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Introduction
In everyday life, people use various speech cues in order 

to understand ongoing conversations. The acoustical features 
of speech such as onset time, phoneme transition, periodicity, 
formant and envelope are encoded and analyzed accordingly 
by the complex hearing system Skoe & Kraus [1]. On the other 
side, previous researches have suggested the notable effects of 
sensorineural hearing loss (SNHL) on the affected individuals 
include decreased audibility, poor frequency discrimination, 
reduced temporal resolution and integration Moore [2]. These 
negative consequences of SNHL are in fact more prominent in 
children who are in the process of acquiring speech and language 
skills Northern & Downs [3]. Electrophysiological tests offer an 
objective indication as to how auditory stimuli are processed and 
encoded at the subcortical and cortical levels Hall [4], Koravand 
[5], Sharma [6], Skoe & Kraus [1], Studer-Eichenberger [7]. 
Auditory brainstem response (ABR), auditory middle latency 
response (AMLR) and cortical auditory evoked potential (CAEP)  

 
are among electrophysiological tests that have been studied in 
children and adults with auditory dysfunctions Hall [4], Nash 
Kille & Sharma [8], Skoe & Kraus [1], Yang [9].

For many decades, ABR has been used as a standard 
electrophysiological test for various clinical applications in the 
fields of audiology and neuro-otology Anwar et al. [10], Hall [1], 
Koohi [11]. Depending on its specific purposes, ABR is typically 
recorded with stimuli such as clicks, tone bursts or chirps 
Birkent et al. [12], Cobb & Stuart [13], Hall [4], Prendergast et 
al. [14]. More recently, ABR evoked by complex stimuli has been 
a subject of increased interest among researchers Koravand 
[15], Skoe & Kraus [1]. As such, ABR elicited by complex sounds 
such as speech syllables can provide supplementary data to 
the conventional click-evoked ABR and other clinical tests 
in assessing the neural function Dhar [16], Skoe & Kraus [1]. 
When stimulated by a repetitive 40-ms speech syllable /da/, 
the speech-evoked auditory brainstem response (speech-ABR) 
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waveform typically consists of seven peaks (Figure 1). As shown, 
peaks V and A reflect the onset (transient) property of speech-
ABR, that is analogous to wave V of click-evoked ABR Song [17]. 
These peaks are highly dependent on the neural synchronization 
upon auditory stimulations Skoe & Kraus [1]. The consonant-to-
vowel transition segment of the syllable /da/ is represented by 
peak C. Peaks D, E, and F represent the phase-locked sustained 
region (i.e., FFR), while peak O reflects the offset portion of 
steady-state vowel Skoe & Kraus [1].

Figure 1: The /da/ stimulus (40-ms duration, upper panel) 
and the corresponding seven-peak speech-evoked auditory 
brainstem response of a normal participant (lower panel). Peaks 
V, A, C, D, E, F and O are labeled accordingly.

Speech-ABR can be recorded reliably with monaural and 
binaural stimulations Ahadi [18], Uppunda [19], as well as 
in the presence of background noise Chandrasekaran [20], 
Cunningham [21], Hornickel [22]. The responsiveness of 
speech-ABR in documenting neural plasticity following specific 
training procedures is also encouraging Jalaei, Filippini [23], 
Krishnamurti [24], Russo [25], Song [26]. Deficits in the 
neural encoding of speech cues have been revealed by speech-
ABR in individuals with learning problems Cunningham [21], 
King [27], Sanfins [28], Wible [29], phonological disorders 
Gonçalves [30], auditory processing disorders Krishnamurti 
[24], attention deficit disorders Jafari [31], autism Russo [32], 
epilepsy Elkabariti [33] and stuttering problems Tahaei [34]. 
The results of numerous studies on speech-ABR have shown that 
this electrophysiological response is indeed useful, sensitive and 
reliable in providing objective documentation of temporal and 
spectral encoding of complex stimuli Skoe & Kraus [1]. It can 
be effectively elicited by stimuli that are transient or sustained, 
abrupt or slow and continuous or interrupted Skoe & Kraus [1]. 
To produce robust speech-ABR waveforms, peripheral hearing 
system, auditory nerve and brainstem nuclei must be intact and 
functioning. As such, the influence of peripheral hearing loss on 
the brainstem processing of speech and complex sounds has been 
studied but the current literature is limited and contentious. In 
a study by Koravand [15], speech-ABR results were compared 
between normally hearing children (n = 13, aged 6 to 14 years) 
and children with bilateral mild-to-moderately severe SNHL (n = 
12, aged 6 to 14 years). 

The typical speech syllable /da/ was employed to record 
the speech-ABR waveforms. While the onset and phoneme 

transition peaks were unaffected by hearing loss, significantly 
longer latencies of FFR peaks (D and E) were found in the 
hearing-impaired group. The authors then concluded that there 
were specific patterns of subcortical encoding of speech sounds 
in children with mild-to-moderately severe SNHL. In line with 
this, Anderson [35] recorded speech-ABR to speech syllable /da/ 
from normally hearing older adults (n = 15, aged 61 to 68 years) 
and older adults with mild-to-moderate SNHL (n = 15, aged 60 
to 71 years). They then found that the neural representation of 
envelope-to-fine structure of the sustained segment of speech 
sounds was imbalanced in the hearing-impaired group. No 
such result was seen in the control group. On the other hand, 
contradictory results were reported by other studies Leite 
[36], Nada [37]. In a study by Nada [37], speech-ABR (elicited 
by syllables (/da/ and /ba/) was recorded from 40 adults with 
bilateral mild-to-moderate SNHL and 20 adults with normal 
hearing. For both types of speech syllables, statistically longer 
latencies of speech-ABR onset peaks (V and A) were found in 
the hearing-impaired group than in the normal group. When 
evoked by speech syllable /da/, the hearing-impaired adults also 
revealed longer peak C latencies than the normal group. 

The sustained FFR features, on the other hand, were not 
affected by the peripheral hearing loss. The insignificant 
influence of peripheral hearing loss on FFR peaks was also 
reported by Leite [36] who studied speech-ABR in children with 
bilateral mild-to-moderate SNHL. Methodological differences 
(e.g., different age groups, different severity of hearing loss etc.) 
are the likely reasons for discrepancies between the results, 
in which further confirmation is required. Taken together, 
more research efforts are needed to enhance the current 
understanding on the influence of hearing loss on the brainstem 
encoding of speech sounds. As such, speech-ABR outcomes in 
children with more severe hearing loss have not been reported. 
The present study, thus, was carried out to compare speech-ABR 
findings between typically developing children and children with 
moderately severe SNHL. Due to the notable hearing loss, it was 
hypothesized that the neural encoding of transient, phoneme 
transition and sustained segments of speech sounds would be 
degraded in children with SNHL relative to their age-matched 
normal peers. 

Materials and Methods

Participants
Thirty-two Malaysian children aged from 4 to 9 years 

participated in this case-control study. Of this, 17 of them 
were hearing-impaired children (mean age = 7.1 ± 1.8 years, 
8 girls and 9 boys) and the remaining 15 were typically 
developing children (mean age = 6.1 ± 1.6 years, 8 girls and 7 
boys). All typically developing (TD) children had no hearing, 
communication or academic problems and performed normally 
in pure tone audiometry (PTA thresholds of ≤ 20 dB HL at 250-
8000 Hz octave frequencies) and tympanometric testing (i.e., 
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healthy middle ear function) bilaterally. They were recruited 
among children of staff members of University Hospital. The 
hearing-impaired (HI) children, on the other hand, were 
selected among patients of Audiology Clinic, University Hospital 
using the convenience sampling method. All of them had hearing 
levels within a moderately severe range (sensorineural type) 
with downward sloping patterns bilaterally. They are all hearing 
aid wearers and had no other medical disabilities (as reported 
in their medical files). They also had no otoacoustic emissions 
(OAEs) in both ears, suggestive of poor functions of outer hair 
cells. All procedures performed in this study involving human 
participants were in accordance with the ethical standards of 
Universiti Sains Malaysia (USM/PPP/JEPeM [245.3(5)]) and 
with the 1975 Helsinki declaration and its later amendments. 
Prior to the data collection, informed consent was obtained from 
the parents of children included in the study.

Stimuli and Recording Parameters
The speech-ABR was recorded according to the standard 

protocol with a two-channel auditory evoked potential device 
(Natus Medical Inc., Mundelein, USA). The electrodes were 
positioned accordingly on each child’s head: non-inverting on 
the vertex, inverting on the right mastoid and ground on the 
forehead. The impedance of all electrodes was kept below 3 KΩ 
and within 1 KΩ of each other. The standard 40-ms syllable /
da/ was used as the stimulus to record speech-ABR (Figure 
1). It begins with an initial onset burst and followed by a CV 
transition. The fundamental frequency (F0) of the stimulus rises 
linearly from 103 to 125 Hz while the formants shift as follows: 
F1: 220 → 720 Hz; F2: 1700 → 1240 Hz; F3: 2580 → 2500 Hz. The 
fourth (3600 Hz) and fifth (4500 Hz) formants remain constant 
for the duration of the stimulus. The stimulus was presented to 
each child’s right ear at 30 dB SL (i.e., 30 dB above the averaged 
hearing level at 500, 1000, 2000 and 4000 Hz) using the 
headphones. The stimulus rate was 10.3/s with 3000 sweeps 
for each trial. The time window was set at 74.67 ms (including 
a 10-ms pre-stimulus period). The acquired responses were 
amplified 100,000 times and band-pass filtered at 100-2000 Hz. 
For eliminating the unwanted responses, the artifact rejection 
was set at ± 23.8 µV. To ensure good waveform replicability, the 
recording was repeated twice for each trial. During the speech-
ABR recording, the children laid comfortably in the supine 
position on the provided bed while watching voiceless cartoons.

Statistical Analyses
Two experienced audiologists were involved in identifying 

and verifying speech-ABR peaks. For each child, amplitude 
and latency values of speech-ABR peaks (V, A, C, D, E, F and O) 
were computed. Speech-ABR composite onset measures (VA 
inter-peak duration, VA inter-peak amplitude and VA slope) 
were also recorded. Since all data were found to be normally 
distributed (p > 0.05 by Kolmogorov-Smirnov normality test), 
parametric inferential statistical analyses were carried out. To 
control for the possible effect of age and gender on speech-ABR 

data, analysis of covariance (ANCOVA, with age and gender as 
covariates) was conducted to compare the speech-ABR findings 
between TD and HI groups. Prior to this, the data were initially 
tested for the homogeneity of slopes to ensure the ANCOVA 
assumption had not been violated. Pearson analysis was used 
to determine the correlation between hearing level and speech-
ABR results. The p values of less than 0.05 were considered 
statistically significant. In addition, to determine the magnitude 
of difference between the two groups, Cohen‘s effect size (d) 
was computed and interpreted as small (d = 0.20), medium (d 
= 0.50), large (d = 0.80) or very large (d ≥ 1.00) Kraemer [38]. 
All data analyses were conducted with SPSS software version 20 
(SPSS Inc, Chicago, IL, USA).

Results

Age and Hearing Profiles
In the present study, even though the mean age was 

descriptively lower in the TD group (6.1 ± 1.6 years) than in the 
HI group (7.1 ± 1.8 years), this age difference was not significant 
(t = -1.766, df = 30, p = 0.088). For the HI group, the hearing 
thresholds ranged from 30 to 85 dB HL between 500, 1000, 2000 
and 4000 Hz frequencies in both ears. The averaged hearing 
levels (at 500, 1000, 2000 and 4000 Hz frequencies) ranged from 
51.3 to 71.3 dB (mean = 62.4 ± 5.7 dB) and from 46.3 to 72.5 dB 
(mean = 62.9 ± 7.2 dB) for the right and left ears, respectively. 
These averaged hearing levels were found to be comparable 
between the ears (t = -0.372, df = 16, p = 0.717). 

Latency Analyses

Figure 2: Representative speech-evoked auditory brainstem 
responses for a typically developing child (upper panel) and a 
hearing-impaired child (lower panel).

Reliable speech-ABR waveforms had been successfully 
obtained from all children of both groups. The representative 
speech-ABR waveforms of a TD child and a HI child are depicted 
in Figure 2. Mean, standard deviation (SD) and inferential 
statistical analyses for speech-ABR results for both groups are 
shown in Table 1. As revealed, the speech-ABR latencies were 
descriptively longer in the HI group than in the TD group, 
particularly for onset peaks. This observation was then confirmed 
by ANCOVA results, in which statistically longer latencies were 
found in HI children for peaks V, A and C (p < 0.05). For these 
peaks, effect sizes were very large indicating that substantive 
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differences were indeed noted between the two groups (d = 1.16 
- 6.10). On the other hand, the sustained FFR components (peaks 
D, E and F) and offset portion (peak O) of speech-ABR were not 
affected by hearing loss as comparable latency findings were 
noted between the two groups (p > 0.05). To further support 
the ANCOVA results, the correlations between hearing level and 
speech-ABR results were also reported. As shown in Table 2, 
strong positive correlations were noted between hearing level 
and latency of peak V (r = 0.90, p < 0.001) and peak A (r = 0.93, 
p < 0.001). A moderate but significant correlation was found 
between hearing level and peak C latency (r = 0.54, p = 0.001). In 
this regard, latency of these peaks increased with increasing the 
hearing level. No significant correlations were found between 
hearing level and latency of sustained peaks of speech-ABR (p 
> 0.05).

Amplitude Analyses
For peak amplitude, the significant statistical result was only 

found for peak A (Table 1). That is, the mean amplitude of peak A 

was significantly larger in the TD group (-0.19 ± 0.07 µV) than in 
the HI group (-0.07 ± 0.05 µV) (F = 28.374, df = 1, 28, p < 0.001). 
This amplitude difference was further supported by a very large 
effect size (d = 1.99). As revealed in Table 2, a strong correlation 
was also found between hearing level and peak A amplitude (r 
= 0.71, p < 0.001). No such statistical outcomes were seen for 
other speech-ABR peaks. 

Composite Onset Measures
While no significant result was found for VA inter-peak 

duration (F = 0.131, df = 1, 28, p = 0.720), TD children revealed 
statistically larger VA inter-peak amplitudes and steeper VA 
slopes compared to HI children (p < 0.05). As shown in Table 1, 
the effect size was large for VA slope (d = 0.87) and very large 
for VA inter-peak amplitude (d = 1.36). Other than the VA inter-
peak duration (r = 0.01, p = 0.986), significant correlations were 
found between hearing level and composite onset measures of 
speech-ABR (p < 0.05) (Table 2).

Table 1: Mean, standard deviation (SD), p value for analysis of covariance (ANCOVA, with age and gender as covariates) and Cohen’s effect 
size (d) of speech-evoked auditory brainstem response peak amplitudes, peak latencies and composite onset measures for typically developing 
(TD) and hearing-impaired (HI) groups.

Mean (SD)
p value Effect size (d)

TD (n = 15) HI (n = 17)

Latency (ms)

V 7.31 (0.30) 12.85 (1.47) < 0.001* 5.2

A 8.40 (0.32) 13.88 (1.23) < 0.001* 6.1

C 19.13 (0.93) 20.05 (0.65) 0.001* 1.16

D 23.15 (0.59) 23.21 (1.03) 0.856 0.07

E 31.97 (0.61) 31.96 (1.19) 0.659 0.02

F 40.57 (0.68) 40.86 (1.32) 0.795 0.28

O 48.99 (1.10) 49.86 (1.80) 0.138 0.58

Amplitude (µV)

V 0.11 (0.05) 0.10 (0.08) 0.965 0.1

A -0.19 (0.07) -0.07 (0.05) < 0.001* 1.99

C -0.04 (0.05) -0.06 (0.04) 0.117 0.58

D -0.17 (0.05) -0.14 (0.08) 0.561 0.32

E -0.21 (0.05) -0.20 (0.11) 0.646 0.16

F -0.18 (0.07) -0.17 (0.11) 0.969 0.12

O -0.12 (0.05) -0.14 (0.14) 0.864 0.23

Composite onset measures

VA inter-peak duration (ms) 1.09 (0.01) 1.04 (0.60) 0.72 0.13

VA inter-peak amplitude (µV) 0.30 (0.11) 0.17 (0.10) 0.002* 1.36

VA slope (µV/ms) -0.28 (0.10) -0.19 (0.13) 0.036* 0.87
*Statistically significant at p < 0.05.
Discussion

Recall that the present study aimed to compare the speech-
ABR findings between typically developing children and children 
with moderately severe hearing loss. Since OAEs were absent in 
all tested HI children (suggestive of cochlear damage), the type 
of hearing loss was likely to be sensory loss. The comparisons 

between the two groups were considered appropriate as the age 
and gender distributions were comparable. Furthermore, age and 
gender influences (if any) were controlled with the use of ANCOVA 
when speech-ABR results were compared between TD and HI 
groups. Overall, based on the statistical results, a pronounced 
influence of hearing loss was observed on some speech-ABR 
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peaks. Different from the findings of previous studies, the peak 
latencies of TD children in the present study were consistently 
longer. This is not surprising as low stimulation levels (i.e., 30 
dB SL) were used to record speech-ABR. Most of studies on 
speech-ABR among normally hearing participants utilized high 
intensity levels (≥ 80 dB SPL), which resulted in waveforms 
with earlier peak latencies Koravand [15], Leite [36], Sanfins 
[39]. This latency pattern is common and has been consistently 
demonstrated in many auditory electrophysiological tests Hall 
[4], Møller [40], Picton [41]. As reported elsewhere, at high 

intensity levels, the neural responses are mostly contributed by 
the basal part of cochlea Picton [41]. At lower intensity levels, 
the site of excitation moves toward the apical region of cochlear, 
resulting in ABR with longer latencies Picton [41]. In addition, 
the earlier ABR latencies at high stimulation levels may also be 
contributed by the temporal aspect of excitatory postsynaptic 
potentials (EPSPs). That is, the time taken for EPSPs to reach 
thresholds is faster at high intensity levels (thus, shorter 
latencies) than at low intensities Møller [40].

Table 2: Correlation coefficient (r) and corresponding p values when hearing level (in dB HL) is compared with speech-evoked auditory 
brainstem response results.

Hearing level (dB HL)

r p

Latency (ms)

V 0.9 < 0.001*

A 0.93 < 0.001*

C 0.54 0.001*

D 0.03 0.853

E 0.01 0.941

F 0.12 0.493

O 0.24 0.186

Amplitude (µV)

V 0.06 0.783

A 0.7 < 0.001*

C 0.22 0.22

D 0.18 0.318

E 0.08 0.617

F 0.06 0.714

O 0.12 0.502

Composite onset measures

VA inter-peak duration (ms) 0.01 0.986

VA inter-peak amplitude (µV) -0.57 < 0.001*

VA slope (µV/ms) 0.45 0.009*

*Statistically significant at p < 0.05.

Onset peak measures of speech-ABR
In the present study, the latencies of onset peaks (V and 

A) were significantly prolonged in the HI group with very 
large effect sizes. Moreover, the hearing levels were positively 
correlated with the onset peak latencies. This suggests that the 
temporal encoding of stop consonant in the brainstem region 
is notably degraded in children with SNHL. This abnormal 
speech encoding might also contribute to the poor ability of 
HI children in understanding conversations in their daily life. 
The delayed onset latencies in HI participants have also been 
reported in the previous studies on speech-ABR Archana [42], 
Nada [37] and click-evoked ABR Keith & Greville [43], Strelcyk 
[44]. In this regard, the use of transient broadband signals would 
excite all regions of the cochlea Hall [4]. In cases of downward 
sloping hearing loss (where high-frequency hearing loss is more 

prominent), the contribution to the ABR from neurons in the 
basal region would be reduced, whereas the contribution from 
more apical neurons would be increased, resulting in longer ABR 
latencies Hall [4], Gorga [45]. Prolonged latencies of speech-
ABR onset peaks have also been observed in normally hearing 
children with learning disabilities King [27] and auditory 
processing disorders Krishnamurti [24], suggesting abnormal 
encoding of speech sounds at the brainstem level. 

On the other hand, Koravand [15] found no significant 
differences in the onset peak latencies between normal and HI 
children. This finding is not consistent with the present study 
outcome, which is likely due to the methodological difference. 
Unlike the present study that recruited children with greater 
hearing loss, Koravand [15] recorded the speech-ABR from 
children with mild-to-moderately-severe hearing loss, which 
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resulted in shorter onset peak latencies. It is generally agreed 
that as the hearing level increases, the absolute latencies of ABR 
increases Hall [4], Hyde [46]. It is worth noting that the onset 
peak latencies of HI children found in Koravand et al.’s study 
were comparable to normal values. This is not surprising as at 
high intensity levels, absolute latencies of ABR tend to fall within 
the normal limits, particularly for audiograms with downward 
sloping patterns Galambos & Hecox [47], Gorga [45], Hall [4], 
Keith & Greville [43].  In the field of auditory electrophysiology, 
delayed peak latencies would be typically followed by reduced 
peak amplitudes when testing participants with specific auditory 
disorders Aihara [48], Hall [4], Lin [49], Pushpalatha & Konadath 
[50]. 

However, due to the fluctuations in background of 
electroencephalography (EEG) activity, the peak amplitude is 
less stable and more variable than the peak latency, particularly 
for low-amplitude early latency responses Chiappa [51], Edwards 
[52]. In the present study, reduced amplitude in the HI group 
was found for peak A. The peak amplitude of ABR represents 
the sum of action potentials of neurons that are synchronously 
stimulated by transient auditory stimuli. This neural excitation 
is degraded in the presence of cochlear pathology, particularly 
when the basal region of cochlea is damaged Steinhoff [53]. 
Therefore, significantly lower amplitudes of peak A in HI children 
found in the present study are consistent with the reduced 
neural synchronization because of the sensory hearing loss. The 
significant influence of peripheral hearing loss on the amplitude 
of speech-ABR onset peak was not revealed in other studies 
Koravand [15], Nada [36], which could be due to amplitude 
variability or participants’ characteristics (e.g., milder degree of 
hearing loss). 

Composite Onset Measures of Speech-ABR
The physiological representation of the transient segment 

of syllable /da/ can be further enlightened by the composite 
onset measures of speech-ABR including VA inter-peak duration, 
VA inter-peak amplitude and VA slope. In the present study, 
significantly lower VA inter-peak amplitudes and less steep VA 
slopes were noted in HI children than in TD children. Reduced VA 
inter-peak amplitudes in HI participants were also observed in 
the study by Leite [36], which are again related to the decreased 
neural synchronization because of the cochlear damage. As 
highlighted by Wible [29], the VA slope can be a useful indicator 
for describing the neural encoding of the onset segment of 
speech as it captures both the duration and the amplitude of 
V-to-A transition. Relative to normal children, less steep VA 
slopes have been consistently noted in children with learning 
problems Wible [29], Wible [54]. Since HI children were found 
to have statistically lower VA inter-peak amplitudes, the less 
steep VA slopes found in this group were in fact sensible. The 
VA inter-peak duration, on the other hand, was not influenced 
by the peripheral hearing loss, which is in line with the previous 
study outcomes Nada [37].

Phoneme Transition Measure of Speech-ABR
In speech-ABR, the consonant-to-vowel transition segment 

is represented by peak C. Compared to other speech-ABR peaks, 
peak C has the smallest amplitude and may not be present in 
all healthy subjects Skoe & Kraus [1]. In the present study, 
nevertheless, the peak C was present in all tested children. 
While no significant difference in amplitude was found between 
the groups, HI children produced statistically longer peak C 
latencies than TD children. This implies that the encoding of 
phoneme transition cue is disrupted in children with SNHL, 
which is consistent with the previous speech-ABR outcome Nada 
[37]. In view of the aforementioned finding, it is also of interest 
to know whether there is a link between the deficient phoneme 
transition encoding (as reflected by the peak C of speech-ABR) 
and the temporal resolution (i.e., the ability of the auditory 
system to detect subtle changes or “gaps” between phonemes). 
Behavioral gap detection tasks are typically performed to 
measure the temporal resolution Moore [2]. 

Reduced temporal resolution skills (i.e., higher gap detection 
thresholds) have been reported in individuals with peripheral 
hearing loss Fitzgibbons & Gordon-Salant [55], Glasberg [56], 
Mishra [57], Moore [2] and auditory processing disorders 
Boscariol [58], Dias [59], which may underlie their poor speech 
perception. In a study by Sanju [60], gap detection thresholds 
and speech-ABR results were compared between young and 
middle-aged adults with normal hearing. As reported, significant 
differences in the test results were found between the two age 
groups. On the other hand, no significant correlations were 
observed between gap detection thresholds and speech-ABR 
results (peak V latency and FFR amplitude), suggesting that 
the auditory stimuli might be encoded differently by the two 
measures. The peak C of speech-ABR, however, was not analyzed 
and discussed in this study. Further research is therefore 
warranted to determine whether there is a significant relation 
between the peak C of speech-ABR and the gap detection ability, 
particularly when testing participants with compromised 
auditory functions.

Sustained FFR measures of speech-ABR
In the speech-ABR testing elicited by the consonant-vowel 

speech syllable, the sustained FFR peaks (D, E and F) represent 
the phase-locked neural encoding of the steady state vowel 
Skoe & Kraus [1]. While the influence of peripheral hearing 
loss on the onset peaks of speech-ABR was robustly noted in 
the present study, no significant differences in FFR results were 
found between HI and TD children. The insignificant effect of 
hearing loss on the sustained peaks of speech-ABR has also been 
reported in the previous studies Leite [36], Nada [37] and there 
are several possible reasons for this. First, intact peripheral 
and central auditory pathways contribute to the robustness of 
speech-ABR. The onset, severity and type of hearing loss may 
affect speech-ABR results. All HI children participated in the 
present study had better hearing thresholds at low frequencies 
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(i.e., downward sloping audiometric patterns). Therefore, if 
compared to the high-frequency consonant perception, the 
vowel segment of speech syllable would be perceived more 
clearly and with better audibility, resulting in discernible FFR 
peaks. 

Second, since the transient and sustained segments of 
the speech syllable might be encoded differently (by distinct 
neural mechanisms within the brainstem region) Akhoun [61], 
Hoormann [62], Kraus & Nicol [63], Russo [64], the influence of 
peripheral hearing loss on these speech elements would also be 
different. Russo [64] recorded speech-ABR to a repetitive 40-ms 
speech syllable /da/ from normally hearing children (n = 38, 
aged 8 to 12 years) in quiet and in noisy conditions. In the quiet 
environment, while significant correlations were found between 
the onset peaks, the sustained FFR measures were not related 
to each other and had no correlation with the onset peaks. 
Moreover, when the speech-ABR was recorded in the presence 
of noise, the onset responses were severely affected but the 
FFR features remained unaltered. When recording speech-ABR 
to speech syllable /ba/ in normally hearing adults, Akhoun 
[61] found that the onset and FFR features of speech-ABR were 
affected differently by the intensity level. Taken together, these 
findings suggest that there are two distinct neural streams 
(within the same pathway) for encoding the transient and 
sustained segments of speech sounds Kraus & Nicol [63]. In the 
study by Nada [37] that compared speech-ABR results between 
healthy and SNHL adults, while the latencies of onset peaks 
were statistically longer in the SNHL group, the FFR results were 
comparable between the two groups. 

They then concluded that the neural phase locking to 
fundamental frequency and its harmonics was not influenced 
by the peripheral hearing loss, which is in line with the present 
study outcomes. Different from the present study outcomes 
and previous reports Leite [36], Nada [37], Koravand [15] 
found the latencies of FFR peaks (D and E) to be significantly 
delayed in hearing-impaired children than in the control group. 
Other speech-ABR peaks (including peak F of FFR), on the other 
hand, were not influenced by the hearing loss. Moreover, the 
amplitude of peak O was found to be consistently larger in the 
hearing-impaired group. The exact reasons for the discrepancies 
between the results are unknown and further large-scale 
research is warranted to provide more concrete evidence of 
these aspects of speech-ABR. In the present study, latencies and 
amplitudes of peak O were found to be comparable between TD 
and HI children. This implies that the neural encoding of the 
end of vowel is unaffected by hearing loss, which is line with the 
previous speech-ABR findings Leite [36], Nada [37].

Stimulation level issues 
It is worth noting that the present study recorded speech-

ABR at a similar low sensation level (i.e., 30 dB SL) as an effort 
to obtain an “equal” level of stimulation for both TD and HI 
groups. By considering the maximum output limit of the ABR 

device (around 100 dB nHL) and the maximum hearing levels 
of hearing-impaired participants (around 70 dB HL), the 
stimulation level was therefore set at 30 dB SL. Previous speech-
ABR studies involving hearing-impaired participants used 
intensity levels between 80-95 dB sound pressure level (SPL) 
Abd El-Ghaffar [65], Anderson [35], Leite [36], Koravand [15]. 
Regarding the intensity level for speech-ABR recording, there is 
a concern whether the stimulus level should be presented in dB 
SPL or in dB SL when testing hearing-impaired individuals. When 
comparisons are made between normal and hearing-impaired 
listeners, the stimulus presentation at the same SL may result 
in higher absolute levels perceived by HI participants, leading to 
unequal (i.e., better) results Lewis [66]. In a study by Lewis [66] 
that recorded tone-evoked ABR in normal and mild-to-moderate 
hearing-impaired adults, significantly earlier wave V latencies 
were reported in the hearing-impaired group when the tone-
bursts were presented at similar SLs. In contrast, both groups 
produced similar wave V latencies with the use of equivalent 
SPLs in recording ABR. 

The earlier ABR latencies in sensory hearing-impaired 
individuals when the tone bursts were presented at similar 
SLs can be explained by several factors including decreased 
cochlear filter build-up time, reduced cochlear amplifier gain 
and broadened auditory filters Lewis [66]. In the present study, 
the stimulus presentation at a similar SL in recording speech-
ABR was considered appropriate to obtain the desired results. 
Different from Lewis et al.’s study (that used tone bursts to 
record ABR), the present study recorded speech-ABR using the 
speech syllable /da/ and thus, the findings would be different. 
In fact, since the HI children in the present study had greater 
hearing loss, the latencies of onset peaks were in fact delayed 
(not earlier) compared to that of the TD group [67-70]. 

Study Limitations
The present study is not without limitations. The size of 

sample was modest and perhaps more favorable outcomes would 
be obtained if more children could be recruited. Furthermore, 
the data were gathered from children of a limited age range (4 
to 9 years) and different study findings might be obtained if 
different age groups are tested. In this respect, it is of interest 
to see how the brainstem encoding of speech cues is affected by 
hearing loss in younger children (≤ 3 years of age) and this is 
subject to further research [71-75].

Conclusion
In the present study, the brainstem encoding of speech 

syllable /da/ was compared between children with moderately 
severe SNHL and their age-matched normal peers by means 
of speech-ABR testing. As revealed, the neural encoding of 
steady-state vowel was unaffected by hearing loss. In contrast, 
the brainstem encoding of transient and phoneme transition 
segments of speech syllable was significantly disrupted in HI 
children. Nevertheless, since the differences in speech-ABR 
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results between the two groups can be very large (e.g., effect 
size of 6.10 for peak A latency), it remains puzzling whether 
the encoding deficits can also be due to compromised neural 
functions (conditions similar to learning-impaired children) 
rather than solely caused by peripheral hearing loss. Further 
research is therefore warranted to shed light on this issue. 
The present study findings may also provide insight into 
essential speech elements that require a “special” focus when 
developing an effective auditory training protocol for children 
with moderately severe hearing loss. Moreover, since the 
sustained FFR components are unaffected by hearing loss, the 
usefulness of speech-ABR can be further expanded by studying 
multi-handicapped children (those with peripheral hearing loss 
and auditory brainstem deficits). For example, it is of interest 
to know whether speech-ABR is useful as an objective tool in 
distinguishing between hearing-impaired children, and those 
with peripheral hearing loss and central auditory deficits (that 
compromise the encoding of sustained speech segment). This 
diagnostic aspect of speech-ABR is subject to further research 
[76-78]. 
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