of atten-
tion (F (1450) = 115.2, p < 0.0001), ROI (F (4450) = 76.92, p < 0.0001), and group (F 
(1450) = 8.2, p = 0.004). There was also a significant interaction between ROI and attention 
(F (4450) = 3.43, p = 0.009). There were no other interactions (ps > 0.30).

Fig. 3  Neural response consistency (Spearman’s rho) in left (a) and right (b) primary auditory cortex was 
significantly lower in the active task (with attention) than in the passive task (without attention) in both 
typical readers and individuals with dyslexia. *p < 0.05
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The main effect of attention reflected increased consistency in the active versus passive 
conditions (one-tailed paired t test: t (46) = 10.51, p < 0.0001). The main effect of group 
was driven by significantly higher consistency in typical readers during passive expo-
sure compared with those with dyslexia in the left SMG (one-tailed independent t test: t 
(45) = 3.55, p = 0.0005) and a trend in the same direction in the left STG (one-tailed inde-
pendent t test: t (45) = 1.42, p = 0.08). There were no group differences in the other ROIs 
(ps > 0.21). In the active condition, there were trends in the group comparison in two ROIs: 
left IFG (one-tailed independent t-test: t (45) = 1.36, p = 0.089) and left SMG (one-tailed 
independent t-test: t (45) = 1.49, p = 0.071), such that consistency was higher in typical 
readers compared with those with dyslexia. There were no group differences in the other 
ROIs (ps > 0.12).

Visual inspection of the data suggested that the main effect of ROI was driven by 
increased consistency in STG compared with the other ROIs. Post hoc t tests confirmed 
this hypothesis, with greater consistency in the STG than in all other regions in both the 
passive condition (one-tailed, paired t-tests; ps < 0.01) and the active condition (one-tailed, 
paired t tests; ps < 0.01). Both groups exhibited significantly higher consistency during the 
active task compared with the passive task (ps < 0.001).

We next evaluated whether neural consistency was associated with behavior. Within the 
dyslexia group, there was a significant positive correlation between neural consistency in 
left SMG and performance on a timed pseudoword reading task (r = 0.49, p = 0.018) and a 
trend in the positive relationship with rapid letter naming (r = 0.41, p = 0.05; Table 2). Nei-
ther of these correlations survived correction. We also measured the relationship between 
left SMG consistency during the active task and the variability in participant response 
to each continuum step across repeats. There was no relationship between variability in 
the SMG during the task and variability in participant response across the entire sample 
(r =  − 0.09, p = 0.55) or in the dyslexia group alone (r =  − 0.26, p = 0.21).

As was observed in our prior study of neural variability in children (Centanni et  al., 
2018), there was no relationship between neural consistency and age in dyslexia (r = 0.07, 
p = 0.76) or across the entire sample (r =  − 0.06, p = 0.68).

Temporal precision is necessary for detecting neural inconsistency

To determine whether millisecond precision is important for detecting increased neural 
variability, we evaluated neural consistency in left SMG during the passive task when the 

Fig. 4  Neural response consistency (Spearman’s rho) in left-hemisphere ROIs during presentation of the 
speech stimuli with and without attention. *** p < 0.0001. Error bars are standard error of the mean
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Table 2  Relationship between 
passive sound-evoked 
consistency in left SMG and 
reading skills in adults with 
dyslexia

TOWRE = Test of Word Reading Efficiency, SWE = Sight Word Effi-
ciency, PDE = Phonemic Decoding Efficiency, WRMT = Woodcock 
Reading Mastery Test, WI = Word Identification, WA = Word Attack, 
RAN = Rapid Automatized Naming, GORT = Gray Oral Reading Test
Bold indicates p < 0.05. No correlations survive correction

r p

TOWRE-SWE 0.26 0.23
TOWRE-PDE 0.49 0.018
WRMT-WID -0.11 0.60
WRMT-WA 0.26 0.23
RAN Letters 0.41 0.05
RAS 2-Set 0.16 0.16
WRMT Listening Comprehension  − 0.12 0.58
GORT Rate 0.13 0.55
GORT Accuracy 0.34 0.11
GORT Fluency 0.26 0.23
GORT Comprehension 0.06 0.78

Fig. 5  Influence of temporal bin size on neural consistency metric during passive task. There was a signifi-
cant group difference in neural consistency in left SMG when neural activity was binned at 1, 5, 10, and 
50 ms, but not at 100 ms. Thus, temporal precision is likely needed to detect neural consistency deficits. * 
ps < 0.05
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neural response was binned using successively larger temporal windows. When temporal 
bins were smaller than 100 ms, the neural consistency group difference remained signifi-
cant (ps < 0.03; Fig. 5). However, with bins of 100 ms, the group difference was no longer 
significant (t (45) = 0.77, p = 0.45), suggesting that the use of a technique with millisecond 
precision and the use of small temporal bins is critical for detection of neural consistency 
differences.

Discussion

In the present study, we investigated neural consistency in relation to categorical percep-
tion of speech sounds in adults with and without dyslexia and asked (1) whether greater 
neural inconsistency is present in adults with dyslexia compared to typically reading 
adults, (2) whether the performance of an active task versus passive exposure alters neu-
ral consistency, and (3) whether millisecond temporal precision is needed to detect neural 
consistency differences in dyslexia. We found that adults with dyslexia exhibited signifi-
cantly less neural consistency compared with their typically reading peers in one ROI (the 
left supramarginal gyrus) and only in the passive condition. Adults with dyslexia exhibited 
intact neural consistency in all other regions and in both passive and active conditions. 
This largely intact brain response was consistent with their unimpaired behavioral perfor-
mance on a categorical perception task. Neural consistency increased in both groups for 
the active versus passive task, except in primary auditory cortex, where attention decreased 
consistency in both groups. Finally, high temporal resolution was necessary for measuring 
neural consistency differences, as bins of 100 ms were already too large to detect group dif-
ferences in the left supramarginal gyrus.

No behavioral deficit in identifying tokens from a stop‑consonant continuum 
in dyslexia

Identifying items from a continuum as members of distinct categories provides a measure 
of how distinct one’s category representations are. Noisy or degraded representations of 
speech sounds are hypothesized to impede letter-to-sound mapping during reading acquisi-
tion (Centanni et al., 2018; Hornickel & Kraus, 2013; Schulte-Körne et al., 1999; Snowl-
ing, 1998). Thus, reduced categorical perception might be associated with dyslexia and/
or dyslexia risk. However, findings of categorical perception deficits in dyslexia have been 
inconsistent, with some researchers finding shallower slopes in dyslexia and some not (for 
review and meta-analysis, see Noordenbos & Serniclaes, 2015). In the current study, we 
saw no evidence of a categorical perception deficit in adults with dyslexia, and this result 
was consistent across two test administrations on two different days for each participant. 
Thus, in this sample of adults with dyslexia, categorical perception was reliably intact. One 
potential explanation for the null group difference is the choice of endpoint phonemes for 
the continuum. The spectral, temporal, and spectrotemporal acoustic cues that distinguish 
consonants are encoded by different neural firing patterns (Centanni et  al., 2013; Chang 
et  al., 2010; Engineer et  al., 2008). If dyslexia is associated with specific alterations in 
basic auditory processing abilities important for the perception of certain speech sounds 
but not others, then a categorical perception deficit might be observed with some continua 
but not others. A second potential explanation for the lack of group difference is that we 
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used an identification task, whereas discrimination tasks are more sensitive to differences 
in categorical perception in dyslexia (Noordenbos & Serniclaes, 2015).

It has also been suggested that categorical perception differences are observed in some 
dyslexia samples but not others because these differences may be associated with lan-
guage disability and not dyslexia per se. Dyslexia and specific language impairment are 
frequently comorbid (Catts et  al., 2005; McCarthy et  al., 2012). Children with dyslexia 
and comorbid language deficits exhibited less precise categorical boundaries while chil-
dren with dyslexia and normal language skills performed more similarly to typically-devel-
oping readers (Joanisse et  al., 2000). In the current study, lower scores on a measure of 
oral language comprehension correlated with less-categorical perception in the adults with 
dyslexia. Thus, our findings are consistent with the idea that reduced categorical percep-
tion is not a consistent hallmark of dyslexia (Blomert & Mitterer, 2004; Noordenbos & 
Serniclaes, 2015; Vandermosten et al., 2010) but rather that it is associated with language 
difficulties that often, but not always, co-occur with dyslexia (Joanisse et al., 2000).

STG and SMG as regions of interest for categorical perception

In the current study, we report significant effects in two main regions of interest. The 
superior temporal gyrus (STG) drove the significant main effect of ROI by exhibiting the 
strongest consistency in both participant groups. The supramarginal gyrus (SMG) drove 
the main effect of group such that typical readers exhibited significantly increased consist-
ency compared to the dyslexia group. There were also significant relationships between 
consistency in SMG and reading measures in the dyslexia group, suggesting a functional 
consequence of decreased neural consistency, as was previously observed in children with 
reading difficulties (Centanni et  al., 2018; Hornickel & Kraus, 2013; Neef et  al., 2017). 
These regions of interest are commonly identified as relevant in studies of phonological 
perception (Raizada & Poldrack, 2007; Ruff et al., 2003; Simos et al., 1998; Turkeltaub & 
Branch Coslett, 2010). The current results should be interpreted with caution, however, as 
the correlations in this sample of adults did not survive correction.

A model of the language network proposed bilateral STG as a hub for sublexical pho-
nological processing (Hickok & Poeppel, 2007). The STG is specialized for processing 
acoustics and sublexical phonological information (Turkeltaub and Branch Coslett 2010). 
A number of studies utilizing intracranial electrode recordings in STG have demonstrated 
specific encoding of individual phonemes as well as classes of phonemes (Chan et  al., 
2014; Chang et al., 2010; Hamilton et al., 2018; Mesgarani et al., 2014; Yi et al., 2019).

The left SMG has been implicated in both categorical speech perception and functional 
and structural brain differences in dyslexia. The left SMG was found to selectively amplify 
key stimulus features to support categorical speech perception (Raizada & Poldrack, 2007), 
and a meta-analysis suggested that this region exhibited the highest activation likelihood 
during phonological analysis tasks with no significant recruitment of its right-hemisphere 
counterpart (Turkeltaub and Branch Coslett 2010). With respect to this region’s importance 
in the study of dyslexia, left SMG is hypoactivated in dyslexia during auditory phoneme 
processing (Zuk et  al., 2018). Further, individuals with a polymorphism (variant) of the 
DCDC2 dyslexia-associated gene exhibit both increased cortical thickness in left SMG and 
lower reading scores (Darki et al., 2014). It is possible that, despite relatively inconsistent 
neural responses in the left SMG (although the difference between the groups was only 
significant in the passive condition), our group of adults with dyslexia were still able to 
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achieve typical patterns of categorical perception by relying on representations in other 
cortical regions where speech-evoked responses are reliable.

Possible role of experience on neural consistency

Across seven cortical regions and two tasks, we observed one instance of decreased 
neural consistency to speech sounds in adults with dyslexia. However, in our previous 
study of children with dyslexia (Centanni et  al., 2018), we observed neural inconsist-
ency in multiple regions of interest in response to several types of stimuli in the audi-
tory (tones and speech sounds) and visual (letters and nonsense objects) domains. This 
neural consistency deficit was associated with a single nucleotide polymorphism (SNP) 
on the gene KIAA0319. The minor allele is present in approximately 33% of the Cauca-
sian population, as verified by our prior work in children (Centanni et al., 2018). In our 
current sample of adults, 9 out of 24 individuals with dyslexia exhibited neural consist-
ency in left SMG that was more than one standard deviation below the mean of the con-
trol group. While one standard deviation is not enough to classify this group as outliers, 
this number of adults aligns with the expected percentage of people with the KIAA0319 
SNP. We did not, however, acquire DNA samples from the participants in this study, 
so future research is needed to determine whether this gene influences neural consist-
ency in adulthood. Given the possibility that at least a portion of the adults in our sam-
ple possessed the candidate consistency SNP, the discrepancy between the large effect 
found in children (Centanni et al., 2018) and the muted effect found in the current study 
in adults is more likely due to the increased years of intervention, practice, and compen-
sation in adults.

Prior research with rats with suppression of the dyslexia-susceptibility gene 
Kiaa0319 revealed that extensive behavioral training improved neural response con-
sistency in auditory cortex (Centanni, et al., 2014a, b). A training effect has also been 
demonstrated in the human auditory brainstem: children with a developmental language 
disorder who received auditory training (“Earobics”) exhibited significantly more con-
sistent auditory brainstem responses than children in the waitlist control group (Russo 
et al., 2005). Adults, of course, have many more years of auditory experience and those 
with a prior diagnosis have likely received significantly more intervention than the chil-
dren studies in prior investigations. This may explain why we observed a smaller group 
difference compared with our prior work and why only one region of interest was sig-
nificant in the current study.

There are few studies that directly compare neural response patterns between adults 
and children with dyslexia, with all comparisons to date conducted in fMRI datasets. 
One meta-analysis of nine studies in children and nine studies in adults reported at least 
one difference in activation patterns across age groups: while both age groups exhib-
ited hypoactivation in the left ventral occipitotemporal (vOT) region, hypoactivation in 
the left temporoparietal area was found only in children, with hyperactivation present 
in some subcortical regions in adults (Richlan et  al., 2011). The authors suggest that 
the hypoactivation result in children may be due to this region exhibiting a task-related 
deactivation compared with baseline and may therefore relate to some unknown com-
pensatory mechanism (Richlan et al., 2011). A second meta-analysis reviewed 20 stud-
ies in each age group and replicated the shared overlap in the left vOT cortex (Mar-
tin et al., 2015). Additionally, while children exhibited greater activation than adults in 
supplementary motor areas and left superior temporal gyrus, adults exhibited greater 
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activation than children in several regions, including cerebellum, middle occipital 
gyrus, and precentral gyrus. These findings provide precedent for different findings 
in adults and children, and the current study adds to this body of work by suggesting 
that neural consistency improves over time, perhaps in line with other compensatory 
processes. Future research is needed to determine when and how neural consistency 
improves with age and whether such improvement is related to intervention and/or 
behavioral improvement.

Interestingly, some suggest that the presence of abnormal auditory representations may 
not be causal of dyslexia in and of itself. A longitudinal study of beginning readers at vari-
ous levels of familial risk were scanned using fMRI and evaluated for future reading out-
comes. While children at high familial risk exhibited less distinct activation patterns to 
speech sounds compared to children without familial risk, there were no group differences 
based on future dyslexia diagnosis (Vandermosten et al., 2020). This suggests that auditory 
perception of speech sounds may indicate susceptibility to dyslexia rather than predict it 
directly. Predictive neural metrics may exist in the functioning of other regions of interest 
such as the visual word form area, in which print sensitivity is reduced in children at risk 
who go on to a diagnosis compared to children at risk who become typical readers (Cen-
tanni et al., 2019a, b). Longitudinal research is necessary to characterize the developmental 
trajectory of neural consistency in dyslexia and whether this feature is casual or indicates a 
degree of susceptibility only.

Role of attention on neural responses

To date, most studies reporting poor neural consistency in dyslexia have employed pas-
sive listening (Centanni et  al., 2018; Hornickel & Kraus, 2013; Lam et  al., 2017; Neef 
et  al., 2017). One fMRI study that required active responses to speech sounds reported 
intact neural consistency in adults with dyslexia (Boets et al., 2013). This pattern of find-
ings raised the possibility that neural inconsistency in dyslexia occurs during passive expo-
sure to speech sounds, but not during active listening. Such a dissociation could occur if 
attention critically affects neural consistency to speech sounds in dyslexia. Therefore, we 
performed the first analysis of neural consistency for both active and passive exposure to 
the same speech syllables within the same individuals with dyslexia. The absence of any 
interaction between group, attention condition (active vs. passive), and neural consistency 
contradicts the idea that attention is a critical factor in explaining differences in neural 
inconsistency in dyslexia.

The lack of group difference was not due to the absence of an effect of attention on neu-
ral consistency because such an effect was significant in all brain regions of interest. In pri-
mary auditory cortex, attention was associated with lower neural consistency almost imme-
diately after stimulus onset. In higher-order language and reading areas, we observed the 
opposite pattern: attention was associated with greater consistency in the neural response in 
both groups. It is perhaps surprising that attention decreased consistency in primary audi-
tory cortex while increasing it elsewhere in the network. However, a growing body of work 
suggests that increased noise early in a sensory pathway may be beneficial for signal detec-
tion. In the visual system, increased noise corresponds with increased stimulus identifica-
tion in early visual cortex of macaques (Cohen & Maunsell, 2009; McAdams & Maunsell, 
1999). In the auditory system, this phenomenon is known as stochastic resonance and is 
proposed to serve an optimization role by altering neural noise to improve hearing thresh-
olds in certain conditions (Krauss et al., 2018; Schilling et al., 2020). Artificial increases in 
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neural noise generated by transcranial random noise stimulation (tRNS) in one study led to 
increased detection of near-threshold auditory stimuli in a gap detection paradigm (Rufener 
et al., 2017). It is therefore possible that variability early in the auditory signal is important, 
especially when the system is expecting a signal as part of a perceptual task. Under this 
assumption, primary sensory areas would increase neural noise to improve perception of a 
stimulus. In the context of speech perception, a stochastic resonance in low-level systems 
could ensure that accurate speech-sound representations are passed to syllable- and word-
level processing regions. Future research should test this hypothesis using a task with more 
distinct “correct” vs. “incorrect” responses, as opposed to a continuum-perception task in 
which stimulus labels are somewhat subjective.

While stochastic resonance may be useful in an active task, it is likely that increased 
variability is detrimental when stimuli are passively presented or unexpected. If the brain 
responds inconsistently to passive input, this could lead to abnormalities in automatic 
attentional shift processes such as habituation. For example, in the oddball paradigm, 
the brain habituates to the repeated or standard stimulus such that the deviant stimulus 
draws attention and generates the mismatch negativity response. However, this canonical 
response is significantly reduced in dyslexia (Maurer et al., 2003; Perrachione et al., 2016; 
Renvall & Hari, 2002). This deficit may reflect an abnormality in the subconscious atten-
tion shifting mechanism that is specific to passive processing. We did not assess visual or 
auditory attentional shift in this study and so cannot directly evaluate this link. However, 
future research should determine whether neural inconsistency to passive stimuli predicts 
attentional shift deficits.

Importance of temporal precision for measuring neural variability

Speech sounds are rapidly changing, complex acoustic stimuli. Within 40 ms after stimu-
lus onset, primary auditory cortex encodes all the information necessary to determine the 
identity of a single consonant (Centanni et  al., 2013; Engineer et  al., 2008; Perez et  al., 
2012). When neural activity recorded using microelectrodes is binned into large windows, 
consonant classification no longer matches behavioral discrimination ability in rats (Engi-
neer et  al., 2008; Perez et  al., 2012). Within that initial 40  ms time window, variability 
in the timing of individual neurons has a dramatic impact on the perceived identity of 
the stimulus. Neural activity in primary auditory cortex of rats with suppression of the 
dyslexia-candidate gene Kiaa0319 was significantly less reliable for decoding the speech-
sound stimulus than neural activity in control animals (Centanni, et al., 2014a, b), and this 
variability was significantly correlated with animals’ ability to behaviorally discriminate 
between various speech-sound stimuli (Centanni, et al., 2014a, b).

In the current study, we demonstrated that using temporal bins of 5, 10, and 50 ms pro-
duced similar neural consistency results, while bins of 100 ms eliminated the group differ-
ence in neural consistency to sound. While prior EEG studies of neural consistency binned 
their data with 1 ms precision (Hornickel & Kraus, 2013; Neef et al., 2016, 2017), these 
studies utilized thousands of trials per stimulus. It is possible that calculation of neural 
consistency follows an inverted-U function, such that the most precise bin and larger bins 
all yield less reliable calculations and that there may be an optimal bin size for calculating 
neural consistency. Further, for the most precise time window to yield reliable measure-
ments, a large number of trials may be needed, while fewer trials require a slightly larger 
bin size to capture the effect clearly. Future work is needed to clarify how number of trials 
interacts with optimal bin size.
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fMRI inherently records with significantly longer temporal bins. Although fast-sam-
pling methods exist, the minimum sampling window for fMRI is approximately 100 ms 
(Lin et al., 2012). Thus, we hypothesize that the low temporal resolution of fMRI effec-
tively eliminates the ability to detect a variability difference and those interested in measur-
ing this metric should carefully consider their choice of neural imaging technique. Future 
research should combine these methods in the same subject pool to evaluate this possibility.

Limitations

There are three main limitations in the current study. The first limitation is the low number 
of trials in each task. As discussed above, prior research measuring neural consistency in 
EEG utilized thousands of trials, while we only collected 40 trials for each of 10 stimuli. 
While the use of many more trials may yield higher consistency values by reducing the 
impact of natural trial by trial variability, this approach may also mask any group effect 
for the same reason. Future research is needed to determine whether additional trials pro-
vide more reliable estimates of neural consistency or whether additional trials attenuate the 
effect. The second limitation is that while we did perform a bin-size analysis with our MEG 
data, we did not directly compare data collected with a temporally precise technique (EEG/
MEG) with a less temporally precise technique (fMRI). Although prior studies reporting 
the absence of neural consistency may have failed to find a deficit due to either their use 
of an active task or longer temporal bins (Boets et al., 2013), such a conclusion cannot be 
drawn without a direct comparison across approaches. Finally, we did not account for any 
effects of intervention in the dyslexia group. As discussed above, behavioral training can 
increase neural consistency and it is likely that prior and variable experiences with inter-
vention in the dyslexia group interacted with our measures. Future work should be careful 
to quantify prior intervention experiences in participants for use as a covariate.
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