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Developmental dyslexia, a severe and persistent reading and
spelling impairment, is characterized by difficulties in processing
speech sounds (i.e., phonemes). Here, we test the hypothesis that
these phonological difficulties are associated with a dysfunction of
the auditory sensory thalamus, the medial geniculate body (MGB).
By using functional MRI, we found that, in dyslexic adults, the
MGB responded abnormally when the task required attending to
phonemes compared with other speech features. No other struc-
ture in the auditory pathway showed distinct functional neural
patterns between the two tasks for dyslexic and control partic-
ipants. Furthermore, MGB activity correlated with dyslexia di-
agnostic scores, indicating that the task modulation of the MGB is
critical for performance in dyslexics. These results suggest that
deficits in dyslexia are associated with a failure of the neural
mechanism that dynamically tunes MGB according to predictions
from cortical areas to optimize speech processing. This view on
task-related MGB dysfunction in dyslexics has the potential to
reconcile influential theories of dyslexia within a predictive coding
framework of brain function.
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Developmental dyslexia, with a prevalence of 5% to 10% in
children, is the most common learning disability (1). In

children with normal intelligence and educational opportunities,
dyslexia manifests as an inability to reach normal reading and
spelling skills that persists throughout the lifespan (1, 2). These
reading and spelling difficulties not only limit education success
(2), but also frequently lead to social and emotional problems
(3). However, dyslexic persons can learn to compensate for their
difficulties and successfully graduate from college (4).
There are various theories about the underlying cause of dys-

lexia. One of the most influential is the phonological deficit hy-
pothesis, which posits that dyslexic persons have difficulties in
processing and manipulating small units of speech, i.e., speech
sounds or phonemes (1, 5, 6). This theory is based on findings that
dyslexic persons score below controls in tasks that require them to
process and manipulate speech sounds, for instance, to judge
whether two words rhyme (as in /hat/ and /cat/) (7) or to repeat two
words while transposing the initial speech sounds (e.g., /green/
and /ball/; correct response, /breen/ and /gall/) (8). Recently, pro-
ponents of the phonological theory have emphasized that dyslexic
persons’ phonological deficits are apparent only if the phonological
tasks impose cognitive demands, such as fast responses, highmemory
load, or noisy listening conditions (9). The relevance of task-induced
difficulties is also the hallmark of the sluggish attention shifting
(SAS) hypothesis. It proposes that dyslexics are impaired in
shifting attention in tasks that have a fast rate of stimulus pre-
sentation (10). An important assumption of the phonological
deficit hypothesis is that the deficits are caused at the level of the
cortex and are specific to phonological phenomena (1, 5, 6). In
contrast, the magnocellular theory, another influential view, posits
that abnormal subcortical function is the origin of poor phono-
logical processing in dyslexic persons (11, 12). This theory is largely
based on findings that the left medial geniculate body (MGB) is

altered in postmortem brains of dyslexics (13). The MGB is the
first-order auditory thalamus, the last station in the sensory
pathways before peripheral auditory information reaches the
cortex (14). Consequently, the magnocellular theory assumes that
sensory deficits are at the basis of dyslexia and predicts that dys-
lexics’ deficits are not specific to linguistic processing, but that
they extend to sensory processing in general (11, 12, 15).
Here, we attempt to reconcile these two opposing views by

testing the hypothesis that the phonological deficit in dyslexia is
(i) associated with a dysfunction of the MGB, as claimed by the
magnocellular theory; but (ii) that the expression of this dys-
function can be evoked by phonological tasks, as predicted by the
phonological deficit and SAS hypothesis. There are three key
experimental findings that support this combined hypothesis, and,
in addition, shed light on the role of the MGB in speech pro-
cessing. First, the MGB engages in speech processing in healthy
participants, preferentially in processing phonologically relevant,
fast spectrotemporal changes in speech compared with more
slowly occurring features, such as voice characteristics (16). Sec-
ond, the left MGB has been found to be altered in postmortem
brains of dyslexic persons (13), leading to the speculation that
dyslexia can be attributed to MGB function (11, 12). Third, re-
cent studies emphasize the fact that dyslexics’ difficulties seem to
result from not using previous or contextual information to fine-
tune sensory perception for optimal performance (17, 18).
These findings fit well with the recent reconceptualization of
sensory thalamus function: although sensory thalamic structures
were previously considered as simple relay stations, they are now
described as smart gatekeepers because they are tuned by cor-
tical areas to the relevant properties of sensory input (reviewed
in refs. 19, 20).
To test the anatomical–functional hypothesis that the phono-

logical deficit in dyslexia is associated with MGB dysfunction, we
used a functional MRI (fMRI) protocol optimized for sub-
cortical, auditory structures (21), and an experimental design
that reliably evokes MGB responses specific to processing pho-
nologically relevant, fast changes in speech in healthy subjects
(16). We hypothesized that (i) dyslexics have abnormal MGB
responses when processing fast spectrotemporal changes in
speech, and (ii) the strength of this dysfunction is related to the
severity of the phonological deficit in dyslexics.
Dyslexic adults (n = 14) and matched control participants

(n = 14; Table S1) performed two tasks while blood oxygen-level
dependent (BOLD) activity was measured (Fig. 1A). In the two
tasks, participants attended to speech sound changes (i.e., pho-
nological task) or to changes in voice characteristics (i.e., speaker
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task), within sequences of six syllables (Fig. 1B). Participants
reported via button press whether each syllable within a sequence
differed in content from the previous one (i.e., phonological task)
or was spoken by a different voice (i.e., speaker task). Critically,
the phonological task required processing of fast spectrotemporal
changes, whereas the speaker task required processing of acoustic
features on a slower time scale (Methods). Both tasks were per-
formed with the same stimulus material, i.e., a difference in acti-
vation between tasks cannot be attributed to acoustic differences
in the stimuli. The matched controls were expected to show an
increase in the BOLD signal in the MGB when performing the
phonological task, compared with the speaker task (16). In con-
trast, according to the present hypothesis, such a task-dependent
modulation in the MGB should be smaller or nonexistent in the
group of dyslexic participants. In a second experiment, partic-
ipants passively listened to sentences (Fig. 1C). This experiment
served to functionally localize auditory structures and to in-
vestigate MGB response in the two groups independent of task.

Results
Abnormal MGB Response in Dyslexic Subjects. As hypothesized, in
the left MGB, we found a larger BOLD signal in control than
dyslexic participants for the phonological task compared with the
speaker task [group–task interaction, P = 0.0338, family-wise
error (FWE) corrected for left MGB; Fig. 2 A and B]. In the
control group, there was significantly greater BOLD activity in
the phonological than the speaker task in the right MGB
[“phonological − speaker task,” P = 0.0336, FWE corrected;
Montreal Neurological Institute (MNI) coordinates, 9, −28, −8]
and a trend toward significance in the left MGB (P = 0.067,
FWE corrected; MNI coordinates, −9, −28, −8), whereas no sig-
nificant differences in MGB activity between the tasks was present

in dyslexics (Fig. S1 and Table S2). To clarify whether there is no
MGB modulation in dyslexic participants or, rather, its modu-
lation was in the opposite direction relative to controls, we also
tested the “speaker − phonological task” contrast in dyslexics. In
neither of the two MGBs did dyslexic participants show signifi-
cantly greater BOLD activity for the speaker task relative to the
phonological task, even at a lenient statistical threshold (P =
0.01, uncorrected).
The group–task interaction in left MGB was location-specific.

To test this, we investigated regions of interest (ROIs) in the
entire auditory subcortical pathway, the auditory cortices (ACs),
auditory association cortex, and cortical regions that are often
reported as dysfunctional in dyslexics (reviewed in ref. 22) (Figs.
S2 and S3). We found that the group–task interaction was sig-
nificant only in left MGB and not in any other regions, even at a
lenient statistical threshold (P = 0.01 uncorrected within ROI or
P = 0.001 uncorrected at whole-brain level; Table S3).
The difference between dyslexic and control participants in

left MGB activation cannot be explained by behavioral differ-
ences. Control participants’ accuracy rates were 91.82% (SD,
1.68%) and 92.88% (SD, 1.79%) and dyslexic participants’ ac-
curacy rates were 88.22% (SD, 1.68%) and 88.04% (SD, 1.79%)
for the phonological and speaker tasks, respectively. The per-
formance in the phonological and speaker tasks was matched
[main effect of task: F(1,26) = 0.24, P = 0.62], and there was no
behavioral group–task interaction [F(1,26) = 0.48, P = 0.49].
Dyslexic participants showed a trend toward being worse than
control subjects at both tasks [main effect of group: F(1,26) =
3.37, P = 0.078].

Cortical Compensatory Mechanisms in Dyslexic Participants. To test
whether dyslexics achieved high levels of performance in the
phonological task by compensatory mechanisms, we analyzed

Fig. 1. Experimental design. (A) In experiment 1, stimuli were presented in blocks (blue and orange boxes) of six auditory syllables (syllable onsets are
represented by black lines within colored boxes). Participants were asked to perform the phonological or the speaker task via a visual instruction screen (black
rectangles). After each block, one brain volume was acquired (gray boxes). (B) Example of a block in experiment 1. A task instruction screen was presented at
the beginning of the block. According to the instruction participants performed the phonological task or speaker task. Depending on the task, a voice change
(blue arrow) or a syllable change (orange arrow) was the target. Word balloons represent auditory stimulus examples. The same stimuli were used for the two
tasks. (C) In experiment 2, sentence blocks (yellow boxes) and silence blocks (white boxes) were presented. Sentence blocks contained four auditory sentences.
Participants were asked to press a button at the end of each sentence via a visual task instruction screen (black rectangles). After each block, one brain volume
was acquired (gray boxes).
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whether there is an indication for such mechanism in right in-
ferior frontal gyrus (rIFG), a cortical area that is thought to
compensate for dyslexic participants’ difficulties (23). For the
simple main effects of the phonological task (“dyslexics/phono-
logical task − controls/phonological task”) and speaker task
(“dyslexics/speaker task − controls/speaker task”), as well as for
the main effect group [“(dyslexics/phonological task + dyslexics/
speaker task) − (controls/phonological task + controls/speaker
task)”], significantly greater BOLD signal was found in the rIFG
(Table S4). An exploratory analysis in several ROIs (Methods)
revealed greater BOLD signal for the more specific interaction
contrast “(dyslexics/phonological task − dyslexics/speaker task) −
(controls/phonological task − controls/speaker task)” in the right
cochlear nucleus (CN; P = 0.0347, FWE corrected for ROI) and
the right inferior colliculus (IC; P = 0.0291, FWE corrected for
ROI). However, the significance levels in these subcortical
structures did not survive correction for testing multiple ROIs,
for which we did not have a prior hypothesis. There were no
further effects in any other subcortical or cortical ROIs, nor any
effects at the whole-brain level. There were also no cortical
regions that were less active in dyslexics than controls in the
simple main effects of task or the group main effect, even at
a lenient statistical threshold (P = 0.01 uncorrected within ROI
or P = 0.001 uncorrected at whole-brain level).

MGB Dysfunction in Dyslexia Is Task-Dependent. MGB activity in
dyslexic participants was not generally reduced during speech
perception relative to controls. There was no effect of group in
left or right MGB in experiment 1 for either task (“controls/
phonological task − dyslexics/phonological task” and “con-
trols/speaker task − dyslexics/speaker task”; Table S3). Fur-
thermore, in experiment 2, MGB responses to passive listening

to speech (“sentences – silence”) were similar in the two groups
and there was no significant difference between groups in the left
or right MGB (Table S5).

MGB Activity Is Correlated with Dyslexia Diagnostic Scores.Does the
task-dependent modulation of the MGB relate to the phono-
logical deficits in dyslexia? We addressed this question by cor-
relating the difference of BOLD responses between the tasks
(i.e., “phonological task − speaker task”) in each MGB with
subjects’ scores in diagnostic tests. Only in dyslexics did the
amount of modulation of the left MGB correlate positively with
reading comprehension (P = 0.024, FWE corrected; MNI
coordinates, −15, −31, −11) and negatively with the time needed
to name letters and numbers aloud, a measure of phonological
access (P = 0.007, FWE corrected; MNI coordinates, −15, −31,
−8; Fig. 2C). These significant correlations show that MGB
modulation during speech processing is related to literacy and
phonological deficits of dyslexic participants. In controls, signifi-
cant correlations with dyslexia diagnostic scores were present in
cortical regions that have previously been reported to be associ-
ated with reading abilities (Table S6).

Discussion
The results show that task-dependent modulation of the left
MGB is different in controls and dyslexics. Although there is
a positive modulation by the phonological task in contrast to the
speaker task in control participants, this is not the case in dyslexic
participants. In addition, we found, in dyslexics only, that the
modulation amplitude in the left MGB and the dyslexia diag-
nostic scores are correlated. The difference in modulation be-
tween dyslexic and control participants as well as the correlation
in dyslexics are location-specific; they are significant only in the left

Fig. 2. Differences between normal readers and dyslexics in MGB activity during speech processing. (A) The between-group comparison reveals greater task-
dependent modulation in the left MGB for control vs dyslexic participants (P = 0.0338, FWE corrected for MGB; local activation maxima, −9, −28, −8, MNI
coordinates). The color bar represents t values. (B) Estimated signal changes (as percentages) extracted from the left MGB for the contrast “phonological task
− speaker task” for controls and dyslexics. Error bars represent SE. (C) Task-dependent modulation of the left MGB correlates positively with reading
comprehension and negatively with time required for phonological access (i.e., RAN) in dyslexic but not control participants.
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MGB but not in any other structure of the auditory pathway or
cortices. These findings suggest that a dysfunction of the neural
mechanism that modulates MGB processing plays a key role in
phonological processing skills in dyslexia. In contrast, in control
participants the MGB function does not seem to be the limiting
factor for reading skills, but specific cortical areas seem to be in-
volved in determining the behavioral performance.
Almost two decades ago, dyslexia was suggested to be caused

by an abnormal thalamic function at the level of the sensory
thalami (11, 12). The magnocellular layers of the visual thala-
mus, the lateral geniculate nuclei, and the large cells in the left
MGB were found to be altered in postmortem brains of dyslexic
persons compared with normal brains (13, 15), which led to the
term “magnocellular theory.” In monkeys, damage to magno-
cellular layers of the lateral geniculate nuclei impairs motion and
flicker detection (24). Similar behavioral deficits have been reported
for dyslexics (25, 26). Consequently, the magnocellular theory
posits that dyslexics’ reading and speech perception difficulties
are caused by an impairment in sensory processing of fast tran-
sient stimuli (11, 12). The theory predicts a general processing
deficit in the perception of rapidly varying visual and auditory
stimuli in dyslexic participants that are not specific to speech (11,
12, 15). In accordance, several studies have shown that dyslexics
are less sensitive than controls in detecting changes in auditory
transient stimuli, e.g., amplitude and frequency modulation (27,
28), and that this sensitivity correlates with nonword reading
capabilities (27). A general auditory deficit for fast, transient
sounds is also a key feature of the “temporal auditory processing”
theory (29, 30), which posits that dyslexia is caused by an auditory
sensory deficit in perceiving fast sequences of brief stimuli.
However, the causal relation between sensory deficits and dys-

lexia is highly controversial because several studies have found that
(i) not all dyslexic persons have sensory deficits and (ii) dyslexics’
sensory impairments are not confined to tasks that require rapid
sensory processing (31–33). The lack of a consistent sensory deficit
associated with dyslexia has been taken to support the phonological
deficit hypothesis, i.e., the view that dyslexia is caused by a deficit
that is specific to phoneme processing (1, 5, 6). An assumption of
the phonological deficit hypothesis is that the underlying cause is at
a cortical rather than at a subcortical level, as claimed by the
magnocellular theory (5). This cortical argument is strengthened
further by findings that phonological deficits in dyslexia are ap-
parent if the tasks or the context impose difficult cognitive
demands, such as high memory load, limited response time, or
noisy listening conditions (9, 34, 35).
Here, we propose that key features of both these views, the

magnocellular theory and the phonological deficit hypothesis, can
be usefully reconciled by readjusting the standard view of the role
of the MGB in speech processing. Sensory thalamic structures
receive massive cortical backward connections, which are believed
to play an important role in the processing of sensory information
(14). Currently, there are two views, which are not necessarily in
opposition, on the functional role of these corticothalamic con-
nections. One view is that the sensory thalamus is modulated by
efferent cortical connections depending on attentional demands to
regulate the amount of sensory information that is forwarded to
cortical areas (36, 37). Another view is that sensory thalamic struc-
tures serve the function of dynamic gatekeepers, which are dy-
namically tuned by specific feedback from cortical areas to optimize
demanding sensory processing (16, 38, 39). In this view, thalamic
sensory areas could be considered to serve cognitive functions by
optimizing sensory processes accordingly to cognitive demands.
Our findings are in line with the concept of sensory thalamic

structures as dynamic gatekeepers. We assume that cortical ef-
ferent connections modulate MGB response properties by pro-
viding specific dynamic predictions about the sensory input. We
propose, as postulated in the magnocellular theory, that one role
of the MGB is to process fast transient changes in the auditory

input. However, in addition, we suggest that this processing is
modulated by cognitive requirements and the predictability of
the stimulus material. This would mean that the MGB is an in-
tegral and important part of the speech processing hierarchy,
dealing with fast, predictable transients in speech signals. This
adaptive role of the MGB is in line with theoretical accounts and
computational hierarchical models of brain function that pro-
pose that the brain uses internal dynamic models of its envi-
ronment to predict the trajectory of the sensory input (40, 41). In
particular, computational accounts of speech recognition suggest
that, for optimal recognition, lower levels of the auditory hier-
archy (e.g., the MGB) must process faster dynamics than higher
levels (e.g., ACs) (42, 43). This computational scheme of rec-
ognition posits that cortical predictions should optimize auditory
processing at early, subcortical stages of the auditory processing
hierarchy, especially for fast, complex, and highly predictable
stimuli such as speech sounds. Building up accurate predictions
about fast sensory dynamics would result in higher accuracy and
processing speed when the perceptual system is confronted with
taxing conditions, such as fast stimulus presentation rates or high
memory load, i.e., precisely the situations in which dyslexic
participants perform consistently worse than control participants
(8, 29, 44). Because several cognitive operations may require
precisely tuned sensory processing, a failure in dyslexia to tune
auditory processing to relevant spectrotemporal properties of
speech sounds might explain not only poor phonological pro-
cessing (1, 5, 6), but also several other symptoms of dyslexia such
as the failure to improve the discrimination of speech and non-
speech sounds with repetition (17, 18), difficulties understanding
speech in noisy environments (18, 34, 45), and attentional limi-
tations in processing fast sequences of stimuli (10). This account
would also be in line with key features of two further theories
about dyslexia, i.e., the SAS hypothesis and the anchoring deficit
theory (10, 17). The SAS hypothesis is based on findings that
dyslexics have difficulties with shifting attention which is for ex-
ample required for detecting a stimulus that is presented shortly
after another stimulus (10, 46). In congruence with this hy-
pothesis, we found that the MGB shows an abnormal response in
dyslexic participants when attending to fast, compared with slow,
spectrotemporal changes in speech. The anchoring-deficit theory
(17) is based on the finding that dyslexics, contrary to control
participants, do not benefit from stimulus repetition in same-
different judgment tasks on tones (see also ref. 18). This theory
posits that dyslexics’ perceptual system is deficient in predicting
incoming sensory input. This fits the present findings well,
whereby performance in the phonological task could be optimized
based on exploiting predictable information in speech stimuli. We
speculate that control participants are able to use fine-tuning of
the MGB to optimize auditory processing by prediction, whereas
this mechanism is dysfunctional in dyslexic participants.
A deficient tuning of sensory processing in dyslexia can also

account for the difficulties that dyslexics have in understanding
speech in noisy environments, for example with perceiving subtle
but distinctive features of speech sounds as in “bad” and “dad” in
noisy environments (18, 34, 45). In this case, cortical predictions
could shape MGB responses to the subtle and transient but
predictable spectrotemporal cues that enable the categorical
recognition of speech sounds. This tuning would enhance the
robustness of speech perception, and a dysfunction of this
tuning may explain the susceptibility of dyslexics’ speech per-
ception to noise.
Given the present fMRI findings, it is not clear whether the

MGB dysfunction is caused at the level of the MGB or/and based
on a deficient mechanism for tuning the MGB by cortical areas.
Although the structural alteration finding in the left MGB (13)
and the present functional findings speak for a key role of MGB
in the underlying neural mechanism, we cannot exclude the
possibility that cortical function, or a dysfunctional connectivity
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between cortical areas and MGB, take a causal role in the MGB
dysfunction. Note that we did not find significant differences
between groups in the task-dependent modulation [i.e., “(con-
trols/phonological task − controls/speaker task) − (dyslexics/pho-
nological task − dyslexics/speaker task)”] in cortical ROIs.
However, it may be that the modulation of cortical areas is weak or
distributed and cannot be detected by the present analysis.
Previous neuroimaging studies on reading and phonological

tasks have reported, in dyslexic participants relative to controls,
higher activity in IFG (47, 48) and less activation mostly in the
left parietotemporal, left occipitotemporal, and left frontal areas
(49–51), although this is not the case in all studies (e.g., refs. 52,
53). Although we did not find less activity in dyslexic participants
in a cortical area, there was higher activity in dyslexics compared
with controls in the right IFG, supporting the view that this region
is part of a compensatory mechanism in dyslexia (23, 47, 48). Such
compensation might explain the absence of significant differences
between dyslexic and control participants in task performance.
The right IFG did not play a specific role for phonological pro-
cessing in the present study: the activation difference between
groups was similar in the two tasks. A specific higher activation for
the phonological task in dyslexic vs. control participants was only
found in right-hemispheric subcortical structures (i.e., right IC,
right CN), which may point to their compensatory role in the
presence of a dysfunctional modulation of the left MGB in pho-
nological tasks. However, as these regions showed only a trend to
significance, this interpretation remains speculative.
Dyslexic participants performed the phonological task at the

same accuracy level as the speaker task and also similarly to the
level of control participants. This means that the BOLD differ-
ences for the task–group interaction cannot be attributed to
behavioral differences. We assume that the phonological task we
used during fMRI scanning was not taxing enough to reveal
significant behavioral differences given a potential compensatory
mechanism used by the dyslexic participants.
The concept of an impaired cognitive mechanism, which

optimizes sensory processes, is compatible with recent sugges-
tions that it is not the phonological representations per se that
are deficient in dyslexia, but rather that phonological deficits are
apparent only under certain task or attentional demands (9, 10, 17).
We speculate that, in control participants, these cognitive demands
drive the fine tuning of the representations in the MGB and
thereby optimize phoneme perception in a task-dependent fashion.
We assume that this cortical top-down influence is reflected in the
modulation of theMGB in controls. In contrast, the relative lack of
modulation of the MGB indicates a task-specific dysfunction in
dyslexic participants. The correlation between MGB modulation
and dyslexia diagnostic scores suggests that there is residual normal
MGB function in some dyslexic participants, which can be used to
provide a certain degree of task-specific fine tuning.
In summary, we suggest that (i) several auditory difficulties in

dyslexia may be related to a task- or context-dependent impair-
ment in fine-tuning early auditory processing according to cor-
tical predictions, and (ii) key features of theoretical accounts of
dyslexia can be usefully combined by readjusting the standard
view of the role of the MGB in speech processing.

Methods
Participants. Two groups of adult German speakers participated in the study;
one group included 14 participants with developmental dyslexia and the
other included 14 controls (SI Methods and Table S1). Groups were matched
in age, sex, handedness, educational level, and nonverbal IQ. Dyslexic par-
ticipants scored lower in literacy tests compared with control participants
(spelling, reading speed, and text comprehension; SI Methods and Table S1).
Skills of phonological access were measured by testing rapid automatized
naming (RAN) (44) of letters, numbers, and objects. The time required to
name letters and numbers predicts reading ability and is slower in dyslexics
compared with normal readers, whereas the time to name objects is not a
reliable predictor of reading ability in adults (35). In our sample, dyslexic

participants were slower than controls in the RAN task for letters and
numbers but not for objects (Table S1).

Stimuli and Experimental Design. Experiment 1. The experimental design was
adapted from von Kriegstein et al. (16). We used 150 different vowel-con-
sonant-vowel syllables recorded by one male speaker from a database (54).
Each syllable was resynthesized by using the software STRAIGHT (55) to
simulate nine speakers by manipulating the acoustic effect of the vocal tract
length and the glottal pulse rate. This manipulation ensures that the speaker
task could be performed based only on slow-varying acoustic features of the
voice (SI Methods). Vocal tract length and glottal pulse rate are based on the
vocal tract and glottal fold anatomy of the speaker (56). In contrast,
naturally recorded voices might differ in these relatively time-constant vocal
features, but also in speaking habits expressed in fast-varying spectrotemporal
acoustic features, (e.g., a lisping /s/ or rolling /r/) (57). For the experiment,
syllables were presented in sequences of six (Fig. 1 A and B). All sequences
lasted 8.4 s (1,100 ms per syllable and 300-ms pause between syllables).
Syllables were pseudorandomly presented within the sequence (SI Methods).
In the scanner, participants were asked to perform two tasks: they respon-
ded via button press whenever a syllable within a sequence changed in
the content (i.e., phonological task) or in the voice (i.e., speaker task) from
the previous syllable. The two tasks were presented in random order and the
same 80 sequences were used for the two tasks. Before fMRI scanning,
participants performed a brief training session of eight trials.
Experiment 2.A total of 40five-word sentences from one speaker were used (SI
Methods). During fMRI scanning, 40 sequences of four randomly selected
sentences were presented. Sequences lasted 8.4 s (1,800 ms per sentence and
400-ms pause between sentences). Participants were asked to report the end
of each sentence via button press. In addition, there were 40 silent periods
of 8.4 s duration. Auditory stimulation and silent periods were presented in
random order (Fig. 1C).

Data Acquisition. MRI was performed on a 3-T MAGNETOM Trio Tim (Sie-
mens). To optimally image subcortical sensory structures, we used a sparse
imaging protocol with cardiac gating (21). This allows presentation of the
auditory stimuli without the noise of the scanner gradients, and, in ad-
dition, reduces the artifacts caused by the pulsatile motion of the brain-
stem (SI Methods).

Data Analysis. Behavioral data were analyzed with PASW Statistics 18.0 by
using a repeated-measures ANOVA on percentage of correct responses with
task (i.e., phonological and speaker) as a within-subjects factor, and group
(i.e., control and dyslexic) as a between-subjects factor. MRI data were an-
alyzed with SPM8 software (Wellcome Trust Centre for Neuroimaging) with
standard procedures (SI Methods).
Definition of ROIs. Structures in the auditory pathway—i.e., the AC, MGBs, ICs,
and CN—were functionally mapped by contrasting “sentences − silence”
(experiment 2; SI Methods, Fig. S2, and Table S5). ROIs for auditory areas
on Heschl gyrus (i.e., Te1.0, Te1.1, and Te1.2) (58) were created based
on the probabilistic maps provided by the SPM Anatomy Toolbox (http://
www.fz-juelich.de/inm/inm-1/EN/Forschung/_docs/SPMAnatomyToolbox/
SPMAnatomyToolbox_node.html). ROIs for cortices that have been pre-
viously implicated in dyslexia [planum temporale (PT), left posterior tem-
poral regions, left parietal regions, lIFG and rIFG, left middle temporal
gyrus, left inferior temporal gyrus, and right postcentral gyrus] were
based on coordinates taken from the literature (22, 23), or, if available,
on probabilistic maps, i.e., PT (59) (SI Methods and Fig. S3).
Categorical analysis. In experiment 1, the contrast of interest was the inter-
action between task and group: “(controls/phonological task − controls/
speaker task) − (dyslexics/phonological task − dyslexics/speaker task).” For
testing compensatory mechanisms, we also investigated the reverse in-
teraction “(dyslexics/phonological task − dyslexics/speaker task) − (controls/
phonological task − controls/speaker task),” as well as simple main effects
and main effects of group. In experiment 2, the contrast of interest was
“(controls/sentences − controls/silence) − (dyslexics/sentences − dyslexics/si-
lence).” Group analyses were performed by using a one-sample t test across
the contrast images of all participants (i.e., random-effects analyses). Group
differences were computed by comparing single-subject contrast images
between the groups by means of a two-sample t test (“controls − dyslexics”).
Correlation analysis. For both groups separately, statistical parametric maps
were generated with the behavioral scores on (i) nonverbal IQ, (ii) literacy
tests (spelling, reading comprehension, and reading speed), (iii) word/non-
word reading measures (time and errors), and (iv) times on RAN tasks for
number, letters, and objects as covariates (SI Methods).
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Statistical thresholds. For categorical and correlation analyses, activity differences
were considered significant if they were present at P < 0.05 (FWE corrected)
within the ROIs for which a prior hypothesis could be generated from previous
literature. These were the MGB (13, 16), cortical regions that are frequently
associated with less activity in dyslexia compared with control subjects (PT, left
posterior temporal regions, left parietal regions, lIFG, left middle temporal
gyrus, left inferior temporal gyrus, right postcentral gyrus; Fig. S3) (reviewed in
ref. 22), and cortical areas that are associated with more activity in dyslexia in
contrast to control, i.e., the rIFG (23) (Fig. S3). In addition, ROIs of the auditory
pathway (left and right CN, IC, AC, and Te1.0, Te1.1, and Te1.2 in Heschl gyri)
were tested to investigate the location specificity of the MGB responses (Figs.
S2 and S3). Because, for these regions of the auditory pathway except theMGB,

there were no specific hypotheses, we consider responses within the ROI sig-
nificant only if they survived a subsequent Bonferroni correction for testing of
multiple ROIs without a prior hypothesis. An overview of the results for all ROIs
is shown in Tables S2–S6. Note that these tables also list, in a descriptive
fashion, the P values for ROIs (without prior hypothesis) that were significant
within ROI but did not survive the subsequent Bonferroni correction. These
results were considered as showing a trend to significance.

ACKNOWLEDGMENTS. We thank David R. R. Smith for helping with stimulus
manipulations and Judy Song and Timothy D. Griffiths for comments on the
manuscript. This work was supported by a Max Planck Research Group Grant
(to K.v.K.).

1. Shaywitz SE (1998) Dyslexia. N Engl J Med 338:307–312.
2. Gabrieli JD (2009) Dyslexia: A new synergy between education and cognitive neuro-

science. Science 325:280–283.
3. Carroll JM, Iles JE (2006) An assessment of anxiety levels in dyslexic students in higher

education. Br J Educ Psychol 76:651–662.
4. Finucci J, Gottfredson L, Childs B (1985) A follow-up study of dyslexic boys. Ann

Dyslexia 35:117–136.
5. Ramus F (2003) Developmental dyslexia: Specific phonological deficit or general

sensorimotor dysfunction? Curr Opin Neurobiol 13:212–218.
6. Goswami U (2002) Phonology, reading development, and dyslexia: A cross-linguistic

perspective. Ann Dyslexia 52:139–163.
7. Bryant PE, MacLean M, Bradley LL, Crossland J (1990) Rhyme and alliteration, pho-

neme detection, and learning to read. Dev Psychol 26:429–438.
8. Landerl K, Wimmer H, Frith U (1997) The impact of orthographic consistency on

dyslexia: a German-English comparison. Cognition 63:315–334.
9. Ramus F, Szenkovits G (2008) What phonological deficit? Q J Exp Psychol (Hove) 61:

129–141.
10. Hari R, Renvall H (2001) Impaired processing of rapid stimulus sequences in dyslexia.

Trends Cogn Sci 5:525–532.
11. Galaburda AM (1993) Neurology of developmental dyslexia. Curr Opin Neurobiol 3:

237–242.
12. Stein J, Walsh V (1997) To see but not to read; the magnocellular theory of dyslexia.

Trends Neurosci 20:147–152.
13. Galaburda AM, Menard MT, Rosen GD (1994) Evidence for aberrant auditory anat-

omy in developmental dyslexia. Proc Natl Acad Sci USA 91:8010–8013.
14. Jones EG (1985) The Thalamus (Plenum, New York).
15. Livingstone MS, Rosen GD, Drislane FW, Galaburda AM (1991) Physiological and an-

atomical evidence for a magnocellular defect in developmental dyslexia. Proc Natl
Acad Sci USA 88:7943–7947.

16. von Kriegstein K, Patterson RD, Griffiths TD (2008) Task-dependent modulation of
medial geniculate body is behaviorally relevant for speech recognition. Curr Biol 18:
1855–1859.

17. Ahissar M, Lubin Y, Putter-Katz H, Banai K (2006) Dyslexia and the failure to form
a perceptual anchor. Nat Neurosci 9:1558–1564.

18. Chandrasekaran B, Hornickel J, Skoe E, Nicol T, Kraus N (2009) Context-dependent
encoding in the human auditory brainstem relates to hearing speech in noise: im-
plications for developmental dyslexia. Neuron 64:311–319.

19. Cudeiro J, Sillito AM (2006) Looking back: Corticothalamic feedback and early visual
processing. Trends Neurosci 29:298–306.

20. Suga N, Ma X (2003) Multiparametric corticofugal modulation and plasticity in the
auditory system. Nat Rev Neurosci 4:783–794.

21. Thompson SK, et al. (2006) Representation of interaural time delay in the human
auditory midbrain. Nat Neurosci 9:1096–1098.

22. Richlan F, Kronbichler M, Wimmer H (2009) Functional abnormalities in the dyslexic
brain: A quantitative meta-analysis of neuroimaging studies. Hum Brain Mapp 30:
3299–3308.

23. Hoeft F, et al. (2011) Neural systems predicting long-term outcome in dyslexia. Proc
Natl Acad Sci USA 108:361–366.

24. Schiller PH, Logothetis NK, Charles ER (1990) Role of the color-opponent and broad-
band channels in vision. Vis Neurosci 5:321–346.

25. Cornelissen P, Richardson A, Mason A, Fowler S, Stein J (1995) Contrast sensitivity and
coherent motion detection measured at photopic luminance levels in dyslexics and
controls. Vision Res 35:1483–1494.

26. Martin F, Lovegrove W (1987) Flicker contrast sensitivity in normal and specifically
disabled readers. Perception 16:215–221.

27. Witton C, et al. (1998) Sensitivity to dynamic auditory and visual stimuli predicts
nonword reading ability in both dyslexic and normal readers. Curr Biol 8:791–797.

28. Menell P, McAnally KI, Stein JF (1999) Psychophysical sensitivity and physiological
response to amplitude modulation in adult dyslexic listeners. J Speech Lang Hear Res
42:797–803.

29. Tallal P (1980) Auditory temporal perception, phonics, and reading disabilities in
children. Brain Lang 9:182–198.

30. Tallal P, et al. (1996) Language comprehension in language-learning impaired chil-
dren improved with acoustically modified speech. Science 271:81–84.

31. Ramus F, et al. (2003) Theories of developmental dyslexia: Insights from a multiple
case study of dyslexic adults. Brain 126:841–865.

32. Sperling AJ, Lu ZL, Manis FR, Seidenberg MS (2005) Deficits in perceptual noise ex-
clusion in developmental dyslexia. Nat Neurosci 8:862–863.

33. White S, et al. (2006) The role of sensorimotor impairments in dyslexia: A multiple
case study of dyslexic children. Dev Sci 9:237–255.

34. Ziegler JC, Pech-Georgel C, George F, Lorenzi C (2009) Speech-perception-in-noise
deficits in dyslexia. Dev Sci 12:732–745.

35. Semrud-Clikeman M, Guy K, Griffin JD, Hynd GW (2000) Rapid naming deficits in
children and adolescents with reading disabilities and attention deficit hyperactivity
disorder. Brain Lang 74:70–83.

36. Crick F (1984) Function of the thalamic reticular complex: The searchlight hypothesis.
Proc Natl Acad Sci USA 81:4586–4590.

37. O’Connor DH, Fukui MM, Pinsk MA, Kastner S (2002) Attention modulates responses
in the human lateral geniculate nucleus. Nat Neurosci 5:1203–1209.

38. Krupa DJ, Ghazanfar AA, Nicolelis MAL (1999) Immediate thalamic sensory plasticity
depends on corticothalamic feedback. Proc Natl Acad Sci USA 96:8200–8205.

39. Edeline JM, Weinberger NM (1991) Thalamic short-term plasticity in the auditory
system: Associative returning of receptive fields in the ventral medial geniculate
body. Behav Neurosci 105:618–639.

40. Friston K (2005) A theory of cortical responses. Philos Trans R Soc Lond B Biol Sci 360:
815–836.

41. Kiebel SJ, Daunizeau J, Friston KJ (2008) A hierarchy of time-scales and the brain.
PLOS Comput Biol 4:e1000209.

42. Balaguer-Ballester E, Clark NR, Coath M, Krumbholz K, Denham SL (2009) Un-
derstanding pitch perception as a hierarchical process with top-down modulation.
PLOS Comput Biol 5:e1000301.

43. Kiebel SJ, von Kriegstein K, Daunizeau J, Friston KJ (2009) Recognizing sequences of
sequences. PLOS Comput Biol 5:e1000464.

44. Denckla MB, Rudel RG (1976) Rapid “automatized” naming (R.A.N): Dyslexia differ-
entiated from other learning disabilities. Neuropsychologia 14:471–479.

45. Boets B, Wouters J, vanWieringen A, Ghesquière P (2007) Auditory processing, speech
perception and phonological ability in pre-school children at high-risk for dyslexia: A
longitudinal study of the auditory temporal processing theory. Neuropsychologia 45:
1608–1620.

46. Lallier M, et al. (2009) Auditory and visual stream segregation in children and adults:
An assessment of the amodality assumption of the ‘sluggish attentional shifting’
theory of dyslexia. Brain Res 1302:132–147.

47. Shaywitz SE, et al. (1998) Functional disruption in the organization of the brain for
reading in dyslexia. Proc Natl Acad Sci USA 95:2636–2641.

48. Georgiewa P, et al. (2002) Phonological processing in dyslexic children: A study
combining functional imaging and event related potentials. Neurosci Lett 318:5–8.

49. Shaywitz BA, et al. (2002) Disruption of posterior brain systems for reading in children
with developmental dyslexia. Biol Psychiatry 52:101–110.

50. Paulesu E, et al. (2001) Dyslexia: Cultural diversity and biological unity. Science 291:
2165–2167.

51. Raschle NM, Zuk J, Gaab N (2012) Functional characteristics of developmental dyslexia
in left-hemispheric posterior brain regions predate reading onset. Proc Natl Acad Sci
USA 109:2156–2161.

52. Temple E, et al. (2000) Disruption of the neural response to rapid acoustic stimuli in
dyslexia: evidence from functional MRI. Proc Natl Acad Sci USA 97:13907–13912.

53. Steinbrink C, Ackermann H, Lachmann T, Riecker A (2009) Contribution of the an-
terior insula to temporal auditory processing deficits in developmental dyslexia. Hum
Brain Mapp 30:2401–2411.

54. Ives DT, Smith DR, Patterson RD (2005) Discrimination of speaker size from syllable
phrases. J Acoust Soc Am 118:3816–3822.

55. Kawahara H, Irino T (2005) Underlying principles of a high-quality speech manipu-
lation system STRAIGHT and its application to speech segregation. Speech Separation
by Humans and Machines, ed Divenyi P (Springer, New York), pp 167–180.

56. Smith DRR, Patterson RD (2005) The interaction of glottal-pulse rate and vocal-tract
length in judgements of speaker size, sex, and age. J Acoust Soc Am 118:3177–3186.

57. Remez RE, Fellowes JM, Rubin PE (1997) Talker identification based on phonetic in-
formation. J Exp Psychol Hum Percept Perform 23:651–666.

58. Morosan P, et al. (2001) Human primary auditory cortex: Cytoarchitectonic sub-
divisions and mapping into a spatial reference system. Neuroimage 13:684–701.

59. Westbury CF, Zatorre RJ, Evans AC (1999) Quantifying variability in the planum
temporale: A probability map. Cereb Cortex 9:392–405.

13846 | www.pnas.org/cgi/doi/10.1073/pnas.1119828109 Díaz et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
13

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119828109/-/DCSupplemental/pnas.201119828SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119828109/-/DCSupplemental/pnas.201119828SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119828109/-/DCSupplemental/pnas.201119828SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119828109/-/DCSupplemental/pnas.201119828SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119828109/-/DCSupplemental/pnas.201119828SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119828109/-/DCSupplemental/pnas.201119828SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119828109/-/DCSupplemental/pnas.201119828SI.pdf?targetid=nameddest=ST6
www.pnas.org/cgi/doi/10.1073/pnas.1119828109

