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Perceptual Learning of Acoustic Noise
by Individuals With Dyslexia
Trevor R. Agus,a,b,c Amaia Carrión-Castillo,a,c,d,e Daniel Pressnitzer,a,b,c and Franck Ramusa,c,d,e

Purpose: A phonological deficit is thought to affect most
individuals with developmental dyslexia. The present study
addresses whether the phonological deficit is caused by
difficulties with perceptual learning of fine acoustic details.
Method: A demanding test of nonverbal auditory memory,
“noise learning,” was administered to both adults with
dyslexia and control adult participants. On each trial, listeners
had to decide whether a stimulus was a 1-s noise token or
2 abutting presentations of the same 0.5-s noise token
(repeated noise). Without the listener’s knowledge, the exact
same noise tokens were presented over many trials. An
improved ability to perform the task for such “reference”
noises reflects learning of their acoustic details.

Results: Listeners with dyslexia did not differ from controls in
any aspect of the task, qualitatively or quantitatively. They
required the same amount of training to achieve discrimination
of repeated from nonrepeated noises, and they learned the
reference noises as often and as rapidly as the control group.
However, they did show all the hallmarks of dyslexia, including
a well-characterized phonological deficit.
Conclusion: The data did not support the hypothesis that
deficits in basic auditory processing or nonverbal learning and
memory are the cause of the phonological deficit in dyslexia.

D

One question has to do with the specific nature of
the phonological deficit. Individuals with dyslexia show
particularly poor performance in tasks that fall broadly into
three categories (Wagner & Torgesen, 1987). These task
categories are (a) phonological awareness (tasks that require
conscious attention to and manipulation of individual speech
sounds); (b) verbal short-term memory and verbal working
memory (tasks that require perception, storage for a few
seconds, and optional production of verbal material); and
(c) rapid automatized naming (tasks that require the rapid
retrieval and naming of a series of objects, colors, or digits).
Because each of these three task categories involves phonological representations, a widely accepted hypothesis is that
the representations themselves are in some way degraded
in individuals with dyslexia. However, poor performance is
always observed in complex tasks, which involve various
combinations of conscious attention, verbal memory, analytic skills, and linguistic abilities. An alternative hypothesis
is therefore that the phonological representations are intact
but that access to them might be impaired in certain cognitive operations (Ramus & Szenkovits, 2008). Data that
would allow adjudication between these two hypotheses
remain scarce (Ramus & Ahissar, 2012).
Another question is whether the phonological deficit is
specific to speech sounds, or whether it reflects a more general
auditory processing impairment. Here again, the evidence is
mixed. While a considerable body of data suggests that some

evelopmental dyslexia is a neurodevelopmental
disorder that specifically disrupts the acquisition of
reading and spelling; it affects about 3–7% of
school children (Lindgren, De Renzi, & Richman, 1985;
World Health Organization, 2011). Dyslexia cannot be
attributed to uncorrected sensory disorders, low intelligence,
or educational deprivation. Rather, research carried out
over the last 40 years has provided remarkably convergent
evidence in support of the general idea that the cognitive
basis of dyslexia is a deficit in phonological representations
and/or processing, at least for a majority of children with
dyslexia (Dole, Hoen, & Meunier, 2012; Ramus, 2003;
Vellutino, Fletcher, Snowling, & Scanlon, 2004). This deficit
may have a causal role in the development of dyslexia
(Guttorm et al., 2005; Leppänen et al., 2010). Nevertheless,
there are a number of open questions.

a

Centre National de la Recherche Scientifique, Paris, France
Laboratoire des Systèmes Perceptifs, Paris, France
c
École Normale Supérieure, Paris, France
d
Laboratoire de Sciences Cognitives et Psycholinguistique,
Paris, France
e
École des Hautes Études en Sciences Sociales, Paris, France
b

Correspondence to Trevor R. Agus, who is now affiliated with Queen’s
University, Belfast, United Kingdom: t.agus@qub.ac.uk
Editor: Craig Champlin
Associate Editor: Bharath Chandrasekaran
Received January 24, 2013
Revision received July 11, 2013
Accepted August 26, 2013
DOI: 10.1044/1092-4388(2013/13-0020)

Key Words: developmental dyslexia, perceptual learning,
phonological deficit

Disclosure: The authors have declared that no competing interests existed at the
time of publication.

Journal of Speech, Language, and Hearing Research • Vol. 57 • 1069–1077 • June 2014 • A American Speech-Language-Hearing Association

Downloaded From: http://jslhr.pubs.asha.org/ by a Max Planck Institut User on 08/25/2016
Terms of Use: http://pubs.asha.org/ss/rights_and_permissions.aspx

1069

individuals with dyslexia do have auditory deficits, there is
considerable disagreement over the nature of these deficits
(Amitay, Ahissar, & Nelken, 2002; Farmer & Klein, 1995;
Goswami, Gerson, & Astric, 2010; Goswami et al., 2011;
Hornickel, Chandrasekaran, Zecker, & Kraus, 2012; Tallal,
1980). There is also convincing evidence that auditory deficits
affect only a subset of the dyslexic population and that their
relationship with the phonological deficit and reading disability is weak if reliable at all (Banai & Ahissar, 2006; Ramus
et al., 2003; Rosen, 2003; White, Frith et al., 2006; White,
Milne et al., 2006). Alternative interpretations have again
been proposed, suggesting that performance differences on
tasks hypothesized to tap into basic auditory processing may,
in individuals with dyslexia, reflect variance in cognitive
abilities such as auditory attention, learning, memory, and
metacognition (Ahissar, Lubin, Putter-Katz, & Banai, 2006;
Ramus & Ahissar, 2012). Thus, while it seems plausible that
auditory deficits could be the cause of a reading-relevant
phonological deficit, the evidence remains inconclusive.
As a consequence, recent theories implicate cognitive
deficits. For instance, the “anchoring”-deficit theory postulates that individuals with dyslexia have difficulties in detecting and exploiting regularities in the perceptual stream.
For instance, failing to recognize that a sound is reoccurring
many times would force individuals with dyslexia to spend
the same cognitive resources for each of its appearances and
impair task performance (Ahissar, 2007). The anchoring
deficit can be assessed by contrasting two variants of an AX
(same–different) discrimination task, either with both stimuli
varied randomly from trial to trial or with one stimulus kept
constant across all trials. Control participants typically
benefit from the presence of a constant stimulus, forming an
“anchor” that spares their short-term memory. Participants
with dyslexia do not benefit from the presence of this stimulus (Ahissar et al., 2006; Oganian & Ahissar, 2012). The
anchoring deficit is presumed to be modality-independent.
Another similar but distinct recent hypothesis is that individuals with dyslexia have difficulties learning serial-order
information, whether in the verbal, auditory, or visual
modality (Szmalec, Loncke, Page, & Duyck, 2011).
Both of these new theories and the questions raised by
Ramus and Szenkovits (2008) on the nature of the phonological deficit warrant a reconsideration of the role of attention, learning, and memory in dyslexia. In this context,
the present study explores the hypothesis that individuals
with dyslexia have deficits in learning the acoustic details of
new sounds.
Memory underlies a wide range of auditory tasks, even
basic ones such as temporal masking (see Demany & Semal,
2008, for a review). As such, deficits in auditory learning,
when applied to speech sounds, could potentially account for
difficulties in phonological awareness and verbal short-term
memory. In order to test nonverbal auditory memory, the
present study builds on a paradigm developed by Agus,
Thorpe, and Pressnitzer (2010) and Agus and Pressnitzer
(2013).
Agus et al. (2010) used white noise to observe behaviorally the emergence of new auditory memories. The

waveform of white noise can be generated as a long series
of random numbers with a Gaussian distribution. It is
guaranteed that a specific token of white noise, generated in
the laboratory, has never been heard before by listeners.
Furthermore, as white noise is fully unpredictable and as its
details are impossible to rehearse mentally, such a stimulus
provides arguably a difficult test of pure nonverbal auditory
learning. Figure 1 shows a schematic of the task used here
and in Agus et al. (2010). Listeners were first trained to report
within-trial repetitions in noises: When a 0.5-s noise is presented repeatedly, these repetitions can be perceived, for
example, as a “whooshing” pattern (Guttman & Julesz, 1963).
The task set to listeners was to distinguish noises that contained repetitions from continuous noises of the same duration. Then, on subsequent blocks for which listeners continued
to perform the same task, one arbitrary exemplar of the
repeated noise (the “reference” repeated noise [RefRN]) was
presented identically in multiple trials. The RefRN token,
which was thus repeated both within and across trials, was
interspersed in random positions among trials containing only
within-trial repetitions (repeated noise [RN]) or no repetition
at all (N). Although the listeners had not been told about the
RefRN and were not aware that learning would be beneficial
to their performance, they reported the RefRNs as repeated

Figure 1. A visual illustration of the repetition-detection task
performed by listeners. The figure shows one possible ordering of the
different conditions, with schematic spectrograms of the stimuli and
the correct responses (“yes” or “no”) for each trial. Listeners were
trained to distinguish 1-s long noises (unrepeated noise [N]; Trials 1,
5, and 7) from noises that consisted of two abutting presentations of
the same 0.5-s noise token (repeated noises [RN]; Trials 2 and 4).
Unbeknownst to the listeners, half of the repeated noises were
identical across different trials (reference repeated noise [RefRN];
Trials 3 and 6). Therefore, RN trials include a within-trial repetition (the
two halves of the spectrograms are identical within a trial) but no
across-trial repetition (spectrograms differ across trials). In contrast,
the RefRN trials have both within- and across-trial repetitions (the
spectrograms are the same throughout). For the N trials, there is no
repeat within or across trials.
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much more reliably than the RNs they only heard once.
Furthermore, once learned, the RefRN token could be
recognized even without any within-trial repetition (Agus
& Pressnitzer, 2013). This shows that listeners can learn
at least some of the specific acoustic details of a 0.5-s noise
token.
The Agus et al. (2010) study provides a psychophysical
task showing that even completely arbitrary complex sounds
can be learned by naive listeners. Learning was unsupervised,
occurring in only a few exposures, and the memory traces
were long-lasting. The task therefore measures a set of skills
that could underlie many aspects of auditory performance
and development, including speech acquisition and perception. It seems relevant to ask to what extent listeners with
dyslexia can perform such a noise-learning task. Indeed,
under the hypothesis that auditory attention, learning, or
memory skills may be impaired in dyslexia, lower performance would be predicted. Under the hypothesis of a basic
auditory processing disorder, performance on noise learning
would also be predicted to be impaired, as the representation
to be learned would be somehow impoverished or more
variable (even though this paradigm is not particularly designed to specifically test the popular hypothesis of a rapid
auditory processing disorder; Tallal, 1980). Conversely, if
all of these aspects of auditory processing are unaffected
in dyslexia, normal performance would be predicted. The
present study therefore aimed to test these hypotheses by
administering Agus et al.’s (2010) sound-learning experiment
to matched groups of adults with dyslexia and control
participants.

Method
Eighteen adult participants with dyslexia (nine male,
nine female) and 18 control participants (eight male, 10 female)
with similar academic backgrounds, ages, and nonverbal IQs
took part in this study. They were recruited through advertisements in Parisian universities and received 15 per hr of
participation. Inclusion criteria required participants (a) to
be a native, monolingual speaker of French age 18 years old
or older; (b) to report no known neurological/psychiatric
disorders or hearing impairment; and (c) to have a nonverbal
IQ above 80. For controls, the crucial criteria were to report
no known history of reading/oral language difficulties and to
have a reading age above the ceiling (eighth grade; 13 years
old) of our standardized reading test. For participants with
dyslexia, the crucial criteria were a history of reading
difficulties at school age and a reading fluency score below
the level of eighth grade. Participants underwent a diagnostic
battery during a preliminary session to ensure that they met
inclusion criteria. Then the experimental tests took place in a
separate session. Ethical approval was granted by the local
ethics committee (CPP Bicêtre).

Diagnostic Procedure
The diagnostic battery included intelligence and
reading tests for the purpose of inclusion criteria. In addition,

it included a set of classic phonological tasks in which
individuals with dyslexia typically show poor performance.
Nonverbal intelligence. Nonverbal intelligence was
assessed by using either Raven’s Advanced Progressive
Matrices, Set I and Set II (Raven, Raven, & Court, 1998)
or the Picture Completion and Matrices subtests of the
Wechsler Adult Intelligence Scale (WAIS; Wechsler, 2000).
Reading skills. Reading skills were assessed by the
standardized French reading test “L’alouette” (Lefavrais,
1967). This meaningless text comprises 265 words ranging
from common to rarely used words. Participants are instructed
to read the text as fast and as accurately as possible. Standardized reading fluency scores are computed by combining
total reading time and reading errors (Gola-Asmussen,
Lequette, Pouget, Rouyer, & Zorman, 2010).
Orthographic skills. Orthographic skills were assessed
with a speeded forced-choice task. Participants were presented successively with 24 triplets of words on a computer
screen. Each triplet included a correctly spelled word and
two misspelled versions. Participants had to press as quickly
as possible the key corresponding to the correct spelling.
Scores are the number of correct trials per second.
Digit spans. Forward and backward digit spans (from
the French version of the WAIS-III; Wechsler, 2000) were
used to compute age-appropriate scaled scores in order to
obtain a measure of phonological working memory.
Spoonerisms. Participants were verbally presented
with pairs of words and were instructed to swap the first
sound of the two words and then to pronounce the resulting pseudowords while maintaining their correct order. A
composite score taking into account both accuracy and speed
was computed.
Rapid Automatized Naming (RAN). Participants
completed three versions: picture and digit naming (two
sheets of 50 objects or digits) adapted from the Phonological
Assessment Battery (Frederickson, Frith, & Reason, 1997)
and color naming (two sheets of 50 colors). Each naming test
was administered twice with different sheets. The score was
the sum of total naming time for both sheets. A composite
RAN z-score was obtained by averaging z-scores from the
three RAN tests.

Noise Stimuli
All stimuli were formed from white noise and generated as independent, normally distributed random numbers
for each token at a rate of 44.1 kHz and bit depth of 24 bits.
For RNs, a 0.5-s noise token was generated and then
concatenated to itself to generate a noise with 2, 3, 4, or
10 repeats, depending on the condition. There were no
intervening silences at the points of concatenation, and
no other local acoustical cues to the repetition. Ns were
generated as a single token of white noise with the same
duration as the RNs (i.e., 1, 1.5, 2, or 5 s, depending on the
number of repetitions).
In the test blocks, a RefRN was generated by exactly the
same method as one of the RNs. Thus, the difference between
an RN and a RefRN lay not in the stimuli themselves, but in
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their use: Each RN was presented on a single trial then never
presented again, whereas exactly the same RefRN stimulus was
presented many times (20 trials or 40 presentations of the
noise sample) throughout
a block. See Figure 1 for a schematic representation of the task.
Different RefRNs were presented in different blocks.
In order to minimize between-participant variability, all
listeners were presented with the same six RefRN stimuli in
their six test blocks. These RefRNs were selected at random.

Table 1. A summary of the blocks presented to each listener, in order.

Procedure

Note. Dashes indicate that no RefRN trials were presented in the
four training blocks.

Listeners launched each trial by pressing a key. After
a 1.2-s delay, a noise was presented. Listeners were asked
whether they thought the noise was repeated or not. They
responded by pressing a key, which triggered the next trial
until the end of the block.
Listeners first completed “training” blocks that consisted of RN and N stimuli, without any RefRNs. Initially,
listeners were asked to distinguish relatively long stimuli
(10 repetitions for the RN). Over subsequent blocks, the number of repetitions was gradually reduced until listeners were
distinguishing once-repeated RNs from Ns. Table 1 summarizes the ordering of blocks, numbers of repetitions, and
numbers of trials. In all blocks, half the stimuli were repeated
and half were unrepeated, interleaved in a random order.
Listeners then completed longer “test” blocks, in which
half of the RNs were RefRN. Listeners were not told about
the inclusion of the RefRN stimulus. The ordering of the
trials was pseudorandom, with the sole limitation that RefRN
stimuli could not be presented on two consecutive trials. This
was intended to stretch the duration of auditory memory
required to learn the RefRN stimuli. Listeners completed six
such blocks, with the same six RefRNs for each listener,1
but with the blocks in random orders.
Listeners received feedback on each response in the
training blocks, but not in the test blocks. Thus, any learning
of the RefRN was unsupervised. Both training blocks and
test blocks were completed within a single 1-hr session (M =
45 min), distinct from the diagnostic session (see below).

Apparatus
Listeners were tested individually in a double-walled
IAC sound booth, and they responded through a computer
keyboard. Stimuli were presented through an RME Fireface
UC sound-card at a 24-bit resolution and a 44.1-kHz sample
rate. They were presented to both ears simultaneously
through Sennheiser HD 600 headphones at 70 dB(A).

Analysis
For the diagnostic battery, groups were compared on
each variable using one-way analysis of variance (ANOVA).
1
Because of a technical error, one of the nondyslexic participants was
presented in the final block with one of the RefRNs he or she had already
heard instead of the sixth of the RefRNs. There was no obvious
difference in performance for that block, so it was included in the results.

No. of
repetitions
10
4
3
2
2

No. of trials

Stimulus
duration (s)

RefRN

RN

N

No. of blocks

5.0
2.0
1.5
1.0
1.0

—
—
—
—
20

5
20
20
20
20

5
20
20
20
40

1
1
1
1
6

For the repetition-detection task, mixed-design
ANOVAs were performed using the statistical package
SPSS. Stimulus-related effects (2, 3, 4, or 10 repetitions;
N, RN, or RefRN stimuli) were treated as within-subject
factors. Group effects (dyslexics vs. controls) were treated as
between-subjects factors. All interactions were included in
the resulting mixed-effects models, and type-III sums of
squares were used throughout. Greenhouse-Geisser corrections were applied where appropriate.
For the test blocks, where there were a larger number
of trials, we estimated the average d ¶ sensitivity (Macmillan
& Creelman, 2005) to RN and RefRN for individual
participants. These were calculated as
d¶RefRN ¼ zðH RefRN Þ  zðF N Þ;
d¶RN ¼ zðH RN Þ  zðF N Þ;
where H RefRN and H RN were the mean hit rates for an
individual for RefRN and RN stimuli, respectively, and
F N was the mean false-alarm rate for the N stimuli. Thus,
when the hit rates are similar to the false-alarm rates,
d ¶ is close to zero. Greater values of d ¶ imply greater sensitivity to the repetitions. An overall criterion, c, was also
calculated as
!
!
1
H RefRN þ H RN
c¼
þ zðF N Þ :
z
2
2
When listeners report as many stimuli to be repeated
as unrepeated, c will be approximately zero; more repetitions reported would lead to a positive c, and fewer to a
negative c.
Previous results have shown that not all RefRN stimuli are learnt (Agus et al., 2010). Where it was necessary
to distinguish blocks in which learning occurred, this was
based on whether the listener reported a repetition significantly more in RefRN than in RN according to a one-tailed
Fisher exact test. No correction for multiple comparisons
was applied, and as such, it would be expected that a
small number of blocks would be incorrectly categorized as
showing learning. The equivalent opposite-tailed Fisher
exact test was also calculated, and we also report the number
of blocks with significantly fewer RefRN hits than RN
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hits. If the apparent learning was due to chance variability
alone, the number of blocks with apparent differences in each
direction should be roughly equal.

Figure 2. The training data, including mean hit rates for RN and falsealarm rates for N for the dyslexic (Dys) listeners and the control
(Con) group. The error bars are 95% confidence intervals centered on
the mean.

Results
Diagnostic Battery
Table 2 shows a summary of participants’ demographic characteristics and performance on the diagnostic
battery. One-way ANOVAs show that participants did not
differ in terms of age, F(1, 35) < 1, p > .32, and nonverbal IQ,
F(1, 35) = 1.5, p = .22, but differed on all other variables:
reading fluency, F(1, 35) = 111.6, p < .001; orthographic
choice, F(1, 35) = 24.3, p < .001; RAN composite, F(1, 35) =
44.9, p < .001; digit span, F(1, 35) = 15.8, p < .001; spoonerisms, F(1, 35) = 15.7, p < .001. Thus, this group of participants with dyslexia showed the typical combination of
reading and phonological difficulties.

Training Phase
Figure 2 shows the average hit rates for RN and falsealarm rates for N for both groups of listeners with the various
numbers of repetitions used in the training block. From
10 to three repetitions, there was little change in listeners’
hit rates and false-alarm rates. Thus, any putative increased
difficulty of the task, with less of a build-up of the percept
of repetitions (Kaernbach, 2004), was largely offset by the
benefits of training (smaller numbers of repetition were
presented last in the training phase). However, for two
repetitions, there was a marked reduction in performance,
observed as a drop in the number of hits and the rise in false
alarms. The mixed-design ANOVA (4 Amounts of Repetition × 2 Types of Stimuli × 2 Groups of Listeners) on the
percentage of repetitions reported confirmed that there was
a significant effect of stimulus, F(1, 34) = 133.90, p < .001;
and a significant interaction of stimulus and number of
repetitions, F(1.62, 54.92) = 29.02, p < .001; as well as a
significant main effect of the number of repetitions, F(2.44,
82.79) = 5.60, p = .003. The results for the two groups were
very similar in all conditions: There was no effect of group,
F(1, 34) = 0.77, p = .39, or any interactions of group with
stimulus and/or number of repetition ( p ≥ .42). Even where
the two groups deviated the most, when there were just
two repetitions, there was still no significant group difference

(mixed-design ANOVA; 2 Types of Stimuli × 2 Groups
of Listeners), F(1, 38) = 0.83, p = .37. Thus, participants
with dyslexia did not show greater difficulty learning the
task.

Test Phase
The mean sensitivity for each group, calculated as
mean d¶, is shown in Figure 3. In the absence of any learning,
the sensitivity to RefRN would be expected, on average,
to be the same as the sensitivity to RN. However, overall
the sensitivity to the RefRN was greater than to the RN
stimulus, showing that listeners did in fact learn the RefRN.
A 2 × 2 mixed-design ANOVA on d ¶ showed there was a
main effect of stimulus, F(1, 34) = 43.93, p < .001, but no
effect of group, F(1, 34) = 0.33, p = .57, or any interaction,
F(1, 34) = 0.48, p = .49.
Similarly, each listener’s criterion was calculated individually. The listeners’ criteria were on average greater
than zero, t(35) = 2.90, p = .006, which means that they were
conservative about reporting repetitions; they reported fewer
repetitions than there were repeated stimuli. The criteria
for listeners with dyslexia (M = 0.1, SD = 0.4) were not significantly different from the control group’s criteria (M = 0.2,
SD = 0.3), t(34) = 0.82, p = .42.

Table 2. A summary of participants’ demographic characteristics and performance on the diagnostic battery.
Controls (n = 18)
Characteristic
Age (years)
Nonverbal IQ
Reading fluency (z score)
Orthographic choice (items/s)
RAN composite (s)
Digit-span scaled score
Spoonerisms (item/s)

Participants with dyslexia (n = 18)

M

SD

Min.

Max.

M

SD

Min.

Max.

24.01
115.06
1.50
0.46
47.69
10.56
0.11

3.93
13.88
1.16
0.21
7.23
3.31
0.05

19.00
84.00
–0.60
0.00
6.00
6.00
0.03

32.01
135.00
4.21
0.79
18.00
18.00
0.25

23.54
109.61
–1.70
0.19
6.61
6.61
0.05

5.24
12.39
0.55
0.09
2.59
2.59
0.03

17.85
90.00
–2.86
0.00
2.00
2.00
0.01

36.46
131.00
–1.10
0.33
11.00
11.00
0.13
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Figure 3. Mean d ¶ sensitivity for RN and RefRN for the two groups
of listeners. Error bars are 95% confidence intervals centered on
the mean.

It is also possible to look at the time course of learning
for each group. Figure 4 shows the average hit rates and
false-alarm rates, calculated based on the nth presentation of
each type of stimulus. Initially, the hit rates for the RN and
RefRN were similar, as would be expected before learning
occurred. However, after just a few presentations of the
RefRN stimulus, clear differences emerged. This stemmed
partly from an increase in the hit rate of the RefRN, but also
partly from a decrease in hit rates to the RN. This difference
has been previously attributed to a criterion-shift effect
(Agus et al., 2010): As listeners became more sensitive to
RefRNs, they remained able to distinguish N from RN in

their responses, but were more conservative in their responses, such that the overall proportion of stimuli for which
repetitions were reported remained constant.
What is not shown by the average statistics is that
learning did not occur in all blocks. Rather, the number of
hits for RefRN only exceeded those for RN in 33% of blocks
for listeners with dyslexia (ignoring the first five RefRN
and RN trials), and 29% for the control group, based on a
Fisher exact test without correction for multiple comparisons. This is similar to the 31% of blocks in which learning
was observed by naive participants in Agus et al. (2010).
These blocks were evenly spread throughout the listeners:
Only three listeners with dyslexia and three control listeners
showed no RefRN learning, which is reasonably similar to
the four nonlearning listeners that would be expected from
41 listeners each having a 31% chance of learning any of
six blocks independently.
Time courses of hit rates and false-alarm rates are
shown in Figure 5 for the blocks in which learning was
Figure 5. The same data shown in Figure 4 split into blocks for which
learning was observed (top panel) and blocks for which learning was
not observed (lower panel). Learning was judged to have occurred
in a block if the number of repetitions reported for RefRN significantly
exceeded those for RN, as measured by a Fisher exact test without
correction for multiple comparisons.

Figure 4. The time course of average hit rates for RefRN, RN,
and false-alarm rates for N for the listeners with dyslexia and the
control group. Each point is calculated as the average proportion of
“repeated” responses across all blocks for the nth-presented trial
of a given type of stimulus.
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observed (top panel) and for the rest of the blocks (bottom
panel). Three-parameter exponential functions were fitted to
the data and accounted for the variability significantly better
than a constant value ( p ≤ .02; Motulsky & Christopoulos,
2004) for each condition and each group. For the learned
RefRN stimuli, the half-life2 of learning was 3.0 ± 1.8
(95% confidence interval centered on the mean) trials for the
listeners with dyslexia and 2.2 ± 1.9 for the control group
(not significantly different; p = .52).

Test Correlations With the Diagnostic Battery
Sensitivity to noise repetitions and noise learning were
not correlated with any test of the diagnostic battery, neither
d ¶RN nor d ¶RefRN, |r(34)| ≤ 0.21, p ≥ .21.

Discussion
First, the results for the control group replicate the
main findings of Agus et al. (2010). Naive listeners learned
the RefRNs, reporting their repetitions more reliably than
for the RN stimuli that they only heard once each. The
learning was rapid, with just a few RefRN trials for the halflife of learning. This learning occurred in an unsupervised
fashion: The listeners were not asked to memorize the
RefRN, nor were they told that a RefRN would reoccur
throughout a block. Even if they guessed the true purpose of
the experiment, they would not have been able to distinguish
the RefRN from other trials without first developing a
memory for it. Furthermore, the learning observed was
robust, in that it occurred and was sustained despite intervening N and RN trials in which different task-relevant
stimuli were presented.
These results, and the results relating to the detection
of noise repetitions, were extended to a dyslexic population.
In terms of repetition detection, no differences were observed
between the listeners with dyslexia and the control group.
First, participants with dyslexia matched the control group
in their responses to noises repeated 10 times. Then, as the
number of repetitions was reduced to four, three, then two,
the listeners with dyslexia kept up with the control group
in their learning of repetition-detection task, despite the
increasing perceptual demands of the task. With just two
repetitions, both groups found the task equally difficult, with
d ¶s similar to the 0.5 observed by Agus et al. (2010).
In terms of perceptual learning, the listeners with
dyslexia showed no deficit relative to the control group. The
average sensitivity of each group to the RefRN was strikingly similar, as was their criterion. This resulted from
equally fast learning in both groups, as estimated through the
time constants of learning for each group, in a similar
proportion of blocks. Although there were some listeners
who showed no learning of the RefRN at all, there were
equal numbers of these listeners in each group.
2

The half-life is one of the three parameters of the fitted exponential
functions and represented the number of trials in which the hit rates
(or false-alarm rates) got halfway closer to their asymptotes.

Thus, the present results unambiguously indicate that
adult participants with dyslexia show normal performance
in this psychophysical paradigm. This suggests that their
basic auditory processing is not impaired in such a way as
to hinder the perception and representation of the subtle
acoustic features that characterize each noise stimulus, and
that allow listeners to detect whether a stimulus is repeated or
not. Note, however, that the nature of the acoustic features
that are memorized in the noise paradigm is still unclear
(Kaernbach, 1993). An alternative interpretation is thus that
any degradation of acoustic representation for listeners with
dyslexia does not impact the availability of features that
are useful for noise repetition detection and learning.
Most important, the learning curve during the experiment was the same for the two groups, suggesting that the
nonverbal auditory memory processes of listeners with
dyslexia are indistinguishable from controls in a noiselearning task. One potential issue is whether the difficulty of
the present task was sufficient to adequately tax the perceptual and cognitive resources of participants with dyslexia.
In fact, this task was very difficult, which is why a progressive training phase (from 10 to 4 to 3 to 2 repetitions) was
required. The difficult nature of the task was also reflected
objectively in the low d ¶ values obtained, averaging 0.7 for
RN and 1.3 for RefRN. Conversely, could a floor effect have
prevented us from observing group differences? The distribution of scores does not indicate a floor effect, and indeed
almost all participants succeeded in learning some RefRN
stimuli. Thus, our data suggest that the task was at the right
level of difficulty to tax participants’ perceptual and cognitive resources while maintaining their performance significantly above chance and floor effects.
One question that could of course be raised is whether
these participants with dyslexia are really dyslexic and show
a phonological deficit. While it is true that they were selected
at the high-performing end of the dyslexic population,
both their history and their diagnostic data attest that their
reading skills lie well below what is expected from their
intellectual level. Furthermore, the data also show that they
have significant difficulties in phonological tasks tapping
phonemic awareness, verbal short-term memory, and RAN.
These individuals’ phonological deficit requires an explanation, and it seems that the explanation does not include
general difficulties in perceiving, attending to, and learning
complex sounds. Whether this conclusion can be generalized
to populations showing more severe impairments will have
to be confirmed in future studies.
Given that all participants were adults, the question may
also arise whether they might have had genuine auditory
processing impairments in childhood, which were resolved by
the time they reached adulthood. However, as pointed out
before, this raises the question: Why would only auditory
impairments resolve with time, yet not the phonological
deficit, nor the reading disability? Further, such an idea has no
experimental support showing that auditory processing
impairments would be any more frequent in dyslexic children
than adults (Ramus et al., 2003; Ramus, White, & Frith,
2006).
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Because our task includes stimuli that reoccur
throughout an experimental block, it is interesting to put the
results in the context of the “anchoring” deficit in dyslexia
performance (e.g., Oganian & Ahissar, 2012). In anchoring
tasks, a stimulus also reoccurs throughout a block, and
a large difference is observed between participants with
dyslexia and controls on the ability to exploit this statistical
regularity—whereas we did not observe any difference between groups in a noise-learning task. However, there are
several important differences between the two paradigms.
In anchoring tasks, the reoccurring stimulus is typically presented on every trial (in AX discrimination tasks), or it is
repeatedly drawn from a small set (Ahissar et al., 2006). Also,
the reoccurring stimuli are obviously the same, at least for
the control group: either pure tones with the same frequency
or the same pseudowords. Finally, anchoring experiments
typically include feedback (but see Banai & Yifat, 2012). Here,
the reoccurring stimulus was only present on a minority of
trials at unpredictable times during the experiment (and never
on successive trials). The reoccurring stimulus was not initially
discriminable from the non-reoccurring ones, as before
learning all sounds sounded like noise. No feedback was
provided in the test phase. Thus, there are many potential
causes for the different outcomes observed in anchoring versus
noise learning. Even though the present experiment was not
designed to test directly the anchoring theory, an understanding of what caused the success of participants with
dyslexia in achieving a learning of noise may help to specify
the necessary conditions to observe an anchoring deficit.
The present study therefore adds to a growing literature
suggesting that auditory processing in dyslexia is largely
normal, even in its finer aspects (at least for a majority of
individuals). It furthermore provides little support for more
recent hypotheses relative to deficits in auditory learning or
memory (Ramus & Ahissar, 2012). While this does not in itself
have any direct clinical implications, this is certainly consistent
with the little measurable efficacy demonstrated by auditory
training programs for dyslexia (Strong, Torgerson, Torgerson,
& Hulme, 2011).
Finally, it should be noted that speech has different
statistics than noise; for example, speech has much greater
peaks and troughs in its envelope (Drullman, 1995) with
particularly deep modulations around 4 Hz (Houtgast &
Steeneken, 1985). Perceptual learning of speech-specific
features should thus also be investigated in future studies.
Nevertheless, given the demanding nature of the noiselearning task and its a priori generality, our data strongly
suggest that unsupervised learning of complex acoustic
features is largely preserved in individuals with dyslexia.
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