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Sound localization and word discrimination 
in reverberant environment in children with 
developmental dyslexia
Localización sonora y discriminación de palabras en ambientes reverberantes en niños 
con dislexia del desarrollo
Wendy Castro-Camacho1, Yolanda Peñaloza-López1, Santiago J. Pérez-Ruiz2, Felipe García-Pedroza3, Ana L. 
Padilla-Ortiz2, Adrián Poblano1, Concepción Villarruel-Rivas4, Alfredo Romero-Díaz1, Aidé Careaga-Olvera5

Developmental dyslexia (DD) is an alteration in learning 
to read in otherwise healthy children. DD has a prevalence of 
6%-13% in school-age children1, thus is one of the major pub-
lic health and educational concerns, specially in underdevel-
oped countries. DD has been related to alterations of auditory 
perception and, some studies have related DD with central 
auditory processes alterations2.

Auditory localization (AL) consists in the spatial iden-
tification of the sound source, while auditory discrimina-
tion (AD) is defined as the ability of recognizing the fea-
tures of an auditory stimuli3. Both processes are part of the 
central auditory processing functions and are of great im-
portance in the teaching-learning process in academic ac-
tivities of school age children. AL and AD are influenced by 
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ABSTRACT

Objective: Compare if localization of sounds and words discrimination in reverberant environment is different between children with 
dyslexia and controls. Method: We studied 30 children with dyslexia and 30 controls. Sound and word localization and discrimination was 
studied in five angles from left to right auditory fields (-90o, -45o, 0o, +45o, +90o), under reverberant and no-reverberant conditions; correct 
answers were compared. Results: Spatial location of words in no-reverberant test was deficient in children with dyslexia at 0o and +90o. 
Spatial location for reverberant test was altered in children with dyslexia at all angles, except -90o. Word discrimination in no-reverberant 
test in children with dyslexia had a poor performance at left angles. In reverberant test, children with dyslexia exhibited deficiencies at -45o, 
-90o, and +45o angles. Conclusion: Children with dyslexia could had problems when have to locate sound, and discriminate words in extreme 
locations of the horizontal plane in classrooms with reverberation.

Keywords: dyslexia, reverberation, sound location, word discrimination.

RESUMEN

Objetivo: Comparar localización de sonidos y localización-discriminación de palabras bajo reverberación y sin reverberación en niños 
disléxicos y controles. Método: Estudiamos 30 niños disléxicos y 30 controles, pareados por edad. La localización sonora y discriminación 
a palabras fue estudiada en cinco ángulos horizontales en los campos izquierdo y derecho (-90o, -45o, 0o, +45o, +90o), bajo reverberación 
y sin reverberación; las respuestas correctas fueron comparadas Resultados: La localización sonora sin reverberación fue deficiente 
en niños disléxicos a 0o y +90o. La localización bajo reverberación falló en niños disléxicos en todos los ángulos, excepto -90o. Durante 
la discriminación a palabras, sin reverberación, los niños disléxicos fallaron en ángulos izquierdos. En la prueba reverberante, los niños 
disléxicos fallaron a -45o, -90o y +45o. Conclusion: Los niños con dislexia pueden tener problemas cuando tienen que localizar sonidos y 
discriminar palabras en las localizaciones extremas del plano horizontal en salones de clases típicos con reverberación.

Palabras clave: dislexia, reverberación, localización sonora, discriminación de palabras.
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reverberating characteristics of sound and voices within a 
typical classroom. High reverberating levels may modify the 
spectral sound characteristics, speech intelligibility that may 
affect features of oral message4,5. Thus, may be related to pre-
mature attention fatigue, and to low school performance of 
students6,7,8,9.

Binaural hearing refers to the fact of use both ears. This is 
used by humans in order to find the direction from which the 
sound comes. Spherical coordinate system is used to define 
direction of sound sources in relation with the listener’s head 
position and orientation. There are three planes of sound ori-
entation: horizontal (azimuthal), frontal, and median. When 
sound passed through outer, middle and inner ear, auditory 
signal is serially processed in different neuronal nuclei along 
auditory pathway in brainstem until reach the auditory cor-
tex. Processing of sound stimuli is different if is administered 
mono- or bi-aurally. For example, Fujiki et al., observed that 
signals for bi-aural localization are processed before those 
coming only from mono-aural source, and that the cortical 
processing exhibiting preference of the contra-lateral hemi-
sphere to the auditory localization10. The horizontal angle 
for faster perception to the sound was 0o. In the horizontal 
plane, bi-aural processing of the sound depends mainly, on 
the Interaural time difference (ITD), but frequencies > 3,000 
Hertz (Hz) may show the head shadow effect, that modifies 
ITD11,12.

In mammals, the first neuron of the auditory pathway in 
brainstem is located in the Cochlear nuclei, which is engaged 
with spectral analysis of sound, because receives only ipsi-
lateral inputs from the Cochlea. Analysis of ITD is performed 
for first time in the Superior olivary complex in pons; here, 
the medial nuclei is linked with the loudness analysis, while 
spatial laterality of sound is identified in lateral nuclei11,13. 
Other important neuronal nuclei for auditory localization is 
the inferior colliculus in midbrain, which processes charac-
teristics such as: duration, loudness, frequency, spatial do-
main, amplitude modulation, bi-aural interactions, and the 
close of phase among others13. Neurons in the medial genicu-
late body and other auditory areas in the cortex are engaged 
in spatial localization of sound. Ventral portion of the medial 
geniculate body has cells with sensitivity to ITD, and to in-
teraural intensity difference (IID), both features are impor-
tant to determine the position of sound sources in horizontal 
plane12. At last, auditory inputs arrive to primary hearing cor-
tex in the Superior temporal gyrus, for further analysis.

Functional magnetic resonance imaging ( fMRI), and 
positron emission tomography (PET) studies performed in 
young adults disclosed relevant information to understand 
how brain locate and recognize the sound. It was observed 
that both functions are processed in parallel, but in differ-
ent cortical regions; the posterior parietal and frontal cor-
tex are related to sound localization, but they are not related 
to sound recognizing; sound recognizing is analyzed in the 
Superior temporal gyrus and inferior frontal cortex3.

In the medial geniculate body of subjects with DD, re-
searchers had observed by means of post mortem studies, de-
creased number of neurons in the left thalamus when com-
pared with the right. Authors suggested that this fact was 
related with an abnormal auditory processing in children 
with DD14. Moreover, there are a possible relationship among 
abnormal asymmetry and lower reading comprehension. In 
the case of inverted frontal asymmetry, investigators report-
ed higher frequency of word decoding difficulties. It has been 
postulated that subjects with DD present abnormal matura-
tional asynchrony in cortical hemisphere functions related to 
early reading learning stages. Children with DD have altera-
tions in sound perception, auditory laterality, spatial orien-
tation, and word phonological processing. Difficulties may 
become higher in noisy environments15. This kind of dysfunc-
tions shown a significant correlation between phonological 
abilities and learning to read16.

Reverberation is the persistence of sound after the orig-
inal sound production stops. Alterations of auditory infor-
mation localization, in reverberant environment may influ-
ence a wide range of communication processes of children 
in classrooms17. With the objective to obtain an optimal per-
centage of adequate speech intelligibility in the classroom, 
noise levels must be controlled, and thus time of reverbera-
tion (TR) must be adequate18,19.

Standard classroom dimensions in many countries, is 
around 6 x 8 m. Trombetta-Zannin and Zanardo-Zwirtes re-
ported that typical classrooms from public schools from dif-
ferent countries, such as: Brazil, Germany, United Kingdom, 
Japan, and United States of America, have identical measure-
ments, producing a reverberation time of 0.4 sec8.

Our objective was to evaluate if spatial word localiza-
tion and recognizing, are influenced by the reverberant con-
dition of 0.4 sec among children with DD, when compared 
their performance with a group of healthy control children 
(CC), and to identify if some azimuthal locations from left 
or right auditory hemi-fields, presented more difficulties 
than others in the task.

METHOD

Subjects
A highly selected group of Mexican children with DD were 

chosen and compared with a group of healthy CC of the same 
age and socio-economic strata. We included subjects with spe-
cific DD as recommended by the Diagnostic and Statistical 
Manual of Mental Disorders (version-IV, American Psychiatry 
Association). A definition of DD was considered when read-
ing and word spelling in a child does not develop, or develop 
with greater difficulty than their peers, despite an adequate 
socio-economic environment and absence of neurological al-
terations. Thirty children (25 males) with dyslexia met the fol-
lowing inclusion criteria: age between 7 and 11 years; normal 
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neurological examination; index of visual acuity of ≥ 20/20 in 
the Snellen visual chart or corrected acuity by glasses; normal 
pure-tone audiometry and tympanometry; adequate familial 
environment; belong to a middle socio-economic stratum, and 
normal result on the Wechsler intelligence scale for children-
revised version ( full scale > 90). No patients demonstrated at-
tention deficit disorder, epilepsy, mental retardation, cerebral 
palsy, psychiatric disorders or other neurological signs, con-
genital malformations, or phoniatric alterations. Children with 
DD had an average of one year in speech therapy and their 
academic score average was 7.7 (range 6-9). The group of CC 
was comprised of 30 healthy children from public schools, 
age-matched, from same socio-economic stratum, each of the 
control subjects read at current school grade level or better 
( full scale ≥ 90). No CC demonstrated evidence of neurologi-
cal, ocular, hearing, genetic, speech, or psychiatric disorders; 
moreover, they all exhibited good scholarly performance (aca-
demic average, > 8 of 10 points). All patients and controls sub-
jects were right-handed. The protocol was approved by the 
Institutional Ethics and Research committee, and parents of 
children with DD and CC signed informed consent forms ac-
cording to Declaration of Helsinki.

Reverberant and no-Reverberant Tests
Recording of sounds and words for Reverberant test 

(RT) and no-Reverberant test (nRT) was performed at the 
Laboratory of Acoustics and Vibration from the National 
University of Mexico. Binaural recordings were carried-out 
into anechoic chamber at different azimuth angles from 
-90º to +90º in steps of 45º, where a negative sign refers to the 
left-auditory hemi-field and a positive sign to the right side. The 
speech signals were binaurally recorded with a head and torso 
manikin (Brüel & Kjaer type 4128, Copenhagen, Denmark)20. 
Speech material consisted of 5 different lists of words, with 
20 bi-syllable phonetically balanced Spanish words, common-
ly used in everyday conversation, speech was produced by fe-
male speaker21. In order to obtain a reverberated speech signal, 
recorded speech was convolved with an artificial reverberant 
impulse. The reverberation time was set to 0.4 sec.

Procedure
Subjects were tested in a sound-proof chamber com-

fortably seated in a chair. Children received bi-aurally and 
at random, stimuli by means of speakers located a -90º, 
-45º, 0o, +45º and +90º (Figure). Stimuli was delivered by an 
Audiometer (Amplaid 460 IEC645/Type, Milano, Italy); earn-
ing level (in decibels (dB) re; American National Standards 
Institute SR3.6-ISO 389) was at 50 dB sound level above the 
hearing patient threshold at 1,000 Hertz. Children received 
previously an assay of five words at 0o for practice localiza-
tion. Time between stimuli was 500 msec for both test. At the 
end of each trial, children must located stimuli in a picture 
(Figure). Each angle point was scored for location as a correct 
or a wrong answer. In the same way, word discrimination was 

qualified as the percentage of right answers for each place for 
both: RT and nRT.

Statistical analysis
We calculated average and standard deviation (SD) of 

quantitative data, and frequencies and percentages of quali-
tative variables. We used the Student t-test for comparison 
in quantitative variables. We compared averages differences 
with the U of Mann-Whitney test, in those variables without 
Gaussian distribution. We used the Test of linearity to search 
for differences in distributions in ordinal variables, and X2 
test for comparison in percentages distribution. Moreover, 
we performed a Multivariate analysis using sounds localiza-
tion and word discrimination as dependent variables, DD 
condition as the fixed factor, and taking into account visual 
acuity and intelligence quotient (IQ) as covariates. For mul-
tiple calculations we used the Bonferroni correction tech-
nique. Significance level to accepted differences for calcula-
tions was p ≤ 0.05.

RESULTS

Overall data
Data from demographic variables and sensory perfor-

mance of groups of children with DD and CC are presented 
in Table 1. We found significant differences among groups in 
visual acuity, hearing thresholds, and intelligence quotients 
between groups of children with DD and CC, despite values 
were within normal range.

Figure. Map of localization of sound sources for our study at 
different azimuth angles from -90º to +90º in steps of 45º, 
where a negative sign refers to the left-hand and a positive 
sign to the right-hand side. After stimulation, children marked 
in the correspondent square of each site for locate each 
stimuli in a similar picture.
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Auditory localization
For nRT, children with DD had in general a low perfor-

mance of correct responses than CC. Comparisons showed 
significantly differences in 0o, and +90o locations (Table 2). 
In the RT, children with DD showed abnormal lower results 
than CC at -45o, 0o, +45o and +90o locations (Table 3).

Word discrimination
In the nRT, children with DD exhibited significantly low-

er percentages in word recognizing task for stimuli present-
ed at the left of their auditory field; -45º and -90º (Table 4). 
In the RT, in overall, children with DD showed significantly 
lower percentages of discrimination than CC. Percentages 

of discrimination at -90o, -45o, and +45o locations were found 
with significant low values (Table 5).

Multivariate analysis
In analysis weighting visual acuity as a co-variable in 

nRT, we found a significant low value between subjects with 
DD for word discrimination (F = 232; df = 1,56; p < 0.001). 
In the RT, we disclosed a significant value between subjects 
when visual acuity was taken into account for word rec-
ognizing (F = 524; df = 1,56; p < 0.001). When IQ was tak-
en into account, in word recognizing task in nRT, we found 
a significant difference between subjects (F = 6182; df = 
1,57; p < 0.001). At last, we disclosed a significant difference 

Table 1. Demographic data and auditory performance of children with developmental dyslexia (DD), and control children (CC).

  Dyslexics Controls p
Gender

male 26 25 0.50 Fisher’s test
female 4 5

Age (mounts) 116 ± 13 119 ± 14 0.89 Mann-Whitney’s test
School grade (n)

3o 7 7 0.97 X2 test
4o 11 8
5o 9 11
6o 3 4

Vision
abnormal 20 3 0.001 Fisher’s test
normal 10 27

Hearing threshold dB
right 12.9 ± 3 11.3 ± 2 0.04* Student t-test
left 12.8 ± 3 10.8 ± 2 0.01*

Tympanometry
abnormal 3 0 0.11 Fisher’s test
normal 27 30

Intelligence quotient 94.5 ± 10 104 ± 13 0.002* Student t-test
*Statistically significant.

Table 2. Right answers performance in localization of 
horizontal presentation of words in the no-Reverberant test in 
children with DD and CC.

Angle Dyslexics Controls Test of linearity p
-90 12 16 1.05 0.30
-45 10 15 1.68 0.19

0 22 33 9.07 0.003*
+45 8 14 1.80 0.18
+90 6 15 5.83 0.01*

*Statistically significant.

Table 3. Right answers performance in localization of 
horizontal presentation of words in the Reverberant test in 
children with DD and CC.

Angle Dyslexics Controls Test of linearity p
-90 10 15 1.68 0.19
-45 8 20 9.48 0.002*

0 22 28 4.24 0.03*
+45 8 18 6.67 0.01*
+90 4 18 13.83 < 0.001*

*Statistically significant.

Table 4. Percentage of right answers in word recognizing of 
horizontal presentation in the no-Reverberant test in children 
with DD and CC.

Angle Dyslexics Controls X2 test p
-90 98.16 ± 3.59 100 ± 0 9.23 0.02*
-45 97.83 ± 3.63 100 ± 0 10.58 0.005*

0 98.83 ± 2.84 99.83 ± 0.91 3.26 0.19
+45 99.16 ± 2.01 100 ± 0 2.06 0.35
+90 99.50 ± 2.65 100 ± 0 3.15 0.20

*Statistically significant.

Table 5. Percentage of right answers in word recognizing of 
horizontal presentation in the Reverberant test in children 
with DD and CC.

Angle Dyslexics Controls X2 test p
-90 98.83 ± 2.84 100 ± 0 13.46 0.001*
-45 98.16 ± 3.59 100 ± 0 9.23 0.02*

0 98.33 ± 3.30 99.66 ± 1.26 4.48 0.10
+45 98.50 ± 3.25 100 ± 0 6.66 0.03*
+90 99.50 ± 2.65 100 ± 0 5.45 0.06

*Statistically significant.
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between subjects, in the IQ in word recognizing in the RT 
(F = 3705.19; df = 1,57; p < 0.001).

DISCUSSION

In the present research we compared some central audi-
tory processing tasks: sound localization, and word discrimi-
nation, under reverberant and no-reverberant conditions in 
children with DD and CC. We disclosed that children with 
DD had more problems than CC, when they have to locate 
sound source and to discriminate words in no-reverberant 
condition. When children with DD are challenged with the 
same tasks in reverberant environments, performance of 
children with DD was even worse, such as can be found in a 
typical size of classroom.

Several reports indicated that into schools rooms, there are 
high noise levels, and that the majority of classrooms do not have 
an adequate acoustic architectural design to avoid excessive re-
verberation effects. These facts underline the need to develop 
tests for screening children with DD with difficulties to identify 
sound sources and word discrimination in reverberant environ-
ment. In this research, the RT amount of 0.4 sec, was selected be-
cause is in line with previous report8, suggesting that this is com-
monly found in classrooms of 250 m2, and may have significant 
deleterious effect on academic activities. Longer rooms could 
accept higher amounts of reverberance (0.6-0.9 sec).

In our study, we confirm importance of the incidence an-
gle in horizontal plane (azimuthal) for psychoacustical perfor-
mance. We showed that children with DD have also alterations 
in central hearing localization in nRT at 0o. Is recognized that 
the best orientation for a better discrimination was 0o, or in 
front of the child. This observation supports the tendency to 
set students with learning difficulties, in front of the teacher. 
This tendency was also reported for the visual system22.

For location in reverberant test, children with DD showed 
a higher amount of errors in all azimuthal locations, except 
at -90o. Alteration for sound localization found at -45o may re-
sults from right Parietal lobe dysfunction, as suggested from 
data from other researchers23,24. Difficulties for localization 
were also found in positive angles which suggests a link with 
a left-hemisphere temporo-parietal alteration25,26.

Burke et al. commented that all signals locations, except 
those coming from 0o of the sagittal plane, give cues for the in-
terpretation of frequency and time order of arrive of inputs at 
the different auditory nuclei of the brainstem23. Additionally, 
the contra-lateral auditory cortex to the stimulated ear has 
an important role in auditory localization, such as disclosed 
in experiments with animals, and observations in humans. 
These researches conclude that bi-aural localization ability 
for the left auditory hemi-field is better than the right hemi-
field as a central auditory processing node for spatial audi-
tory information27. Researchers concluded also that the bi-
aural localization best abilities with a sound stimuli coming 

from the left hemi-field, link the right-hemisphere as the 
main primary processor of spatial information.

Data from this research underline alterations in AL and AD 
in children with DD. AL referred to cerebral hemisphere prefer-
ence; AD is referred to relationship between subject to acoustic 
environment. Sound localization process (important for word 
perception) has been few studied in school and social environ-
ments. Sound discrimination has been more studied, for exam-
ple, Montcrieff et al. carried-out observations of AD by means 
of fMRI in children with DD; they presented recordings of tales 
with discordant words and they observed that children with DD 
presented lower activation in left hemisphere, and a more sym-
metric inter-hemispheric activation28. Olivares-García et al. data 
are in line with these conclusions, showing that AD requires a 
functional symmetry among cerebral hemispheres in children 
with DD15. Dawes et al. studied temporal alterations in children 
with DD and with auditory processing disorder; authors found 
that temporal alterations were not a determining factor for cen-
tral auditory alterations, and had not a direct impact in learning 
disability, however, children with auditory processing disorder 
had poor hearing quality in noisy environments such as in class-
rooms, with scholastic and social consequences29.

In the last decades, theoretical aspects of research of AL, 
and AD knowledge are in increase. One of the main issues 
is related to the dual theory of the “Where?” and “What?” of 
the auditory information processing25,30. Either function dif-
fer around 100 msec of latency, when it was studied by means 
of evoked potentials. Although the majority of researches had 
been performed in animals, some observations are under in-
vestigation in humans. The meta-analysis of Arnott et al. is 
very influential in this point26. Studies carried-out by fIRM 
confirm the information division processing, according to 
the fashion of the administrated stimuli. Researchers have 
proposed the existence of specific ventral and dorsal tracts 
that carry information to the auditory temporal area (what?), 
and to the parietal cortex (where?) respectively26.

If we take into account that in usual conditions of the 
classrooms in many countries are in similar conditions as in 
this study, we realize that reverberant condition is the dai-
ly school environment. The model in our study for word dis-
crimination seems to set in evidence alterations found in 
children with DD for AD under reverberant conditions, as an 
excessive of sensory load for central auditory perception with 
important difficulties for word recognizing.

Children with DD had difficulties for word recognizing un-
der reverberation in negative angles and +45o, which means a 
predominantly a right, but also a left auditory hemi-field dys-
function. This was one of the most significant finding of our re-
search, to show the increased difficulties of children with DD, 
when they have to face a task, that challenge a higher order 
perceptual network, with a predominance of participation of 
the neurons decoding stimuli in right cerebral hemisphere. In 
one study carried-out by Murphy-Ruiz et al., authors observed 
that although all psychoacoustics tests engaged both cerebral 
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hemispheres, some abnormal tests were linked to right hemi-
sphere processing24. Ligges et al. observed by means of fMRI 
and electroencephalography that children with DD used the 
right-hemisphere analogues areas to the posterior left-hemi-
sphere language areas, to compensate the processing deficits31.

At last, multivariate analysis reveals that when visual acu-
ity and IQ were taking into account as co-variables, we found 
that had a significant role in AL, and AD, despite the fact that 
both variables were within the normal range for age and gen-
der for normal populations. For this reason, these variables 
were selected for a multivariate analysis. Further analysis is 
necessary to answer these questions.

In conclusion, our results suggested that children with DD 
have significant difficulties with AL of a sound source, and in 
AD for words, in the horizontal plane, in reverberant envi-
ronments. We confirm that the better site for sound local-
ization was at 0º, in both, children with DD and CC. Despite 
these facts, we observed a negative influence of reverbera-
tion in auditory left-side for word discrimination, suggesting 
a right-hemisphere perceptual auditory deficiency. These ele-
ments could be found in a typical classroom. Thus, more re-
search using fMRI correlations and studying a large sample, 
weighting other variables such as pure-tone audiometry, and 
executive functions is need.
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