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ABSTRACT

The use of binaural pitch stimuli to test for the
presence of binaural auditory impairment in reading-
disabled subjects has so far led to contradictory
outcomes. While some studies found that a majority
of dyslexic subjects was unable to perceive binaural
pitch, others obtained a clear response of dyslexic
listeners to Huggins’ pitch (HP). The present study
clarified whether impaired binaural pitch perception
is found in dyslexia. Results from a pitch contour
identification test, performed in 31 dyslexic listeners
and 31 matched controls, clearly showed that dyslexics
perceived HP as well as the controls. Both groups also
showed comparable results with a similar-sounding,
but monaurally detectable, pitch-evoking stimulus.
However, nine of the dyslexic subjects were found to
have difficulty identifying pitch contours both in the
binaural and the monaural conditions. The ability of
subjects to correctly identify pitch contours was found
to be significantly correlated to measures of frequency
discrimination. This correlation may be attributed to
the similarity of the experimental tasks and probably

reflects impaired cognitive mechanisms related to
auditory memory or auditory attention rather than
impaired low-level auditory processing per se.

Keywords: dyslexia, binaural processing, pitch
perception, frequency discrimination

INTRODUCTION

Developmental dyslexia is a specific learning impair-
ment affecting the ability to fluently read, spell, and
decode words, despite adequate educational opportu-
nities and otherwise normal intellectual abilities (Lyon
et al. 2003). The basis for this disorder, estimated to
affect 5% to 10%of school-aged children (Shaywitz et al.
1990), is generally described by theories supporting two
antagonistic points of view (see, e.g., Ramus 2003; Rosen
2003 for reviews). In short, the discussion revolves
around whether the phonological processing disorder
found in dyslexia is due to a purely cognitive deficit,
linked to congenital dysfunction in the corresponding
cortical areas of the brain, or to a basic sensorimotor
deficit, possibly linked to a dysfunction of magno-cells
along the sensory pathways. Conclusions favoring both
points of view have been drawn from empirical data,
and a possible relationship between low-level nonlin-
guistic impairment and reading disability remains
under debate.
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Although their influence on reading abilities is
controversial, a wide range of auditory processing
disorders have been found in part of the dyslexic
population (e.g., Wright et al. 2000; Amitay et al.
2002). Among other things, it has been suggested that
low-level binaural processing might be impaired in
some dyslexic listeners. McAnally and Stein (1996)
obtained significantly lower binaural masking level
differences (BMLDs) in their group of dyslexic
listeners than in the control group, suggesting a
difficulty of dyslexic listeners in exploiting interaural
phase differences to obtain a binaural advantage.
However, later studies (Hill et al. 1999; Amitay et al.
2002) found similar BMLDs in dyslexics and controls.
Binaural pitch stimuli (Cramer and Huggins 1958)
have also been used to investigate binaural processing
abilities in dyslexic listeners. Dougherty et al. (1998)
found that most of their dyslexic subjects failed at
identifying and lateralizing pitch contours if no
monaural cues were available. Their results suggested
that the binaural integration of fine temporal infor-
mation might be impaired in dyslexia, thus inducing
an inability to perceive binaural pitch. Similarly,
Edwards et al. (2004) asked a group of reading-
disabled children to lateralize binaural pitch stimuli
and found that 52% of dyslexics failed at the task in
the absence of monaural cues. In contrast, Chait et al.
(2007) did not find evidence for impaired binaural
pitch perception in dyslexia. In a pitch-onset detec-
tion task, they compared the detectability of Huggins'
pitch (HP) to that of sinusoidal targets in diotic noise
(TN) and found that HP was generally perceivable by
dyslexic listeners, with only few misses on average.
Moreover, elevated response times with both HP and
TN stimuli suggested a slower processing of pitch-
evoking noise stimuli in dyslexics, rather than an
impairment in pitch detectability per se. Short stim-
ulus durations or high task complexity might then
have been responsible for the results obtained by
Dougherty et al. (1998) and Edwards et al. (2004).

The question remains whether some reading-
disabled listeners have impaired binaural pitch
perception or whether all of them are able to hear
binaural pitch, provided the duration of the stimuli
is sufficiently long and the task simple enough. The

present study aimed at clarifying this point, by
investigating the ability of a larger group of dyslexic
listeners to detect and identify binaurally and
monaurally detectable pitch contours, using two
different stimulus durations. By comparing the subjects’
detection scores to their pitch contour identification
scores and by evaluating correlations of the results with
specific auditory and cognitive measures, the study
aimed to verify or falsify the presence of low-level
binaural processing impairment in dyslexia.

METHODS

Procedure

A pitch contour identification test was performed with
two stimulus types, eliciting a pitch sensation in noise:
a binaural pitch (BP) stimulus and a similarly sound-
ing stimulus containing a monaurally detectable pitch
(MP; see “Stimuli”). The use of two stimulus types was
motivated by two factors: (a) Assuming that all
listeners could perceive MP, it made pitch contour
identification measureable in subjects unable to
perceive BP; (b) It allowed evaluation of whether
potential difficulties in pitch detection and contour
identification were linked to a deficit in binaural
processing or to a general difficulty in extracting tonal
objects from background noise (c.f. Chait et al. 2007).
The fundamental difference between these two stim-
uli is that while BP requires binaural presentation and
cannot be perceived when listening with only one ear
(in which case only noise is heard), MP can be
detected monaurally.

In each trial, sequences of three musical notes were
presented, such that they formed either rising, falling,
or constant pitch contours (Table 1). Note frequen-
cies were chosen to be between 500 and 800 Hz, i.e.,
within the range of strongest salience of Huggins'
pitch (Santurette and Dau 2007). The choice of
rather large frequency intervals (917%) between
successive notes in the rising and falling pitch
contours (Table 1) was made to avoid possible effects
of impaired frequency discrimination on pitch con-
tour identification: France et al. (2002) obtained just
noticeable differences (JNDs) that never exceeded

TABLE 1

Note frequencies, pitch contours, and frequency intervals used in the pitch contour identification experiment

Note frequencies Pitch contours Frequency intervals

Note Frequency (Hz) Contour Note sequence Notes Interval

C5 523.25 Rising C5–E5–G5 C5–E5 136 Hz (23%)
E5 659.26 Falling G5–E5–C5 E5–G5 125 Hz (17%)
G5 783.99 Constant E5–E5–E5

Relative intervals between f1 and f2 are given in percent relative to (f2 + f1)/2
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16% of the test frequency (500 Hz) in their study of
auditory frequency discrimination in dyslexia, and
normal frequency sensitivity usually lies around 1–3%
in the frequency range considered here (Moore
2003). Two different note durations were used in
order to measure whether performance in pitch
detection and contour identification improved with
stimulus duration: As response times obtained by
Chait et al. (2007) were in the range 400–800 ms for
both dyslexics and controls, note durations of 300 ms
(shorter than the subjects’ response time) and 900 ms
(which should be long enough for all subjects to
extract the pitches from the noise) were compared.

After each presentation, the subjects responded by
pressing one of four buttons on a computer screen: an
upward-pointing arrow (rising pitch), a downward-
pointing arrow (falling pitch), a horizontal arrow
(constant pitch), or a cross (no pitch). Subjects were
instructed to press the cross when no melody was
heard and to press the arrow corresponding to the
perceived pitch contour when a melody was heard.
The “no-melody” option was included so that both
detection and contour recognition could be tested
within a single short experiment. Subjects were
presented 15 trials for each combination of stimulus
type (MP or BP) and note duration (300 or 900 ms).
In addition to these 60 trials containing a pitch
contour, 20 trials containing no pitch contour (diotic
white noise only) were presented, half of them
corresponding to each duration. This made it possible
to evaluate false alarms and to avoid the possibility of
subjects never pressing the cross. Trials were pre-
sented in a random order, and total testing time was
approximately 10 min per subject. Before the test,
each subject was first introduced to the different pitch
contours played with pure-tone stimuli. A short 12-
trial practice run was also performed with pure tones
to ensure that the task was correctly understood.

Subjects

Two groups of 31 dyslexic subjects (ages 19–30 years,
mean 21.5) and 31 matched controls (ages 19–
32 years, mean 21.4) with normal hearing thresholds
participated in the experiment. All experiments were
approved by the Committee of Medical Ethics of
Clinical Research of the Katholieke Universiteit
Leuven. Subjects had Dutch as a native language
and were matched according to gender, age, and
educational level. The cognitive profiles of the two
groups of subjects are summarized in Table 2.
Dyslexics performed significantly worse than controls
in all measures of reading and spelling accuracy, rapid
automatized naming, phonemic awareness, and verbal
working memory, despite scores similar to controls in
measures of intellectual functioning. All dyslexics had

nonword reading (Klepel test, van den Bos et al.
1994) scores below percentile 5 compared to the
university norm group (Depessemier and Andries
2009) and had a formal diagnosis of developmental
dyslexia. None of the controls reported any history
of reading difficulties (Vandermosten et al. 2010).
Psychoacoustic measures of temporal auditory pro-
cessing were performed in the same two groups of
subjects and are also included in Table 2, as they
might shed light on the results. These measures
included a tone-in-noise detection task, frequency
modulation (FM) detection at a 2-Hz FM rate, and
the JND in frequency at 490 Hz. Details of the testing
methods are given in Appendix 1.

Stimuli

Stimulus waveforms were generated in MATLAB®
with a 48,000-Hz sampling rate and 16-bit resolution
in the following way: The BP stimulus was a Huggins'
pitch and contained a frequency-dependent interau-
ral phase difference pattern, such that the left and
right noises were in phase at all frequencies, except
for a narrow frequency range around the boundary
frequency fb. In the transition area around fb, a phase
difference varying linearly from 0 to 2π was intro-
duced in the frequency interval [0.92 fb; 1.08 fb] (see
Fig. 1A), in order to create a pitch sensation
corresponding to fb. The stimuli were created as
follows: (1) Random noise with the desired duration
was generated in the spectral domain, using a
48,000-Hz sampling rate; (2) All components of the
noise were adjusted to have the same amplitude; (3)
All frequency components above 4,000 Hz were set to
zero; (4) The stimulus obtained in step 3 was kept
intact, transformed back to the time domain using the
inverse Fourier transform (iFFT) algorithm, and fed
to the left channel; (5) Some of the phase compo-
nents of the stimulus obtained in step 3 were modified
in order to create the desired interaural phase differ-
ence pattern, and the iFFT algorithm was applied to
the stimulus.

The MP stimulus was generated in the same way as
the BP stimulus, except that no interaural phase
difference was introduced, i.e., diotic broadband
noise (BBN) was created. An additional diotic narrow
band of noise (NBN) was then added to the BBN in
the frequency interval [0.96 fb; 1.04 fb], thereby
creating a pitch sensation corresponding to fb, due
to an increased amplitude of frequency components
around fb (see Fig. 1B). In order to obtain a similar
salience for the MP and BP stimuli, the overall level of
the NBN was adjusted using a linear relationship
with the overall level of the BBN, following results
from a preliminary salience adjustment experiment,
described in Appendix 2. Although Huggins' pitch is
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generally lateralized towards one side of the head, the
BP configuration used in this experiment was pre-
viously found to have an ambiguous lateralization
towards either the left or the right side of the head
(c.f. HP− in Raatgever and Bilsen 1986). It was
therefore chosen to introduce the NBN diotically
rather than in one single channel, so that MP was
perceived in the middle of the head.

For both stimulus types, each note was generated
by adjusting fb to the desired note frequency. Notes
were then concatenated to form the different pitch
contours, and each contour was preceded and fol-
lowed by 500 ms of diotic white noise (Fig. 2). In
order to avoid discontinuities in the waveform
between successive notes, 1-ms onset and offset cosine
ramps were used at the beginning and end of each
portion of the stimulus. The overall stimulus was
gated with 100-ms onset and offset cosine ramps. Wave
files were created for each independent trial and
implemented in the APEX 3 psychophysical platform
(Francart et al. 2008). Stimuli were fed through a
LynxONE soundcard and presented at an overall level
of 70 dB SPL via Sennheiser HDA 200 headphones in
a sound-attenuating listening booth. Subjects were not
informed about the existence of different stimulus
types.

RESULTS

Pitch contour identification experiment

Figure 3 shows the ability of control (light gray bars)
and dyslexic (dark gray bars) subjects to detect the
presence of pitch contours for each of the different
stimulus configurations. It can be seen that subjects
from both groups could clearly hear both MP and BP,
independently of stimulus duration. In particular, the
lowest overall score obtained among dyslexics with BP
was 93%, showing that all dyslexic listeners without

FIG. 2. Stimulus design for the pitch contour identification experi-
ment. Example of a rising pitch contour.
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exception could hear binaural pitch. Differences
between the two groups were overall not significant
(MP300: p=0.2344, MP900: p=0.0156, BP300:
p=0.8594, BP900: p=0.3594 [Wilcoxon signed-rank
test]). N.B. None of the p values mentioned in this
article were corrected for multiple testing.

When comparing the total detection scores over
trials with a 300-ms vs. a 900-ms note duration, no effect
of stimulus duration was found on the ability of the
listeners to detect the pitch contours (controls: p=0.6719,
dyslexics: p=0.4688 [Wilcoxon signed-rank test]).

The average false alarm rate, i.e., the percentage of
trials containing no pitch contour in which subjects
pressed another button than the cross, was found to
be rather low in both groups (dyslexics 8.5%, controls
6.8%) and never exceeded 35%. This rules out the
possibility that the high detection scores obtained
here were due to strong false alarm bias or a
misunderstanding of the task.

If one now considers the ability of subjects to
correctly identify the pitch contours (Fig. 4), it appears
that dyslexics are generally worse at the task than
controls, in all stimulus configurations. This differ-
ence is only borderline significant when the whole
group of dyslexic subjects is considered (MP + BP
overall identification score: p=0.0402 [Wilcoxon
signed-rank test]). However, error bars in Figure 4
indicate that the variability among subjects is higher
in dyslexics than in controls.

Figure 5A shows individual identification scores of
MP and BP contours against each other. It can be
seen that most dyslexic subjects actually performed
similarly to controls (group D+, above the antidiago-
nal dashed line), while nine dyslexics (group D−) and
one control identified less than 80% of pitch contours

correctly with both MP and BP (points with number
labels in Fig. 5A), thus indicating difficulty with the
task. The fact that all data points lie around the
diagonal line in Figure 5A reflects that the stimulus
type did not have an influence on the task, i.e., the
use of binaural pitch did not make pitch identification
more difficult than for a monaurally detectable pitch.
In fact, overall scores were on average higher with BP
than MP. Moreover, seven of the ten labeled subjects
in Figure 5A also obtained less than 80% correct
identification in the practice run with pure-tone
stimuli (only subjects 9, 14, and 27 obtained more
than 80% correct in that condition), suggesting that
their difficulty stems from the nature of the task
rather than the type of stimulus used.

When comparing overall identification scores
obtained with short vs. long note durations (Fig. 5B),
it appears that almost all subjects benefited from a
longer note duration (points generally fall above the
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diagonal line). Average scores for MP and BP stimuli
were found to be significantly higher with 900-ms
notes than 300-ms notes in both groups of listeners
(dyslexics: pG0.0001, controls: p=0.0001 [Wilcoxon
signed-rank test]). The analysis of recorded reaction
times revealed no significant difference between
dyslexics and controls.

The analysis of error matrices showed that more
misses occurred for the constant pitch contour than
for the rising and falling pitch contours and that the
rising and falling pitch contours were confused with
each other more often than with the constant pitch
contour. These trends were, however, similar in both
the dyslexic and control groups.

Correlation with measures of cognitive function
and temporal auditory processing

Overall, no significant correlations were found
between pitch identification scores and cognitive
measures included in the subjects’ profile (Table 2),
i.e., measures of reading and spelling accuracy, rapid
automatized naming (RAN), phonemic awareness,
working memory, and intellectual functioning. Taking
multiple statistical testing into consideration, the only
psychoacoustic measure that correlated significantly
to performance in pitch contour identification was
frequency discrimination in the dyslexic group. Per-
forming the correlation analysis on the total pool of
subjects (dyslexics and controls) led to even higher
significance of the correlation between pitch contour
identification scores and all measured frequency JNDs
(pG0.0001 [ρ=−0.4960]). A scatter plot of overall pitch
contour identification scores vs. the measured fre-
quency JNDs is given in Figure 6.

When comparing the cognitive and auditory
profiles of dyslexic subjects from groups D+ and
D− (see “Pitch contour identification experiment”),
it appears that both groups show similar perform-
ance in most tasks (Table 2). However, a significant
group difference was found for frequency discrim-
ination abilities as well as RAN response times for
digits, letters, colors, and mean RAN response
times. It is also worth noting that the only control
subject who had difficulty with pitch contour
identification (subject 17) performed poorer than
all other controls in several tasks (FM detection,
spelling of real words) and obtained low scores in
the phoneme deletion and digit span tests, despite
similar reading scores to other controls. The latter
subject also showed frequency JNDs that were
overall considerably higher than in other controls.

DISCUSSION

The present results clearly show that dyslexic listeners
are able to perceive binaural pitch. Moreover, the
pitch detection scores of subjects with dyslexia were
similar for the BP and MP stimuli. Because perceiving
BP requires the comparison of accurate phase infor-
mation across ears, these two findings suggest that no
severe dysfunctions in peripheral temporal fine-struc-
ture processing or binaural integration mechanisms
are associated with dyslexia and confirm the findings
of Chait et al. (2007), who found no sign of binaural
impairment in dyslexia using binaural pitch stimuli.
This conclusion is supported by the fact that FM
detection scores of the subjects with dyslexia sug-
gested normal temporal fine-structure processing
(Moore and Sek 1996) in dyslexic listeners. These
normal FM detection scores contrast with the reduced
FM detection abilities previously found in preschool
children (Boets et al. 2007) and might reflect the
presence of compensation mechanisms in these adult
dyslexic subjects (university students).

The fact that all subjects could easily detect BP but
that a subgroup of the dyslexics (29%) had difficulty
with pitch contour identification for both MP and BP
stimuli suggests that the findings of Dougherty et al.
(1998) and Edwards et al. (2004) may have been task-
related: They used pitch contour identification and
lateralization tasks, while Chait et al. (2007) used a
simple detection task. Another difference that one
should bear in mind is that the former two studies
tested children, while the latter used adult subjects,
who might have developed compensation mecha-
nisms and thus show higher performance. However,
it is unlikely that compensation can explain the whole
of the present findings concerning binaural pitch
perception: The presence of a subgroup with reduced
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performance in the present study confirms that the task
remains problematic for these adult subjects. Moreover,
because no influence of note duration on detection
scores was found, it is unlikely that the results obtained
by the former two studies were due to short stimulus
durations. This is in line with findings from Banai and
Ahissar (2006), who showed that the psychoacoustic
abilities of dyslexic listeners with additional learning
difficulties depended on the complexity of the required
task rather than the nature of the presented stimuli. In
the present study, the lack of significant difference
between reaction times of dyslexics and controls may
also reflect an influence of task complexity: While the
present task required decision between four response
buttons, leading to long response times in both groups
of subjects, Chait et al. (2007) obtained significantly
longer response times in dyslexics than in controls with
a more automatic task.

One question raised by the present results con-
cerns the origin of the difficulty of the D− group with
pitch contour identification. Given the nature of the
task and the experimental paradigm used in this
study, several suggestions can be made that might
explain this difficulty.

One explanation could be that dyslexics of the D−
group have a difficulty detecting tonal objects in
background noise, as suggested by Chait et al.
(2007). This would mean that, for these subjects, MP
and BP are less salient than for the control and D+
groups, making pitch contour identification more
difficult when using such stimuli. However, most D−
subjects also had difficulty with the task in the training
session with pure tones, which contained no back-
ground noise. Additionally, no significant group
difference between D+ and D− subjects was found in
the tone-in-noise detection task. Therefore, it is
unlikely that a weaker pitch sensation with MP and
BP stimuli was responsible for the lower pitch
identification scores in the D− group.

Another explanation could be that, in the exper-
imental procedure, subjects had to link an auditory
pattern to a visual symbol: Each possible pitch contour
corresponded to a different response button and, for
instance, subjects had to link a rising pitch contour to
an upward-pointing arrow. Such an ability might be
impaired in some dyslexics. If such a deficit was the
main reason for low pitch contour identification
scores in the D− group, one would expect D− subjects
to perform as D+ subjects in a similar task that does
not involve linking an auditory pattern to a visual
symbol. In the present study, the frequency discrim-
ination task was close to such a situation: While a
comparison of the pitch of successive tones was
required, no visual symbols had to be linked to
specific pitch directions in the response process, as

the subjects were instructed to identify the odd
interval. However, a significant group difference in
frequency JND was still found between D+ and D−
subjects. This suggests that a difficulty linking auditory
and visual patterns does not satisfactorily explain the
results of the D− group.

Despite the rather large intervals between succes-
sive notes used in this study, one cannot exclude the
possibility that impaired frequency discrimination was
responsible for making pitch contour identification
more difficult in the D− group. One might argue that
the significant correlations between pitch contour
identification scores and frequency JNDs support this
hypothesis. However, frequency JNDs at 490 Hz in the
D− group never exceeded 8% of the test frequency.
Because frequency intervals in the pitch contours
used here were larger than 17%, it can be assumed
that all subjects were able to discriminate between
successive notes.

The question remains why some subjects failed to
identify the individual contours even though they
could hear the difference between them, and why
frequency JNDs are then correlated to pitch contour
identification scores. When comparing the subjects’
tasks in the pitch contour identification and the
frequency discrimination experiments, one can
observe that they are, in fact, very similar: Frequency
discrimination was measured using a three-alternative
forced-choice (3AFC) paradigm, in which subjects
listened to three successive tones before deciding
which of these tones had a different pitch than the
other two. This corresponds to choosing between
three possible pitch contours and might explain why
results from the two experiments strongly correlate.

This raises the question whether frequency dis-
crimination per se is really impaired in some dyslexic
listeners or whether the obtained results just reflect a
limit imposed by a difficulty with the nature of the
task itself. The present study used a three-interval,
three-alternative forced-choice paradigm and found
higher mean frequency JNDs in the dyslexic group
than in the control group, but these group differences
were not or only borderline significant. McAnally and
Stein (1996) found a strongly significant difference
between frequency JNDs of dyslexics and controls at
1 kHz, using a two-interval same–different paradigm
in which the reference was presented once (2I-1A-X).
Hill et al. (1999) measured frequency JNDs at 1 and
6 kHz with a four-interval 2AFC paradigm in which
the second or the third interval contained the target
and found no group difference between dyslexics and
controls at either test frequency. Considering such
different results obtained using different tasks, it
appears essential to investigate and discuss the
influence of the experimental procedure on fre-
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quency JNDs with dyslexic listeners. In their compar-
ison of thresholds obtained with a 2I-1A-X paradigm
and a 2I-6A-X paradigm in which the reference was
presented six successive times, France et al. (2002)
showed that JNDs of dyslexic listeners could be
reduced to those of controls by increasing the
number of available observations and using short
interstimulus intervals. They suggested that a deficit
in early auditory memory (Hari et al. 1999) could
explain the dependence of JNDs on the procedure
used and argued that repeated exposure to known
identical references might help stabilize auditory
memory and thus lead to lower thresholds.

If the difficulty of D− subjects in identifying pitch
contours disappears when changing the experimental
procedure, this would confirm that these subjects are in
fact able to perceive the difference between successive
stimulus intervals and that their difficulties are directly
linked to the nature of the task. Therefore, mechanisms
responsible for the ability to retain successive stimulus
intervals in memory could be deficient. This would be
consistent with the presence of a significant D+/D−
group difference in a discrimination task (frequency
JND), but not in less-complex detection tasks (tone-in-
noise and FM detection). This hypothesis would also be
in line with findings from Banai and Ahissar (2004): A
subgroup of their dyslexic subjects (DP) obtained
frequency JNDs that were elevated compared to other
dyslexics, and subjects from this subgroup, which
formed a proportion similar to that of the D− group of
the present study, were also the ones showing a
significant impairment in verbal working memory.
Moreover, in both studies, significantly longer RAN
reaction times were found in subjects from the afore-
mentioned subgroups (DP in Banai and Ahissar (2004),
D− in the present study), compared to other dyslexic
subjects. This suggests that the core phonological deficit
of D+ and D− subjects might have different etiologies
and that a deficit in rapid information retrieval from
memory plays a role in the difficulty of D− subjects with
the pitch contour identification and frequency discrim-
ination tasks.

Finally, because pitch contour identification
involves following changes in pitch, the ability to
switch attention from one pitch percept to the next
could also be impaired in the D− group. This would
be consistent with findings from Hari and Renvall
(2001) whose results suggested that “sluggish atten-
tional shifting” could give rise to impaired processing
of rapid stimulus sequences. More recently, Hämäläinen
et al. (2008)measured event-related potentials (ERP) in
reading-disabled children and found that ERP
responses to pitch changes were lower in reading-
disabled children than in control children, in a
component related to attention switching.

CONCLUSION

It was found that binaural pitch was easily detectable
in both dyslexic listeners and matched controls, which
suggests intact low-level binaural processing in dys-
lexia. In both groups of subjects, pitch contour
identification scores were similar for binaural pitch
stimuli and monaurally detectable pitches in noise,
showing no sign of low-level binaural impairment in
dyslexic listeners. A subgroup of dyslexics showed
difficulties with pitch contour identification. Results in
that experiment were significantly correlated with
measures of frequency discrimination, and this corre-
lation is most likely due to the similarity of the tasks in
the two experiments. The difficulty in such tasks is
thought to be attributable to auditory memory or
auditory attention deficits, rather than reduced fre-
quency discrimination abilities per se. The results
favor impaired cognitive mechanisms as precursors to
reading disability, rather than impaired low-level
auditory processing. They underline the influence of
the choice of the experimental paradigm and the task
of the subjects on results from basic psychophysical
measures with dyslexic listeners. Overall, great care
ought to be taken before asserting the presence of a
low-level auditory processing deficit in a dyslexic
group, if the task involves auditory memory or
auditory attention to a nonnegligible extent.
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Appendix

Methods used for auditory processing measures

A 3AFC procedure was used in all experiments.
Psychoacoustic performance: Detection of a 1-kHz pure tone
in background noise was measured. Results are given as the
signal-to-noise ratio at threshold in decibels. FM detection:
Detection of frequency modulation of a 1-kHz tone was
measured for a 2-Hz FM rate. Results are given as the
maximum frequency excursion at threshold in Hertz.
Frequency discrimination: The just noticeable difference in
frequency was measured at 490 Hz using a two-down one-up
procedure and a fixed-reference paradigm. Targets were
always lower in frequency than the reference tone, and the
target frequency was varied by a factor of 1.4. Stimuli were
presented monaurally at 70 dB SPL. Results are given as the
smallest detectable change in frequency (in percent of the
test frequency).
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Salience adjustment of MP and BP

In order to match the salience of MP to that of BP, a
preliminary salience adjustment experiment was performed
by five normal-hearing listeners. A 2I-2AFC procedure was
used, in which one random interval contained a BP
stimulus, and the other interval contained an MP stimulus.
The overall level of the broadband noise in both MP and BP
stimuli (LBBN) was fixed, and the tracking variable was the
overall level of the additional narrow band of noise in
the MP stimulus (LNBN). For each presentation, the task of
the listener was to indicate, via a computer interface, in
which interval the pitch was more salient. Intervals had a
500-ms duration, including 30-ms onset and offset cosine
ramps, and were separated by a 500-ms silent pause. A one-up
one-down procedure was used: when BP was perceived as
more salient, LNBN was increased in the next presentation,
and when MP was perceived as more salient, LNBN was
decreased in the next presentation. The starting value of
LNBN was 75 dB SPL. Step sizes of 8, 4, 2, and 1 dB were used,
and the step size was decreased after each upper reversal. A
run was terminated after 14 reversals, and the threshold
value was determined from all points following the sixth
reversal. The experiment was performed for LBBN = [55; 60;
65; 70; 75; 80], with fb=500 Hz. Stimuli were generated as
described in “Stimuli.” Each subject performed three runs
for each value of LBBN. The best-matching LNBN value was
defined as the average value obtained over all runs. The
average LNBN giving equal salience was found to be linearly
correlated to LBBN, and a first-degree polynomial, described
by LNBN ¼ 1:07� LBBN � 15:69, was fitted to the data.
This relationship was used to generate the MP stimulus
for the pitch contour identification experiment (see
“Stimuli”).
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