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Abstract: Dichotic listening is the high-level auditory process which enables the perception of differ-
ent verbal stimuli delivered simultaneously to the right and left ears (binaural integration), as well as
the perception of a verbal stimulus presented to one ear while ignoring a different stimulus in the
other ear (binaural separation). Deficits in central auditory processing have been reported in children
with learning disabilities. The present study aimed to compare dichotic listening performances
in right-handed impaired readers (IR) and non-impaired readers (non-IR) according to age. For
this, a cross-sectional study was conducted in 120 IR (56 males and 64 females) divided into five
age groups and 120 non-IR (63 male and 57 female) matched on chronological age (8 to 9 years;
9 to 10 years; 10 to 12 years; 12 to 18 years; adult). They were tested for binaural integration and
binaural separation, allowing for the calculation of dichotic aptitude (DA), ear prevalence (EP), and
attentional shift index (ASI). A series of ANOVAs showed an effect of age and of the reading group
for all the dichotic-related measures, except for EP. Binaural separation scores were lower in IR who
also showed more intrusive responses compared to non-IR. These intrusive responses, which were
more frequent on the right ear for IR, decreased with age in both groups. Overall, these results
suggest that dichotic listening scores improve with age as the central auditory pathways mature.
However, whatever the age, performances are lower in IR than in non-IR. This might be explained by
an incomplete maturation of the auditory pathways in IR; an early start for long-term follow-up and
auditory training is suggested.

Keywords: impaired readers; non-impaired readers; auditory processing disorder; dichotic listening;
binaural integration; binaural separation; free recall; directed attention; intrusive response

1. Introduction

Dichotic listening (DL) paradigms have been used extensively as non-invasive be-
havioral procedures to assess language lateralization among children with and without
learning disabilities and in individuals suffering from other auditory system-related brain
disorders [1]. DL tests correspond to the simultaneous presentation of different acoustic
signals in both ears [2]. The participant is asked to verbally reproduce either all the per-
ceived signals (free recall) or only those perceived in one ear (directed attention). Attention
plays an important part in DL tests, and is considered as a source of variance in DL re-
sults [3,4]. Attentional manipulations were used in dichotic listening studies to control for
attentional bias; Asbjornsen et al. proposed an index of attentional shift (The Attentional
Shift Index (ASI)) based on the ratio of correct responses and intrusion errors when the
subject is performing the tasks of directed attention [4]. DL tests allow us to measure both
binaural integration and separation, which are crucial skills for speech sound extraction
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in the presence of concurrent auditory information, as well as to measure the integrity of
cerebral hemispheres and the corpus callosum (CC) [5-7]. Due to the highly myelinated
nature of its fibers, the CC provides a means of interhemispheric communication at very
fast pulse rates [8]. The posterior part of the CC (isthmus) may be involved in auditory
information transfer [8] and could be a primary component of dichotic processing. The
anterior commissure, located posterior to the rostrum of the CC, has also been suspected of
harboring auditory fibers, but in an accessory manner [5].

The right ear advantage (REA) is the fundamental notion of dichotic listening, orig-
inally described by Kimura [9,10]; it is described as an outperformance of the right ear
(RE) over the left ear (LE) [10-12]. REA is seen in 90% of healthy children and adults [13].
A REA prevalence of 80-85% in right-handed adults and 50% in left-handed adults was
reported [14]. Left ear advantage (LEA) is most often found in typically developing listeners
for non-verbal stimuli or emotional tone of verbal stimuli [15,16].

The maturation of DL appears to be related to the maturation of the CC. Impaired
communication between the two hemispheres would contribute to an increased LE deficit
or increased REA, and extinction of LE reports from the temporal lobe [6]; such impairment
via a CC lesion has been described in many clinical cases [7]. Because CC maturation occurs
in the first two decades of life, it seems likely that improvement in dichotic performances
may be related to that maturation [7,17]. Neuroimaging and behavioral studies suggest the
existence of a critical time period for CC functional development, which lies between the
ages of 6 and 8 [17,18]. Furthermore, according to the American Academy of Audiology,
normative ranges for the majority of behavioral tests in very young children (<7 years
old) have limited clinical utility, due to very large standard deviations and resultant
floor or chance effects (https://audiology-web.s3.amazonaws.com/migrated /CAPD%20
Guidelines%?208-2010.pdf_539952af956c79.73897613.pdf, accessed on 14 May 2021).

Children with reading impairments may show slower lateralization development
compared to typical children, or this development may not take place at all. Whether this
atypical development is a cause, correlate, or consequence of language development is
unknown [19]. Impaired readers (IR) have long been associated with problems in central
auditory processing abilities and with atypical cerebral lateralization. Although reading
classically activates left hemisphere networks for speech processing [20], IR could show
less activated networks compared to typical readers with heightened right hemisphere
activation during reading or other phonological tasks [21].

Developmental dyslexia is a common neurodevelopmental disorder related to a diffi-
culty in automatically associating graphemes and phonemes and could affect up to 10%
of children [22,23]. Efficient automatic reading requires visual analysis of the graphemes
and their association with phonemes and/or with larger phonological units [24], and effi-
cient temporal processing [25]. Many other auditory processing deficits may explain poor
phonological skills in developmental dyslexia [26]. In typical readers, language lateral-
ization develops from diffuse hemispheric representation in infancy to left hemispheric
lateralization in adulthood [27], and disruption of this lateral development could lead to
problems with language and literacy [19]. Disrupted performances were found considering
DL performances in children with reading difficulties [28].

Concerning ear prevalence (EP, i.e., interaural asymmetry in favor of the RE or the LE),
two main patterns have been described in IR and dyslexic individuals. The first one reports
a strong interaural asymmetry in favor of the RE, explained by a reduced performance in the
LE or a low LE report with a right hemisphere under-engagement [29-31], as is classically
described in children with central hearing impairment [32,33]. This suggests the existence
of impaired inter-hemispheric transfer in accordance with Kimura’s model [9,10]. Other
studies, using consonant and vowel syllables as stimuli, report symmetrical performance
in dyslexic children with a much lower REA [34] and even a RE deficit [35]. This weakness
of the RE would persist during adolescence and would still be present in adulthood [13].
Finally, other studies report an advantage of the LE in dyslexic children during the free recall
task, suggesting the possibility of a more developed planum temporale on the right [36].


https://audiology-web.s3.amazonaws.com/migrated/CAPD%20Guidelines%208-2010.pdf_539952af956c79.73897613.pdf
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Using digits and words, Demanez et al. reported significantly lower DL performances
(correct responses on both ears) in a sample of 83 12-year-old dyslexic children when
compared to their peers [37]. To help in the clinical assessment of children suspected of
having an auditory processing disorder, Moncrieff et al. developed normative dichotic
performance values from 416 typically developing children aged 5 to 12 years [38]. A REA
was found in nearly 60% of these children.

All previously published studies show poor DL performances in IR and children
with dyslexia of various age levels; however, there are no standard values defined in the
literature for IR. It can be hypothesized that there is an increase in DL performances in IR
with age, but that the latter do not catch up to the performances of non-IR. The objective of
the present study was to compare DL performances between IR and non-IR according to
age, from age 8 years old (i.e., the earliest age when the diagnosis of IR can be established)
to adulthood.

2. Materials and Methods
2.1. Participants

This cross-sectional study was conducted with 240 native French-speaking participants,
divided into two reading groups (IR vs non-IR) and of five age levels (8 to 9 years; 9 to
10 years; 10 to 12 years; 12 to 18 years; adult). Details of the total number of individuals
in each group, individuals in each gender for each group, and mean age and SD for each
group are shown in Table 1.

Table 1. Characteristics of impaired readers and non-impaired readers according to age group.

Age Groups
89y 9-10y 10-12y 12-18 y >18y Total
Non-IR, n 24 24 24 24 24 120
Female/male 11/13 11/13 11/13 12/12 11/13 56/64
Mean age (SD), 181 278
months 108 (7.23) 130 (5.73) 147 (5.90) (17.92) (61.41)
Mean age, years 9 10.8 12.2 15 23
IR, n 24 24 24 24 24 120
Female/male 12/12 12/12 12/12 10/14 11/13 57/63
Mean age (SD), 174 265
months 110 (5.75) 128 (5.11) 145 (5.25) (12.65) (50.08)
Mean age, years 9.1 10.6 12 14.5 22

The experiment was carried out with the approval of the regional ethics committee
(CPP Sud-Est 1V, Lyon, France; approval no. 09/086 for adults and 04 /008 for children).
Informed consent was obtained from all participants (children’s parents, as well as a verbal
consent from all children) prior to participation.

Inclusion criteria were air conduction thresholds less than 15 dB in the octave fre-
quencies 250 Hz to 8 kHz; normal middle ear functioning was confirmed by type A tym-
panograms with ipsilateral and contralateral acoustic reflexes present for the frequencies
500 Hz, 1 kHz, and 2 kHz. IR was diagnosed according to the Diagnostic and Statisti-
cal Manual of Mental Disorders fourth edition (DSM IV), with a reading level at least
18 months behind the norm. Reading age was assessed using the French reading test
“L’alouette”, which evaluates reading level in terms of word and non-word decoding and
reading speed [39]. All patients were right-handed with a laterality quotient >71.4%. To
better control for effects of handedness that may shift the direction of ear advantage, the
degree of handedness was assessed using the Edinburgh Handedness Inventory [40], and
only right-handed children were included. Exclusion criteria were psychopathological
disorder and neurological impairment.
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2.2. Dichotic Listening Assessment

The procedure described by Demanez et al., which comprises lists from a French cen-
tral auditory processing assessment battery [41] and was designed based on the American
Speech-Language-Hearing Association Consensus Statement on central auditory process-
ing and models [42], was used. The material is made of 50 pairs of dichotic stimuli divided
into five lists of 10 items. In each list, the verbal stimuli are grouped in pairs (words,
digits, syllables) that are balanced acoustically, phonetically, linguistically, and semantically.
The dichotic paradigm can be performed in two conditions, both obtained with stimuli
presented in both ears. The first (free recall condition) was obtained when a participant
was asked to repeat what he heard in both the RE and LE ( = undesignated ears). In this
condition, binaural integration and divided attention are studied. The second (directed
or forced recall condition) was obtained when the participant was asked to repeat stimuli
presented in a designated ear and to ignore the information delivered in the other ear
(attended right ear (AR) or attended left ear (AL)). In this second condition, binaural sepa-
ration and directed attention were studied. For each participant, the lists were presented in
the following order: list of words (substantive) in free recall condition (example: “navet”
= turnip and “rideau” = curtain); list of bisyllabic words (substantive) in directed recall
condition (example: “gamin” = kid and “ballon” = ball); list of two digits in free recall
condition (example: “9-6” and “10-7"); list of three digits in directed recall condition
(example: “9-5-6" and “6-8-10"); list of two monosyllabic words (adjectives) in free recall
condition (example “mur-cher” = ripe- expensive and “riche-sage” = rich-wise).

Overall, the protocol consists of three free recall and two directed recall tasks, adminis-
tered alternately but in the same order for all participants. For directed recall conditions,
the designated ear was changed after the administration of groups of five pairs. A response
is considered complete ( = 1 point) when all the items perceived on the RE and on the LE are
entirely reproduced (free recall condition or when all the items perceived by the designated
ear are entirely reproduced (directed recall condition). The set of subtests provides a total
out of 50 (for each complete response), to be multiplied by two to get a result out of 100.
Stimuli were presented via THD39 earphones (Telephonics, Farmingdale, NY 11735, USA)
at an intensity of 60 dB SPL.

2.3. Dichotic Listening Scores

Several indices were computed to assess DL performances. The dichotic aptitude (DA)
is the sum of all complete responses in all conditions. It quantifies how well a participant
identifies items presented to each ear, simultaneously. EP is the subtraction of right and left
complete responses, divided by the total of complete responses and multiplied by 100; the
result is a percentage.

As attentional factors could lead to a bias and can be evaluated by assessing intrusive
responses [4,43], the attentional shift index (ASI) was calculated for directed recall tasks.
It is the ratio of correct responses over intrusive errors in both ears: ASI = In [REAR *
LEAL)/(LEAR * REAL)]. For instance, LEAR represents the number of left intrusive re-
sponses, i.e., the number of stimuli presented to the LE that were repeated by the participant
while being asked to focus on the RE.

Finally, the scores collected during the free recall tests were used to calculate a re-
sponse score per ear (RE score and LE score), thus allowing another way of estimating ear
prevalence by directly analyzing the preferential use of a particular ear for listening.

2.4. Data Analysis

Statistical analyses were conducted using two different kinds of analysis of variance
(ANOVA). The first analysis was based on the design “5 age levels x 2 groups” with
separate ANOVAs for each index (i.e., DA, EP, and ASI). The second analysis was based on
the design “5 age levels x 2 groups x 2 ears”, with separate ANOVAs for each condition
(directed or forced condition vs free recall condition). Significance level was set at 0.05.
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All analyses were run using Jamovi software (https://www.jamovi.org/download.html,
accessed on 14 May 2022).

3. Results

Among the 240 children included (IR = 120 and non-IR = 120), the number of female
(n = 64) and males (n = 56) in the IR group were balanced, and children were equally
divided into the five age levels of 24 participants each. This sample of IR was matched
for age to a non-IR group (63 male, 57 female), including the same five age levels (n = 24;
Table 1).

3.1. Dichotic Aptitude and Ear Prevalence

Regarding DA, a significant effect of age (F (4230) = 27.30, p < 0.001) and reading group
(F(1230) = 119.53, p < 0.001) was found without any significant interaction effect (F(4230)
=0.746, p = 0.562; Figure 1). DA increased with age, whatever the reading level, but IR
presented scores that were significantly lower than in non-IR for all age groups.

—a— R

—a— MNon-IR

Dichoticaptitude (%)

[8-9] [9-10[ [10-12[ [12-18[ =18

A

Age group (years)

Figure 1. Dichotic aptitude (DA) according to age and reading group. IR: impaired reader; Non-IR:
non-impaired reader. * indicate a significant difference between two values.

Regarding EP, there was a REA in both reading groups. No significant effect of age
(F(4230) = 0.683, p = 0.605) nor reading group (F(1230) = 0.170, p = 0.681) was observed, and
there was no significant interaction effect (F(4230) = 0.104, p = 0.981; Figure 2).

o
ght)

Ear prevalence (from —100= |eft
to +100ri
3
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Figure 2. Ear prevalence (EP) according to age and reading group. IR: impaired reader; Non-IR:

non-impaired reader.
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3.2. Attended Ear in Directed or Forced—Recall Condition

There was a tendency for fewer correct responses for both ears on the attended ear, in
the IR compared to non-IR. This difference was significant for certain age groups (Figure 3).
There were also fewer correct responses on the Attended Left (AL) condition in both
reading groups, this difference being significant for certain age groups (Table 2). For correct
responses on the RE in the Attended Right (AR) condition, there was an effect of age
(p < 0.001) and the reading group (p < 0.001). In the AR condition, improvement was higher
in the IR group, as there was an interaction effect (F(4230) = 2.67, p = 0.003). In the AL
condition, there was an effect of age (F(4230) = 15.11, p < 0.001) and of the reading group
(F(4230) = 58.31, p < 0.001) with no interaction effect (F(4230) = 1.17, p = 0.325).
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Age group (years) Age group (years)

Figure 3. Attended Right (A) and left (B) scores in directed recall condition according to age and
reading group. IR: impaired reader; Non-IR: non-impaired reader. * indicate a significant difference
between two values.

Table 2. Mean scores for attended and intrusive responses, attentional shift index and scores in free
recall condition for both reading group, each age group and for each ear. Significantly different scores
between the left and right ear for each reading group and age group are shown in bold. LE: left ear;
RE: right ear; IR: impaired readers; Non-IR: non impaired readers.

Age Ear Attended  Intrusives Attentionnal Scores in Free
(Years) Responses Responses  Shift Index Recall

RE 89.7 18.7 2.63 69.2
8-9 LE 741 8.80 1.58 57.8
RE 89.0 17.8 2.70 74.9
2-10 LE 74.5 7.61 1.69 65.1
RE 90.7 118 3.01 783
Non-IR 10-12 LE 825 8.08 218 66.0
RE 94.8 10.1 3.46 81.7
12-18 LE 83.0 431 2.32 787
18 RE 96.1 5.71 4.20 83.2
Z LE 89.5 292 3.15 79.9
RE 73.3 323 152 522
8-9 LE 56.0 18.2 0.626 39.2
RE 79.3 24.2 1.98 56.1
9-10 LE 60.6 13.7 0.998 46.4
RE 84.1 22,6 2.35 65.4
IR 10-12 LE 68.9 11.2 1.22 522
RE 87.8 147 2.60 67.9
12-18 LE 76.5 7.61 1.78 59.7
1 RE 90.7 14.1 3.04 735

LE 75.2 7.20 1.83 64.9
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The percentage of intrusive responses decreased significantly with age for IR in the
AR condition and in non-IR in the AL condition. This decrease was more pronounced for
the RE in both reading groups. The difference between LE and RE intrusive responses
was significant only for 8-9-, 9-10-, and 10-12-year-old children in the IR group, and for
8-9-and 9-10-year-old children in the non-IR group (Figure 4 and Table 2). For intrusive
responses from the RE in the AL condition, there was an effect of age (F(4230) = 21.89,
p < 0.001) and of the reading group (F(1230) = 32.21, p < 0.001), with no interaction effect
(F(4230) = 1.71, p = 0.149). For intrusive responses from the LE in the AR condition, there
was an effect of age (F(4230) = 11.28, p < 0.001) and of the reading group (F(1230) = 32.21,
p < 0.001), with no interaction effect (F(4230) = 1.6, p = 0.175; Figure 4).
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Figure 4. Intrusive responses from the right (A) and left (B) ears in directed recall condition according
to age and reading group. IR: impaired reader; Non-IR: non-impaired reader. * indicate a significant
difference between two values.

3.3. Correct Responses for the Right and Left Ears in the Free Recall Condition

Scores were higher for non-IR compared to IR, and there was a tendency towards
higher scores on the RE for both reading groups (Table 2). An effect of age (F(4230) = 18.06,
p.< 0.001) and of reading group (F(1230) = 92.63, p < 0.001) was found for the RE.

Similar patterns were found for the LE, with an age effect (F(4230) = 21.13, p < 0.001)
and a reading effect (F(1230) = 79.58, p < 0.001).

No interaction effect was found for both ears (Figure 5).
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Figure 5. Right (A) and left (B) ear scores in free recall condition according to age and reading group.
IR: impaired reader; Non-IR: non-impaired reader. * indicate a significant difference between two
values.
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3.4. Attentional Shift Index

ASI was lower for the IR compared to the non-IR, a difference which was significant
for the 89—, 10-12—, and >18-year-old children. There was an effect of age and reading
group (F(4230) = 25.912 and F(1230) = 194.42, respectively, p < 0.001 for both) on ASI, with
no interaction effect (F(4230) = 0.992, p = 0.413; Figure 6).

—a—|R

# Non-IR

Attentional shiftindex
g Ln
3 (o] (o]
- [] []
e
H
w
*

[8-9[ [9-10[ [10-12[ [12-18[ =18

Age group (years)

Figure 6. Attentional shift index according to age and reading group. IR: impaired reader; Non-IR:
non-impaired reader. * indicate a significant difference between two values.

4. Discussion

The results of the present study show a gradual improvement in dichotic performances
with age in both non-IR and IR. Scores in DA, AR, and AL improved in both groups, while
intrusive responses in both ears decreased. ASI also improved with age in both groups.
Although there was a similar improvement in non-IR and IR according to age, IR showed
lower DL performances than non-IR at all ages, except for AR responses, for which an
interaction between age and reading group was found. For both reading groups, EP showed
a REA, with no significant difference between the two groups. Overall, these results confirm
previous studies showing that dichotic processing improves with age [7]. As the CC may
be a primary component of dichotic processing [8], there are reasons to believe that its
maturation is necessary to improve dichotic performances during childhood development.

The percentage of correct responses in the directed recall condition (binaural separa-
tion) was found to be lower in IR than in non-IR, with an increase in intrusive responses.
Similarly to what was observed in non-IR, intrusion errors decreased with age in IR. How-
ever, more errors were found for the RE in the IR group. In the present study, despite
an improvement in performances with age, DA in IR remained lower than the DA of
non-IR of the same age, which is in agreement with several studies reporting poor dichotic
performances in right-handed IR [13,34,44]. For example, Moncrieff et al. compared two
groups (dyslexic and controls) of right-handed 11-year-old children. Dyslexic children
performed more poorly than controls from their LE when listening to digits and words and
from their RE when listening to consonants and vowels [35].

Such a difference between the DA of non-IR and IR groups may have several ex-
planations, such as damage to or a maturation deficit of the CC or other brain regions
implicated in auditory perceptual processing. In a magnetic resonance imaging (MRI)
study, Hynd et al. compared the CC volume between dyslexic and matched control chil-
dren and found the anterior region of the CC to be significantly smaller in the dyslexic
children [45]. Other anatomical studies have shown differences in the development of
CC fibers between dyslexic and typical reading children, supporting the hypothesis of
less myelination in an immature brain [46—48]. In another MRI study, Casanova et al.
showed that dyslexic patients had a reduced brain volume and decreased gyrification,
but increased CC volume [49]. More recently, Elnakib et al. proposed introducing brain
MRI as a supplement for dyslexia diagnosis, to quantify the anatomical differences in the
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CC of dyslexic and control subjects [50]. The study revealed significant size differences
between 14 controls and 16 dyslexic participants in all four anatomical divisions of their
CC. Besides CC modifications, anatomical studies have shown that other regions of the
brain specific to auditory perceptual processing differ in dyslexic subjects, including the
planum temporale [36] and medial geniculate nuclei [51,52].

Another explanation to the observed differences in DA performances between reading
groups could relate to the methodology used herein. From a clinical point of view, DL
tests provide an estimation of auditory processing of verbal input within the temporal
lobe [53]. It implies the use of various speech stimuli presented simultaneously to both
ears. According to Asbjornsen and Hughdahl, attentional instructions lead to enhancement
of REA in forced right conditions and enhancement of LEA in forced left conditions [43].
The suppression of intrusive responses in the unattended ear could be explain these results,
highlighting the value of controlling for attentional bias. Helland et al. showed that the
ability to modulate attention during dichotic listening is weaker in dyslexic children [54].
Such a result is consistent with the findings herein, showing an increase in intrusion errors
in the directed or forced recall condition in IR. Furthermore, more intrusive responses were
observed for the RE in this population. To be able to repeat successfully in directed recall
conditions, one must be able to shift attention to the ear and inhibit the contralateral ear.
On one hand, asymmetrical attentional mechanisms may explain REA by a reduced ability
to focus attention on the LE. On the other hand, the model proposed by Kinsbourne, which
relates to the structural organization of the brain, emphasizes the fact that the processing
of verbal material primes the left cerebral hemisphere, while simultaneously inhibiting
the right cerebral hemisphere [55]. Since the contralateral afferent auditory pathway is
dominant [56], one explanation could be that the signal from the LE progresses to the right
hemisphere and decays to the left via the CC, while the signal from the RE transits directly
to the left hemisphere to be processed linguistically. Such mechanisms of left cerebral
hemisphere priming and right hemisphere inhibition could be deficient in IR.

In humans, efferent projections to the cochlea are constituted by medial olivocochlear
system (MOCS) fibers that originate in the superior olivary complex [57]. Its integrity can
be assessed by measuring a brainstem reflex mediated by auditory nerve fibers, cochlear
nucleus neurons, and efferent fibers to the cochlea [58]. The MOCS is activated by con-
tralateral acoustic stimulation and produces a suppression of cochlear responses. However,
the influence of cortical descending pathways in the OC reflex is largely unknown. Indeed,
MOCS fibers have been shown to be under cortical control (descending projections from
the auditory cortex that are directed towards the thalamus, inferior colliculus, cochlear
nucleus, and superior olivary complex) [57,59]. Alterations in the MOCS, affecting lan-
guage perception in reduced samples of IR, have already been described [60]. It is possible
to imagine a role for this system in the pathophysiology of dyslexia—for example, by
hypothesizing an alteration of cortical control (possibly by cortical maturation deficits) on
the audio-phonatory loop.

Typically, language lateralization develops from more diffuse hemispheric representa-
tion in infancy to left hemispheric lateralization in adulthood [27]. Children with impaired
language functions may show slower lateralization development compared with typical
children, or this development may not take place at all. It is still not known if this atypical
development is a cause, correlate, or consequence of language development [19]. DL tasks
could reveal incomplete cerebral maturation and lateralization in populations with learning
disabilities [37,41,61]. Several studies reported that dyslexic children performed more
poorly in their RE than typical readers [44]. The present data are consistent with these
results, having shown higher scores on the RE in the forced recall and free recall conditions
in non-IR. Younger children are known to have a less pronounced REA, but, parallel to
language development, there could be a gradual shift towards the left hemisphere [62,63].
However, some studies even reported a larger REA in IR [64]. The lack of ear advantage
is often reported in dyslexia [13,35,44,65], but not in all studies [66]. In the current study;,
however, no significant difference was found in EP between the groups of non-IR and IR.
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In summary, DL analyses can be complex, as some studies indicate that handedness,
age, and sex may interact with DL scores [66,67]. Only right-handed children were included
herein, and the sex ratio was similar for each age level in both reading groups. Interestingly,
however, in a large-scale study of subjects ranging from age 10 years to older adults, it was
concluded that handedness did not affect any of the findings, and no sex differences were
seen in children and older adults [68].

5. Conclusions

Dichotic listening performances improve with age as the central auditory pathways
mature. In IR, at any age, performances remain lower than in non-IR, and the hypothesis of
incomplete maturation of the auditory pathways is supported. It seems worthwhile to offer
early follow-up to children with reading disorders, by offering them personalized auditory
training whenever possible.

Author Contributions: Conceptualization, H.T.-V. and E.V.; methodology, H.T.-V. and E.V.; validation,
H.T-V, E.V, formal analysis, E.V. and PR,; investigation, P.R. and E.V,; resources, PR.; data curation,
PR., C.-A]J. and M.-T.L.N,; writing-original draft preparation, P.R.; writing-review and editing, H.T.-
V., M.D. and E.V,; visualization, E.V.; supervision, H.T.-V.; project administration, H.T.-V. All authors
have read and agreed to the published version of the manuscript.

Funding: This study is funded by “Direction Générale de 1'Offre des soins—Programme de Recherche:
PHRC Interrégional” (ASTRAUCOLE Project ID: RCB 2013-A00732-43). The funding was acquired
and received by Hung Thai-Van. The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by an Institutional Review Board (local ethics committee, CPP Sud-Est IV,
ID 2013-799). The study protocol was registered on ClinicalTrials.gov (NCT02345876).

Informed Consent Statement: Informed consent was obtained from all participants involved in the
study. Written informed consent has been obtained from the patient(s) to publish this paper.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to ethical, legal and privacy issues.

Acknowledgments: The authors acknowledge the support of the “Fondation pour 1 ’Audition” at the
Paris Hearing Institute (FPA IDA09). They thank all the participants who accepted to participate in
this study, and are grateful to Véréna Landel (Direction de la Recherche en Santé, HCL) for carefully
proofreading the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Obrzut, J.E.; Mahoney, E.B. Use of the dichotic listening technique with learning disabilities. Brain Cogn. 2011, 76, 323-331.
[CrossRef]

2. Hugdahl, K. Symmetry and asymmetry in the human brain. Eur. Rev. 2005, 13, 15. [CrossRef]

3. Pascoinelli, A.T.; Schochat, E.; Murphy, C.EB. Executive Function and Sensory Processing in Dichotic Listening of Young Adults
with Listening Difficulties. J. Clin. Med. 2021, 10, 4255. [CrossRef]

4. Asbjornsen, A.E.; Bryden, M.P. Auditory attentional shifts in reading-disabled students: Quantification of attentional effectiveness
by the Attentional Shift Index. Neuropsychologia 1998, 36, 143-148. [CrossRef]

5. Springer, S.P; Sidltis, J.; Wilson, D.; Gazzaniga, M.S. Left ear performance in dichotic listening following commissurotomy.
Neuropsychologia 1978, 16, 305-312. [CrossRef]

6.  Westerhausen, R.; Hugdahl, K. The corpus callosum in dichotic listening studies of hemispheric asymmetry: A review of clinical
and experimental evidence. Neurosci. Biobehav. Rev. 2008, 32, 1044-1054. [CrossRef] [PubMed]

7. Musiek, EE.; Weihing, J. Perspectives on dichotic listening and the corpus callosum. Brain Cogn. 2011, 76, 225-232. [CrossRef]
[PubMed]

8. Musiek, EE,; Baran, J.A. The Auditory System: Anatomy, Physiology and Clinical Correlates; Pearson: London, UK, 2006.

9.  Kimura, D. Cerebral Dominance and the Perception of Verbal Stimuli. Can. J. Psychol. 1961, 15, 166-171. [CrossRef]

10. Kimura, D. From ear to brain. Brain Cogn. 2011, 76, 214-217. [CrossRef] [PubMed]

11.  Davidson, R.; Hugdahl, K. Brain Asymmetry; MIT Press: Cambridge, MA, USA, 1998.


http://doi.org/10.1016/j.bandc.2011.02.012
http://doi.org/10.1017/S1062798705000700
http://doi.org/10.3390/jcm10184255
http://doi.org/10.1016/S0028-3932(97)00090-0
http://doi.org/10.1016/0028-3932(78)90024-6
http://doi.org/10.1016/j.neubiorev.2008.04.005
http://www.ncbi.nlm.nih.gov/pubmed/18499255
http://doi.org/10.1016/j.bandc.2011.03.011
http://www.ncbi.nlm.nih.gov/pubmed/21531063
http://doi.org/10.1037/h0083219
http://doi.org/10.1016/j.bandc.2010.11.009
http://www.ncbi.nlm.nih.gov/pubmed/21236541

J. Clin. Med. 2023, 12, 666 11 0f12

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

Jerger, J.; Martin, ]J. Hemispheric asymmetry of the right ear advantage in dichotic listening. Hear. Res. 2004, 198, 125-136.
[CrossRef]

Hugdahl, K. Psychophysiology: The Mind-Body Perspective; Harvard University Press: Cambridge, MA, USA, 1995.

Hiscock, M.; Inch, R.; Ewing, C.T. Constant and variable aspects of the dichotic listening right-ear advantage: A comparison of
standard and signal detection tasks. Laterality 2005, 10, 517-534. [CrossRef] [PubMed]

Bulman-Fleming, M.B.; Bryden, M.P. Simultaneous verbal and affective laterality effects. Neuropsychologia 1994, 32, 787-797.
[CrossRef]

Baker, K.F; Montgomery, A.A.; Abramson, R. Brief report: Perception and lateralization of spoken emotion by youths with
high-functioning forms of autism. J. Autism Dev. Disord. 2010, 40, 123-129. [CrossRef]

Westerhausen, R.; Luders, E.; Specht, K.; Ofte, S.H.; Toga, A.W.; Thompson, PM.; Helland, T.; Hugdahl, K. Structural and
functional reorganization of the corpus callosum between the age of 6 and 8 years. Cereb. Cortex 2011, 21, 1012-1017. [CrossRef]
[PubMed]

Musiek, FE.; Reeves, A.G. Testing dichotic listening. Neurology 1985, 35, 1087. [CrossRef]

Bishop, D.V. Cerebral asymmetry and language development: Cause, correlate, or consequence? Science 2013, 340, 1230531.
[CrossRef]

Price, C.J. A review and synthesis of the first 20 years of PET and fMRI studies of heard speech, spoken language and reading.
Neuroimage 2012, 62, 816-847. [CrossRef] [PubMed]

Simos, P.G.; Fletcher, ] M.; Bergman, E.; Breier, ].I.; Foorman, B.R.; Castillo, E.M.; Davis, R.N.; Fitzgerald, M.; Papanicolaou, A.C.
Dyslexia-specific brain activation profile becomes normal following successful remedial training. Neurology 2002, 58, 1203-1213.
[CrossRef]

Stromswold, K. The heritability of language: A review and metaanalysis of twin, adoption, and linkage studies. Language 2001,
77,647-723. [CrossRef]

Habib, M.; Giraud, K. Dyslexia. Handb. Clin. Neurol. 2013, 111, 229-235.

Veuillet, E.; Bouilhol, C.; Thai-Van, H. Co-morbidity of APD and reading disabilities. Curr. Pediatr. Rev. 2011, 7, 227-240.
[CrossRef]

Walker, K.M.; Hall, S.E.; Klein, R.M.; Phillips, D.P. Development of perceptual correlates of reading performance. Brain Res. 2006,
1124,126-141. [CrossRef]

Amitay, S.; Ahissar, M.; Nelken, I. Auditory processing deficits in reading disabled adults. J. Assoc. Res. Otolaryngol. 2002, 3,
302-320. [CrossRef] [PubMed]

Holland, S.K.; Vannest, J.; Mecoli, M.; Jacola, L.M.; Tillema, ].M.; Karunanayaka, P.R.; Schmithorst, V.J.; Yuan, W.; Plante, E.; Byars,
A.W. Functional MRI of language lateralization during development in children. Int. J. Audiol. 2007, 46, 533-551. [CrossRef]
[PubMed]

Gosy, M.; Huntley Bahr, R.; Gyarmathy, D.; Beke, A. Dichotic listening and sentence repetition performance in children with
reading difficulties. Clin. Linguist. Phon. 2018, 32, 787-803. [CrossRef] [PubMed]

Lamm, O.; Epstein, R. Dichotic listening performance under high and low lexical work load in subtypes of developmental
dyslexia. Neuropsychologia 1994, 32, 757-785. [CrossRef] [PubMed]

Morton, L.L.; Siegel, L.S. Left ear dichotic listening performance on consonant-vowel combinations and digits in subtypes of
reading-disabled children. Brain Lang. 1991, 40, 162-180. [CrossRef] [PubMed]

Moncrieff, D.W.; Musiek, EE. Interaural asymmetries revealed by dichotic listening tests in normal and dyslexic children. J. Am.
Acad. Audiol. 2002, 13, 428-437. [CrossRef] [PubMed]

Musiek, FE. Habilitation and management of auditory processing disorders: Overview of selected procedures. J. Am. Acad.
Audiol. 1999, 10, 329-342. [CrossRef]

Moncrieff, D.W. Identification of binaural integration deficits in children with the competing words subset: Standard score versus
interaural asymmetry. Int. J. Audiol. 2006, 45, 545-558. [CrossRef]

Kershner, J.; Micallef, ]. Consonant-vowel lateralization in dyslexic children: Deficit or compensatory development? Brain Lang.
1992, 43, 66-82. [CrossRef]

Moncrieff, D.W.; Black, J.R. Dichotic listening deficits in children with dyslexia. Dyslexia 2008, 14, 54-75. [CrossRef] [PubMed]
Foster, L.M.; Hynd, G.W.; Morgan, A .E.; Hugdahl, K. Planum temporale asymmetry and ear advantage in dichotic listening
in Developmental Dyslexia and Attention-Deficit/Hyperactivity Disorder (ADHD). J. Int. Neuropsychol. Soc. 2002, 8, 22-36.
[CrossRef]

Demanez, L.; Boniver, V.; Dony-Closon, B.; Lhonneux-Ledoux, E; Demanez, ].P. Central auditory disorders: Some cohort studies.
Acta Oto-Rhino-Laryngol. Belgica 2003, 57, 291-299.

Moncrieff, D. Age-and gender-specific normative information from children assessed with a dichotic words test. . Am. Acad.
Audiol. 2015, 26, 632—-644. [CrossRef]

Lefavrais, P. Alouette-R-Test D’analyse de la Lecture et de la Dyslexie; ECPA: Paris, France, 2005.

Oldfield, R.C. The assessment and analysis of handedness: The Edinburgh inventory. Neuropsychologia 1971, 9, 97-113. [CrossRef]
Demanez, L.; Dony-Closon, B.; Lhonneux-Ledoux, E; Demanez, J.P. Central auditory processing assessment: A French speaking
battery. Acta Oto-Rhino-Laryngol. Belgica 2003, 57, 275-290.


http://doi.org/10.1016/j.heares.2004.07.019
http://doi.org/10.1080/13576500442000283
http://www.ncbi.nlm.nih.gov/pubmed/16298884
http://doi.org/10.1016/0028-3932(94)90017-5
http://doi.org/10.1007/s10803-009-0841-1
http://doi.org/10.1093/cercor/bhq165
http://www.ncbi.nlm.nih.gov/pubmed/20847151
http://doi.org/10.1212/WNL.35.7.1087-a
http://doi.org/10.1126/science.1230531
http://doi.org/10.1016/j.neuroimage.2012.04.062
http://www.ncbi.nlm.nih.gov/pubmed/22584224
http://doi.org/10.1212/WNL.58.8.1203
http://doi.org/10.1353/lan.2001.0247
http://doi.org/10.2174/157339611796548429
http://doi.org/10.1016/j.brainres.2006.09.080
http://doi.org/10.1007/s101620010093
http://www.ncbi.nlm.nih.gov/pubmed/12382105
http://doi.org/10.1080/14992020701448994
http://www.ncbi.nlm.nih.gov/pubmed/17828669
http://doi.org/10.1080/02699206.2018.1431807
http://www.ncbi.nlm.nih.gov/pubmed/29393703
http://doi.org/10.1016/0028-3932(94)90016-7
http://www.ncbi.nlm.nih.gov/pubmed/7936161
http://doi.org/10.1016/0093-934X(91)90123-I
http://www.ncbi.nlm.nih.gov/pubmed/2036581
http://doi.org/10.1055/s-0040-1716006
http://www.ncbi.nlm.nih.gov/pubmed/12371660
http://doi.org/10.1055/s-0042-1748504
http://doi.org/10.1080/14992020601003196
http://doi.org/10.1016/0093-934X(92)90021-6
http://doi.org/10.1002/dys.344
http://www.ncbi.nlm.nih.gov/pubmed/17647215
http://doi.org/10.1017/S1355617701020033
http://doi.org/10.3766/jaaa.14096
http://doi.org/10.1016/0028-3932(71)90067-4

J. Clin. Med. 2023, 12, 666 12 0of 12

42.

43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

American Speech-Language-Hearing Association. (Central) Auditory Processing Disorders—The Role of the Audiologist [Position
Statement]. 2005. Available online: https://www.asha.org/policy /PS2005-00114/ (accessed on 14 May 2022).

Asbjornsen, A E.; Hugdahl, K. Attentional effects in dichotic listening. Brain Lang. 1995, 49, 189-201. [CrossRef] [PubMed]
Helland, T.; Asbjernsen, A.E.; Hushovd, A.E.; Hugdahl, K. Dichotic Listening and School Performance in Dyslexia. Dyslexia 2008,
14, 42-53. [CrossRef] [PubMed]

Hynd, G.W.; Hall, J.; Novey, E.S.; Eliopulos, D.; Black, K.; Gonzalez, ].J.; Edmonds, J.E.; Riccio, C.; Cohen, M. Dyslexia and corpus
callosum morphology. Arch. Neurol. 1995, 52, 32-38. [CrossRef]

Von Plessen, K.; Lundervold, A.; Duta, N.; Heiervang, E.; Klauschen, F.; Smievoll, A.L; Ersland, L.; Hugdahl, K. Less developed
corpus callosum in dyslexic subjects—A structural MRI study. Neuropsychologia 2002, 40, 1035-1044. [CrossRef] [PubMed]
Morton, L.L. Interhemispheric balance patterns detected by selective phonemic dichotic laterality measures in four clinical
subtypes of reading disabled children. J. Clin. Exp. Psychol. 1994, 16, 556-567. [CrossRef]

Swanson, H.L.; Cochran, K.F. Learning disabilities, distinctive encoding, and hemispheric resources. Brain Lang. 1991, 40, 202-230.
[CrossRef] [PubMed]

Casanova, M.; Araque, J.; Giedd, J.; Rumsey, ].M. Reduced brain size and gyrification in the brains of dyslexic patients. J. Child
Neurol. 2004, 9, 275-281. [CrossRef]

Elnakib, A.; Casanova, M.F,; Gimel'farb, G.; Switala, A.E.; El-Baz, A. Dyslexia diagnostics by 3-D shape analysis of the corpus
callosum. IEEE Trans. Inf. Technol. Biomed. 2012, 16, 700-708. [CrossRef]

Galaburda, A.M.; Menard, M.T,; Rosen, G.D. Evidence for aberrant auditory anatomy in developmental dyslexia. Proc. Natl. Acad.
Sci. USA 1994, 91, 8010-8013. [CrossRef]

Elnakib, A.; Soliman, A.; Nitzken, M.; Casanova, M.E; Gimel'farb, G.; El-Baz, A. Magnetic resonance imaging findings for
dyslexia: A review. J. Biomed. Nanotechnol. 2014, 10, 2778-2805. [CrossRef]

Heiervang, E.; Stevenson, J.; Hugdahl, K. Auditory processing in children with dyslexia. J. Child. Psychol. Psychiatry 2002, 43,
931-938. [CrossRef]

Helland, T.; Morken, F,; Bless, ].J.; Valderhaug, H.V.; Eiken, M.; Helland, W.A.; Torkildsen, J.V.K. Auditive training effects from a
dichotic listening app in children with dyslexia. Dyslexia 2018, 24, 36-356. [CrossRef]

Kinsbourne, M. The cerebral basis of lateral asymmetries in attention. Acta Psychol. 1970, 33, 193-201. [CrossRef] [PubMed]
Shader, M.J.; Luke, R.; McKay, C.M. Contralateral dominance to speech in the adult auditory cortex immediately after cochlear
implantation. iScience 2022, 25, 104737. [CrossRef] [PubMed]

Suga, N. Plasticity of the adult auditory system based on corticocortical and corticofugal modulations. Neurosci. Biobehav. Rev.
2020, 113, 461-478. [CrossRef]

Collet, L.; Kemp, D.T.; Veuillet, E.; Duclaux, R.; Moulin, A.; Morgon, A. Effect of contralateral auditory stimuli on active cochlear
micro-mechanical properties in human subjects. Hear Res. 1990, 43, 251-261. [CrossRef]

Dragicevic, C.D.; Aedo, C.; Ledn, A.; Bowen, M,; Jara, N.; Terreros, G.; Robles, L.; Delano, P.H. The olivocochlear reflex strength
and cochlear sensitivity are independently modulated by auditory cortex microstimulation. J. Assoc. Res. Otolaryngol. 2015, 16,
223-240. [CrossRef] [PubMed]

Canale, A.; Dagna, F.; Favero, E.; Lacilla, M.; Montuschi, C.; Albera, R. The role of the efferent auditory system in developmental
dyslexia. Int. ]. Pediatr. Otorhinolaryngol. 2014, 78, 455-458. [CrossRef]

Hynd, G.W.; Obrzut, ].E. Development of reciprocal hemispheric inhibition in normal and learning-disabled children. J. Gen.
Psychol. 1981, 104, 203-212. [CrossRef] [PubMed]

Hugdahl, K.; Heiervang, E.; Ersland, L.; Lundervold, A.; Steinmetz, H.; Smievoll, A L. Significant relation between MR measures
of planum temporale area and dichotic processing of syllables in dyslexic children. Neuropsychologia 2003, 41, 666—675. [CrossRef]
Hugdahl, K.; Bodner, T.; Weiss, E.; Benke, T. Dichotic listening performance and frontal lobe function. Brain Res. Cogn. Brain Res.
2003, 16, 58-65. [CrossRef] [PubMed]

Moncrieff, D.W. Dichotic listening in children: Age-related changes in direction and magnitude of ear advantage. Brain Cogn.
2011, 76, 316-322. [CrossRef] [PubMed]

Helland, T.; Asbjernsen, A. Brain asymmetry for language in dyslexic children. Laterality 2001, 6, 289-301. [CrossRef] [PubMed]
Hakvoort, B.; van der Leij, A.; van Setten, E.; Maurits, N.; Maassen, B.; van Zuijen, T. Dichotic Listening as an Index of
Lateralization of Speech Perception in Familial Risk Children with and without Dyslexia. Brain Cogn. 2016, 109, 75-83. [CrossRef]
[PubMed]

Obrzut, ].E.; Boliek, C.A.; Bryden, M.P. Dichotic Listening, Handedness, and Reading Ability: A Meta-analysis. Dev. Neuropsychol.
1997, 13, 97-110. [CrossRef]

Hirnstein, M.; Westerhausen, R.; Korsnes, M.S.; Hugdahl, K. Sex Differences in Language Asymmetry Are Age-Dependent and
Small: A Large-Scale, Consonant—Vowel Dichotic Listening Study with Behavioral and FMRI Data. Cortex 2013, 49, 1910-1921.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://www.asha.org/policy/PS2005-00114/
http://doi.org/10.1006/brln.1995.1029
http://www.ncbi.nlm.nih.gov/pubmed/7640962
http://doi.org/10.1002/dys.343
http://www.ncbi.nlm.nih.gov/pubmed/17676714
http://doi.org/10.1001/archneur.1995.00540250036010
http://doi.org/10.1016/S0028-3932(01)00143-9
http://www.ncbi.nlm.nih.gov/pubmed/11900755
http://doi.org/10.1080/01688639408402667
http://doi.org/10.1016/0093-934X(91)90125-K
http://www.ncbi.nlm.nih.gov/pubmed/2036583
http://doi.org/10.1177/088307380401900407
http://doi.org/10.1109/TITB.2012.2187302
http://doi.org/10.1073/pnas.91.17.8010
http://doi.org/10.1166/jbn.2014.1895
http://doi.org/10.1111/1469-7610.00097
http://doi.org/10.1002/dys.1600
http://doi.org/10.1016/0001-6918(70)90132-0
http://www.ncbi.nlm.nih.gov/pubmed/5445964
http://doi.org/10.1016/j.isci.2022.104737
http://www.ncbi.nlm.nih.gov/pubmed/35938045
http://doi.org/10.1016/j.neubiorev.2020.03.021
http://doi.org/10.1016/0378-5955(90)90232-E
http://doi.org/10.1007/s10162-015-0509-9
http://www.ncbi.nlm.nih.gov/pubmed/25663383
http://doi.org/10.1016/j.ijporl.2013.12.016
http://doi.org/10.1080/00221309.1981.9921037
http://www.ncbi.nlm.nih.gov/pubmed/7241100
http://doi.org/10.1016/S0028-3932(02)00224-5
http://doi.org/10.1016/S0926-6410(02)00210-0
http://www.ncbi.nlm.nih.gov/pubmed/12589889
http://doi.org/10.1016/j.bandc.2011.03.013
http://www.ncbi.nlm.nih.gov/pubmed/21530051
http://doi.org/10.1080/713754422
http://www.ncbi.nlm.nih.gov/pubmed/15513177
http://doi.org/10.1016/j.bandc.2016.09.004
http://www.ncbi.nlm.nih.gov/pubmed/27648974
http://doi.org/10.1080/87565649709540670
http://doi.org/10.1016/j.cortex.2012.08.002
http://www.ncbi.nlm.nih.gov/pubmed/22980918

	Introduction 
	Materials and Methods 
	Participants 
	Dichotic Listening Assessment 
	Dichotic Listening Scores 
	Data Analysis 

	Results 
	Dichotic Aptitude and Ear Prevalence 
	Attended Ear in Directed or Forced—Recall Condition 
	Correct Responses for the Right and Left Ears in the Free Recall Condition 
	Attentional Shift Index 

	Discussion 
	Conclusions 
	References

