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Abstract

Present study was carried out to investigate the sub-cortical processing of speech in quiet and in presence of noise
in children with dyslexia and compared with typically developing children (N=29, age range = 8-12 years).
Speech-evoked Auditory Brainstem Response (ABR) was elicited in quiet and noise with two different natural CV
syllable (/da/ & /ba/) of 150 ms duration. Speech-in-noise (SPIN) performance was assessed using monosyllabic
words in Indian English as behavioral measurement. Results showed that children with dyslexia had delayed
latencies (poorer) of onset responses of speech-evoked ABR (wave V, wave A & slope of V/A complex) in the
presence of noise for both speech syllables.  Further, Mann-Whitney U test revealed statistically significant
difference for wave V and wave A for quiet as well as noise condition for syllable /da/ at p < 0.05. However, there
was no statistical significant difference found for syllable /ba/ across conditions (quiet vs noise). Sustained
response includes amplitude of fundamental frequency (Fo) and harmonics (H2, H3 & H4). Result showed reduction
in amplitude with increased higher harmonics. Descriptive statistics for SPIN test showed lower (poorer) mean
score in children with dyslexia compared to typically developing children and Independent t-test revealed
significant difference between two groups at p < 0.05. Spearman correlation between speech-evoked ABR and
SPIN test suggested negative correlation for wave V and wave A and positive correlation with amplitude of
harmonics in children with dyslexia. Present study concludes that children with dyslexia shows sub-cortical
timing deficit in adverse listening condition and poor encoding ability of fundamental frequency compared to
typically developing children.
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Introduction

Developmental dyslexia is a neuro-developmental
disorder in children with prevalence of 5-10% in given
age group with deleterious effect on language based
learning ability, educational achievement and socio-
profession integration  [1]. Literature reported that
individual with dyslexia have poor phonological
processing ability [2,3]. Despite having average
nonverbal intelligence, they showed deficit with written
language [4]. Children with dyslexia have impaired
speech perception in the presence of background noise
[5-8] exhibited greater speech perception deficit in the
presence of amplitude modulated noise or for stationary
noise [9]

Behavioral test in children with dyslexia showed deficit
in speech perception in noise [8,10] impaired
phonological awareness skills [11] and poor temporal
processing [12]. It is well established that neural
synchrony is degraded in noise, leading to delayed and
reduced auditory evoked responses from cortical [13,14]
and brainstem structures [15,16].  Electrophysiological
finding showed deficits in the brainstem timing, poor
temporal resolution ability and impaired representation
of fundamental frequency in the presence of background
noise.

There are various studies which reveal that individuals
with dyslexia having difficulties in speech perception
in challenging listening condition as measured by the

behavioral tests [6,7]. There is also existing literature
which studied the sub-cortical and cortical response
using speech evoked ABR and auditory late latency
response (ALLR) respectively in children with and
without dyslexia [17]. These studies reported poor
readers have significantly more processing difficulties
based on variables in auditory brainstem response than
good reader [18]. Cortical evoked potential suggested
that cortical amplitudes significantly reduced in children
with lower SPIN score compared to children with higher
SPIN scores which reflect a developmental central
processing impairment [19]. Research also reported
about fundamental sensory representation of sound at
brainstem and cortical levels in the learning problems
children when speech sounds were presented in noise
condition [15]. Since there is a limited available
literature to explore the natural stop consonants
perception in Indian population while measuring speech
evoked ABR in presence of noise and speech in noise
perception in children with dyslexia.

The present study is taken up with the aim of performing
speech evoked ABR in presence and absence of noise
in children with dyslexia and compared with typically
developing children. The above population was also
evaluated for behavioral speech in noise test. Finally,
the relationship between behavioral (SPIN) and
electrophysiological (speech evoked ABR)
measurement in children with dyslexia and typically
developing children were also tried to established.
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Method and Materials

Participants

There were two groups of participants included i.e.;
control (Group 1) and clinical group (Group 2) in the
age range of 8-12 years. There were 13 typically
developing children included for control group and 16
children with dyslexia were in clinical group. All
participants were from English-medium school-going
children in and around Mysore city. All the participants
from control group have good scholastic performance
as reported by parents or information collected from
school teachers. The diagnosis of dyslexia made by
experienced Speech and Language Pathologist and/or
Clinical Psychologist.

All the participants had bilateral normal hearing
sensitivity (? 15 dB) in the octave frequency range of
250 - 8000 Hz with normal middle ear functioning.
Speech recognition threshold were within ± 12 dB with
pure tone average threshold correlation and speech
identification score were ? 90% in quiet. Transient
evoked otoacoustic emission testing revealed normal
functioning of outer hair cells. The click evoked ABR
revealed normal neural integrity in all participants. All
participants were screened using screening checklist of
auditory processing (SCAP) to rule out central auditory
processing disorder in both the groups. Written/oral
informed consent was obtained from all the participants.
All behavioral and electrophysiological tests were
performed in sound treated room with the permissible
noise level in room [20]. It was insured that testing
rooms are well illuminated.

Behavioral Measure (SPIN)

 To assess speech perception ability in presence of noise,
monosyllable words [21] were presented at 40 dBSL
with monaurally at 0 dB SNR.

Electrophysiological Measure (Speech evoked ABR)

Natural speech syllables /da/ and /ba/ with 150 ms
duration were used to elicit speech evoked ABR. These
two different syllables were chosen because they are
predominantly differing in terms of acoustic features
(high versus low frequency sound). Natural speech
syllable voiced /da/ with duration of 150ms having
fundamental frequency of 122 Hz and other formants
frequencies were 585 Hz, 1493 Hz, 2463 Hz and 3623
Hz which represented first formant, second formant,
third formant and forth formant respectively. Natural
speech syllable voiced /ba/ with duration of 150ms
having fundamental frequency of 122 Hz and other
formants frequencies were 550 Hz, 1370 Hz, 2436 Hz
and 3572 Hz which represented first formant, second
formant, third formant and forth formant respectively.
To elicit speech evoked ABR stimuli were presented in
quiet and noise condition. For noise condition, Adobe
audition software was used to mix +10dB noise in both

stimuli.

Stimuli were presented monaurally in right ear to
preserved right ear advantage at sub-cortical level [22,
23] with the help of insert receiver (ER-3, Etymotic
Research). Stimulus intensity was 80 dBnHL throughout
recording session. Alternating polarity was used and
repetition rate was 4.6/s. analysis windows was 213 ms
with 50 ms pre/post stimulus. To elicit speech evoked
response, vertical montage was used with the help of 3
Ag-AgCl electrodes. Two recording were done in order
to check the consistency and reliability of the responses
measured. All participants were instructed to be relaxed
to reduce the muscular artifacts and to watch movie of
personal choice in silent mode on another laptop during
electrophysiological test. Peaks were marked for
weighted-add waveform for each condition. Transient
(wave V, wave A & slope of wave V/A) and sustained
response of speech evoked ABR were noted from the
recorded waveforms.

The recorded speech evoked brainstem responses were
extracted using AEP-to-ASCII software and further
analyzed in MATLAB. Frequency analysis responses
were carried out which provided the information about
amplitude of fundamental frequency (Fo) and various
harmonics (H2, H3 & H4).

Statistical Analysis:

Shapiro-Wilk's test was performed to check the
normality of data distribution and result revealed non-
normal data distribution (p < 0.05). Henceforth, non-
parametric test were involved for further statistical
analysis. However, behavioral speech in noise test data
was normally distributed. Hence, parametric
Independent 't' test was performed for behavioral SPIN
scores between two groups. Descriptive statistics was
carried out to obtain mean, median and standard
deviation. Mann-Whitney U test was done to compare
typically developing children and children with dyslexia.
Wilcoxon signed rank test was done to compare between
two speech stimuli i.e. /da/ and /ba/ in each condition
i.e. quiet and noise as well as between condition (quiet
& noise) for each speech stimulus i.e. /da/ and /ba/.
Finally, Spearman correlation analysis was done to
check the relationship between different parameters of
speech-evoked ABR and SPIN scores if any.

RESULTS

In typically developing children, component of speech
evoked auditory brainstem response (onset and steady-
state portion) were present in 12 children (92%) out of
13 children. However in children with dyslexia onset
and steady-state portion of speech evoked ABR were
present only for 11 children (68.75%) out of 16 children.
Hence further statistical analyses were done for 12
children with normal hearing and 11

children with dyslexia.
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Electrophysiological Measures

Speech evoked ABR were explained under two broad
heading in results section i.e. onset response (Wave V,
Wave A, & slope of Wave V/A) and sustained response
(Fo, H2, H3 & H4) of sp-ABR.

Onset response of the speech evoked ABR

Descriptive statistics show the mean latency of wave V
and wave A were longer (poorer) for children with
dyslexia in comparison to typically developing children
in both quiet and noise condition (figure 3). Further, the
latency of wave V and wave A was prolonged (poorer)
in noise condition compared to quiet in each group. In

addition, standard deviation (SD) was higher for children
with dyslexia compared to typically developing children
which shows higher variability or heterogeneous nature
of dyslexic children in both noise and quiet condition
using both speech stimuli. To check the statistical
significant difference between two groups in each
condition for both speech stimuli, Mann-Whitney U
test was done. Mann-Whitney U test results revealed
that for syllable /da/ in quiet condition, there were
statistical significant difference between two groups
for wave V (Z=3.97, p < 0.01), wave A  (Z= 3.97, p  < 0.01)
and slope of wave V/A (Z=3.33, p < 0.01). Further, in
noise condition for speech syllable /da/ stimulus
showed statistical significant difference between two

Figure 1: A sample waveform of speech-evoked ABR in a typically developing child

 Figure 2: A sample waveform of speech-evoked ABR in children with dyslexia
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groups for wave V (Z=7.00, p <0.01) and wave A (Z=4.08,
p < 0.01). However, significant differences were not
noticed for slope of wave V/A in spite of higher mean
noticed for dyslexic children compared to typically
developing children. Similarly, speech evoked ABR
using /ba/ speech stimulus shows significant differences

between two groups for wave V(Z=4.01, p < 0.01), wave
A (Z=3.87, p < 0.01) and slope of wave V/A(Z=2.03, p  <
0.01) in quiet and significant difference showed for wave
V (Z=4.41, p < 0.01) and wave A (Z=4.07, p < 0.01) in
noise condition as well as in noise condition except
slope of wave V/A  in noise condition only.

Figure 3: Mean and 95% confidence interval (CI) of syllable /da/ and /ba/ (A). for wave A latency; (B). Wave V
latency;  (C). Wave V/A slope ; [Note: Empty box: Typically developed children & Filled box: Dyslexic children]

Wilcoxon sign-ranked test was carried out for comparing
the performance between two speech stimuli (/da/ & /
ba/) in quiet and noise condition for each group i.e.
typically developing children and children with dyslexia.
TDC showed statistically significant difference for wave
A (z-value= 2.96, p < 0.01) and slope of V/A complex
(z-value = 2.96, p < 0.01) in quiet condition and only
for wave V (z-value = 2.05, p < 0.05) in noise condition.
In contrast, children with dyslexia did not show
statistical significant differences for stimulus /da/ as well
as /ba/ in both quiet as well as in noise condition.
Wilcoxon sign-ranked test were also performed to
compare the difference between quiet and noise
condition for each speech stimulus in each group.
Typically developing children shows statistically
significant differences between quiet and noise
conditions for both /da/ and /ba/ speech stimulus for
wave V, wave A and slope of the wave V/A except slope

of the wave V/A for /ba/ stimuli (z-value = 0.78). In
contrast, children with dyslexia show statistically
significant differences between quiet and noise condition
for both the speech stimuli for wave V and wave A.
However, significant differences were not noticed for
the slope of the wave V/A for both the speech stimuli

Sustained response of speech-evoked ABR

Descriptive statistics shows mean values of amplitudes
decreases (lesser) with increased higher harmonics. In
addition, Standard deviation (SD) also decreases with
increase in higher harmonics.  Higher amplitude of mean
was observed for fundamental frequencies in each
condition for both the speech stimuli compared to other
harmonics. Mann-Whitney U test were carried out to
investigate the comparison between two groups and
results revealed that there were no significant differences
observed between two groups for both /da/ and /ba/
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speech stimuli in both quiet as well as in noise conditions
except H4 in quiet condition for syllable /ba/ (z = 1.90, p
< 0.05). Wilcoxson sign-ranked test was carried out for
comparing the performance between two speech stimuli
(/da/ & /ba/) in quiet and noise condition for each group
and revealed statistically significant difference for
amplitude H2 (z-value = 3.05, p < 0.01) and H4 (z-value =
3.05, p < 0.01) in quiet condition only for TDC
group.CWD group showed statistically significant
difference for H2 (z-value = 2.75, p < 0.01) and H4(z-
value = 2.84, p  < 0.01) in quiet condition and for noise
condition only for amplitude of H2 (z-value = 2.57, p <
0.01). Wilcoxon sign-ranked test were also performed to
compare the difference between quiet and noise
condition for each speech stimulus in each group.  TDC
shows statistically significant differences between quiet
and noise conditions for /da/ speech stimulus for Fo (z-
value = 2.27, p < 0.05), H2 (z-value = 2.11, p <0.05) and
H4(z-value = 2.43, p < 0.01). However, there was no
statistical significant difference noticed between quiet
and noise conditions for amplitude of Fo, H2, H3, and
H4 for /ba/ syllable. In a similar line, children with
dyslexia did not show statistically significant differences
between quiet and noise condition for both the speech
stimuli for Fo and different harmonics except amplitude
of H4 (z-value = 2.43, p < 0.01) for syllable /da/.

Behavioral measure (Speech-In-Noise)

Descriptive statistics revealed lower (poorer) mean for
children with dyslexia (54.18 ± 13.42) compare to
typically developing children (75.63 ± 6.05). Further,
the SD was also higher for the dyslexic children
compared to typically developing children which
indicates heterogeneity among clinical groups. In
addition, Independent t-test was done to check whether
the differences in mean scores between two groups were
statistically significant or not. Results revealed
significant difference between typically developing
children and children with dyslexia (t=4.83; p < 0.05).

Correlation between electrophysiological and
behavioral measure

Spearman correlation analysis shows negative
relationship between wave V and wave A with speech
perception in noise for /da/ and /ba/ in quiet and noise
condition  except /ba/ sound in noise condition though
it was not statistically significant. The sustain responses
i.e amplitude of Fo show positive relationship with SPIN
for quiet and noise using both speech stimuli though
not statistical significant except /da/ syllable in quiet.
Similarly the amplitude of harmonics i.e. H2 and H4
showed positive relationship with SPIN though not
statistically significant except /ba/ syllables in quiet for
H2 harmonics. The above negative relationship reflects
as latency of wave V and wave A is increasing
(prolonged) the speech perception in noise reduces
(poorer). Similarly, positive relationship shows as

amplitude of harmonics is reducing the speech
perception in noise reduces (poorer) in children with
dyslexia.

DISCUSSION

Onset and sustained response of speech-evoked ABR

The finding of present study shows prolonged latencies
of onset response (wave V and wave A) of speech-
evoked ABR for children with dyslexia in comparison
to typically developing children in quiet as well as in
noise. Further, there were prolonged latency for wave
V and wave A in noise condition compared to quiet
condition for both /da/ and /ba/ speech stimuli. The slope
of V/A complex showed statistically significant
difference for both syllables in quiet condition but there
were no differences observed in noise condition.
Sustained portion response showed decreased (poorer)
amplitudes with increased higher harmonics and
concluded that background noise had merely impact on
sustained response.

Prolonged latencies of onset response (wave V and wave
A) of speech evoked ABR in the presence of background
noise were reported in many studies [15, 16, 24-30].
speech evoked ABR in presence of noise could able to
trace the subtle changes at the brainstem level among
learning impaired children which could not be traced
with simple click stimuli [26]. Probably poor temporal
resolution ability in children with learning impairment
could be due to the corticofugal modulation of sub-
cortical activity which leads to neural deficits [31,32].

Individuals with learning disability show higher internal
noise in the brain which reduces their ability to encode
of fundamental frequency and makes difficult for
individuals to exclude external noise and hence
degraded response seen in children with learning
impairment [33].  Johnson et al. 2007 [34] observed
stimulus-latencies pattern of different speech stimuli as
/ga/ < /da/ < /ba/ for sub-cortical potential. Minor peaks
of speech evoked ABR provides precise information of
spectro-temporal changes which occurs in formant
structure and major peaks gives insight of onset response
and endpoints. The detrimental effect of background
noise on brainstem response leads to delayed transition
period which relates to speech perception ability in
noise. Overall, present study reported poorer
representation of the onset responses in dyslexic
children in comparison to typically developing children
which indicated neural processing deficit at sub-cortical
level.

Behavioral Measurement (Speech in noise test)

The present study showed statistically

significant difference between children with dyslexia
and typically developing children (TDC) in speech
perception in noise test. Children with dyslexia had lesser
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(poorer) mean scores in comparison to TDC at 0 dB
SNR. The finding is supported by several studies
mentioned in literature [8-10,19, 28, 35-36]  . Poor
performers on HINT and reading skills showed auditory
based deficit [28]. Reduced temporal resolution ability
in individuals with language based impairment is also
reported in literature [5,19,23,36]. In addition, six-talker
babble has more impact on speech perception ability in
noise than two-talker since it resembles more with
realistic day-to-day life situation [26]. Children with
reading disorder or learning impairment who performed
better on HINT task had better stop-consonant
differentiation ability than those who performed poorly
in hearing in noise test [23]. These perceptual deficit in
noise in dyslexic children despite normal perception in
quiet condition which probably indicating that the deficit
may be located in central region. Due to centrally located
noise induced deficit among dyslexic children showed
atypical brainstem responses to speech sounds in
presence of noise [8]. Overall the above finding reflects
deficits in higher centers in children with dyslexia due
to which the speech perception in noise is poorer
compared to TDC.

Correlation between speech evoked ABR and speech
in noise test

The present study showed negative correlation between
latency of wave V and wave A of speech evoked ABR
and SPIN scores in children with dyslexia in both
conditions. The above relationship indicates as latency
of the wave V and A will be prolonged the SPIN scores
will be reducing (poorer) in dyslexic children and vice
versa. Further, present study reported positive
relationship between amplitude of fundamental
frequency and other harmonics with speech in noise test
though it was not statistically significant. Researchers
observed an individual who performs poor on behavioral
task which assess speech perception ability in noise
(either HINT and/or QuickSIN) also showed prolonged
latencies of onset response [16, 24-25, 27]  and poor
performance on behavioral task of speech perception
in noise and its correlation with electrophysiological
measures can give indication of learning impairment
[11]

Conclusion

The finding of present study showed that speech evoked
ABR can be successfully elicited with the help of natural
speech syllable with long duration. Further it can be
concluded that there is more need to do research by
using natural speech syllable with different duration
and its correlation among various behavioral tests which
can tap different domain of auditory processing in
clinical population.
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