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INTRODUCTION

While generating the synchronous activity of neurons at the 
subcortical level, the auditory brainstem response (ABR) has 
been measured widely since the 1970s using only a small set of 
scalp electrodes (Hood, 1998; Jewett et al., 1970). With merits 
such as objective and passive recording, ABR is renowned as 
an attractive tool for clinical use to determine auditory thresh-
olds and/or diagnose neuropathology with accuracy (Hood, 
1998). Early studies of ABR mainly focused on the response 
evoked by simple stimuli such as click and tone burst (Hood, 
1998; Jewett et al., 1970; Skoe & Kraus, 2010). Although these 
simple stimuli have been useful in defining basic response pat-
terns from the brainstem (Hood, 1998), they are limited in re-

flecting various responses from complex sounds (e.g., speech 
and music to which we listen in everyday life) (Skoe & Kraus, 
2010). That is, they cannot imply unique characteristics of the 
complex sounds which consist of temporally and spectrally 
dynamic cues in their longer duration. As a result, the simple 
stimuli allow for an objective assessment of biological process-
es underlying the auditory function, but fail to evaluate com-
prehensive auditory processing and its related disorders at the 
brainstem level (Johnson et al., 2005; Sinha & Basavaraj, 2010; 
Skoe & Kraus, 2010).

In detail, the cues of complex sounds are instrumental in 
identifying which speech sounds are spoken (e.g., timing and 
harmonics) and who said them (e.g., pitch) (Johnson et al., 
2005). The extent to which these pitch, timing, and harmonic 
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cues are preserved in the response is linked to listeners’ com-
munication skills, such as speech perception in noise and read-
ing/learning ability, and can be altered by active experience 
with sound (or simply auditory training) (Hornickel & Kraus, 
2012). In this regard, contemporary researchers have agreed 
that speech-evoked ABR enables clinicians to measure the lis-
teners’ perceptual cues not revealed by responses to the simple 
stimuli and is well suited for various clinical applications (Bel-
lier et al., 2015; Rocha et al., 2010), while providing highly rep-
licable and reliable responses (Russo et al., 2004). Although there 
is much potential in the clinical setting (Rocha et al., 2010; Skoe 
& Kraus, 2010), speech-evoked ABR is still a young field (Sinha 
& Basavaraj, 2010; Skoe & Kraus, 2010). Since the early 1980s, 
when Greenberg first adopted a vowel for recording speech-
evoked ABR, more than 15 research papers have documented 
the response evoked by the /da/ syllable (Skoe & Kraus, 2010), 
while applying different experimental procedures (Akhoun et 
al., 2008a), many languages (Akhoun et al., 2008b; Johnson et 
al., 2008), and populations across age (Friederici, 2005). The re-
searchers who had studied the /da/ syllable insisted that it is a 
universal syllable and has a combination of transient and sus-
tained features; also, its response is quite useful because it pro-
vides great perceptual challenges for the clinical population 
(Skoe & Kraus, 2010). However, various kinds of speech stimuli 
exist. Furthermore, the Korean language differs in phonologi-
cal characteristics and in speech sound acquisition and devel-
opmental patterns for the phonological processes despite simi-
lar orthographic mark (Han et al., 2013). Thus, the present 
study aimed to measure the brainstem responses evoked by 
several Korean plosives and to characterize the difference be-
tween acoustic features of naturally produced sounds and the 
neurophysiological responses at the brainstem level. The results 
will provide norm data and a standard of how normal hearing 
listeners perceive plosives having different acoustic features in 
the subcortical stage.

MaTeRIals aND MeThODs

Participants

Thirty young adults (18 female and 12 male) with normal 
hearing voluntarily participated in the study. Their ages 
ranged between 21 and 25 (mean: 23.70 years old). The partici-
pants reported a negative history of head and neck abnormali-
ties, ear surgery, otologic disease, and head trauma. They also 
passed normal criteria at hearing screening to ensure A-type 
of tympanogram and sensitivity of 15 dB HL or better in each 

ear at 250 to 8,000 Hz and air-bone gaps no greater than 5 dB 
HL. All participants were right-handed and native Korean speak-
ers and completed the informed consent form before the exper-
imental procedure began.

Stimuli

The speech syllables were a combination of nine Korean 
consonants and an /a/ vowel, which were /pa/, /p*a/, /pha/, /ta/, 
/t*a/, /tha/, /ka/, /k*a/, and /kha/, and naturally recorded by a 
male speaker from the previous study (No & Lee, 2012). Be-
cause speech-evoked ABR stimuli should have a low pitch with 
a fundamental frequency in the range of 80 to 300 Hz to better 
obtain sustain responses, we preferred to use stimuli produced 
by a male talker to a female talker (Skoe & Kraus, 2010).

By a classification for the place of articulation, /p, p*, ph/ are 
defined as bilabial stops that involve both lips as the articula-
tor. /t, t*, th/ are alveolar stops articulated with the tongue against 
or close to the superior alveolar ridge, so named because it con-
tains the alveoli of the superior teeth. Also, /k, k*, kh/ are velar 
stops articulated with the back part of the tongue against the 
soft palate. On the other hand, for the classification of manner 
of articulation, these three groups also consist of lax, tense, 
and aspirate consonants. Lax /p, t, k/ consonants are produced 
with little aspiration of air, tense /p*, t*, k*/ consonants are cre-
ated by a tight glottal constriction, and aspirate /ph, th, kh/ con-
sonants need a strong puff of air or heavy aspi-ration. Among 
them, the tense consonants are especially considered as unique 
characteristics of the Korean language that are not found in 
most other languages (Kim et al., 2003).

Table 1 summarizes the acoustical analysis of nine plosives 
used in the current study: total syllable duration, pitch, F1, F2, 
F3, voice onset time (VOT), consonant duration, consonant 
intensity, vowel duration, and vowel intensity. The acoustic 
analysis followed the methods of a previous publication (Han 
et al., 2013) using the Praat acoustic system (Boersma & Ween-
ink, Univ. of Amsterdam, Amsterdam, the Netherlands).

Electrophysiological test conditions

In the recording parameter, the number of points was 1,024 
and the maximum number among averages was 1,000. Epoch 
time was 85.33 msec. In the stimulus parameter, each plosive 
stimulus was fitted within 500 msec in duration to correspond 
to the condition of custom stimulus type. Sampling frequency 
and sampling bit were adjusted to 48,000 Hz and 16 bit, respec-
tively. While using alternating polarity, the stimulus intensity 
level and rate were 75 dBnHL and 2,000 msec, respectively, and 
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the insert delay was 0.8 msec. In addition, the responses were 
amplified with a gain of 100,000 and the evoked recordings 
were filtered from 100 to 3,000 Hz. Artifacts were automatically 
rejected during the test if reached at 23.8 uV or higher. Most of 
the ABR settings and procedures followed a tutorial paper of 
Skoe and Kraus (2010).

Two channel-electrodes were placed at Fz as a reference and 
at A1 (left) and A2 (right) as contralateral and ipsilateral, re-
spectively (Bio-Logic Navigator Pro System; Bio-Logic System 
Corp., Mundelein, IL, USA). Stimuli were presented to the 
right ear by an inserted earphone. The test took approximately 
1.5 hours to complete [1,000 presentations for each stimulus (at 
about 10 min); thus, 10 min × 9 stimuli = 90 min per subject].

Data analysis

Each waveform of the speech-evoked responses is marked as 
seven peaks, V, A, C, D, E, F, and O, while providing major 
landmarks in the stimulus. Based on the tutorial paper [3], the 
V-A complex is defined as the onset response. This sharp onset 
response arises from the broadband plosive burst for our study. 
Along with the V-A peak, peaks C and O are considered tran-
sient responses because they match up with transient stimulus 
features (e.g., the beginning and the end of voicing, respective-
ly). The region bounded by D and F forms the frequency fol-
lowing response. Peaks D, E, and F and small voltage fluctua-
tions between peaks D and F may correspond to sustained 
stimulus features, namely, the fundamental frequency (F0) and 
its formants within the consonant-vowel formant transition. In 
addition, the D-E and E-F interpeak intervals occur at the pe-
riod of the F0 of the stimulus.

Statistical analysis was performed using SPSS software (v. 
20, IBM Co., Armonk, NY, USA). To see the main effect of la-
tency and amplitude for speech stimuli, each factor was ana-
lyzed using a one-way analysis of variance (ANOVA) with re-
peated measure. If necessary, Scheffe post hoc was applied with 
multiple comparisons. The criterion used for the statistical sig-
nificance was p < 0.05.

ResUlTs

All participants showed brainstem responses to the nine 
plosives. The grand average brainstem responses elicited by 
each plosive for a 5- and 60-msec stimulus duration are shown 
in Figures 1-3. By close observation, one can see a double-peak 
in two tense syllables /p*a/ and /t*a/.

Brainstem responses evoked by plosives and 

transient features

ANOVA showed a significant effect of latency for peak V [F 
(8, 261) = 168.804, p = 0.000] and peak A [F(8, 261) = 198.512, 
p = 0.000]. Scheffe post hoc comparison suggested that peak 
V-A latencies of /ta/, /t*a/, /tha/, and /ka/ syllables were signifi-
cant, appearing about 3 to 5 msec later than the latencies of the 
other plosives (p = 0.000). That is, the V-A complex, referred to 
as the onset response in the speech-evoked ABR, was very clear, 
and it also supported long VOT of the alveolar plosives, /ta/, 
/t*a/, /tha/ (Table 1).

Peak C and Peak O, namely, transient stimulus features (i.e., 
the beginning and end of voicing, respectively) showed a sig-

Figure 1. Transient and sustained features in the auditory brain-
stem response to bilabial /pa/ (A), /p*a/ (B), and /pha/ (C).
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The mean and standard deviation for the latency of peaks V, A, 
C, D, E, F, and O for each plosive are documented in Table 2.

Brainstem responses evoked by plosives and 

sustained features

Peaks D, E, and F are sustained stimulus features and are 
analogous to the F0 and its harmonics within consonant-vowel 
formant transition (Skoe & Kraus, 2010). Latencies of the 
D-E and E-F interpeaks showed a significant difference among 
the plosives as [F(8, 261) = 312.765, p = 0.000] and [F(8, 261) = 
107.941, p = 0.000], respectively, in the one-way ANOVA. For 

nificant difference in the absolute latency among the nine plo-
sives. The latency of peak C was significantly different across 
the plosives [F(8, 261) = 287.327, p = 0.000]. In detail, the post 
hoc comparison showed prolonged peak C latency in /ta/ and 
/t*a/ plosives (p = 0.000). This was quite similar to results from 
the acoustical analysis shown in Table 1, especially for lon-
ger consonant duration of two plosives. Although the latency 
of peak O was also significantly different across the stimuli [F(8, 
261) = 891.029, p = 0.000], the latency of only two velar /ka/ 
and /k*a/ plosives was significantly earlier than the others re-
gardless of their vowel duration, which was analyzed in Table 1. 

Figure 2. Transient and sustained features in the auditory brain-
stem response to alveolar /ta/ (A), /t*a/ (B), and /tha/ (C).

Figure 3. Transient and sustained features in the auditory brain-
stem response to velar /ka/ (A), /k*a/ (B), and /kha/ (C).
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the latency of the D-E interpeak, /p*a/, /tha/, and /kha/ had sig-
nificantly longer intervals of 7.32, 13.26, and 9.93 msec, respec-
tively (p = 0.000), whereas the latency of the E-F inter-peak for 
only the /ka/ plosive was significantly shorter (2.45 msec) than 
the others (p = 0.000). However, no relation was found be-
tween the sustain features and latencies of D-E and E-F inter-
peaks for the natural stimuli used in this study. A significant 
difference in amplitude for the D-F interpeaks [F(8, 261) = 
227.821, p = 0.000] can be explained in that D-E interpeak am-
plitude was much reduced in the /ka/ plosive, which had the 
lowest pitch and formants.

The amplitude of the V-A interpeak was usually larger in 
the tense plosives, which corresponded to high consonant in-
tensity [F(8, 261) = 2.59, p = 0.000]. That is, three tense plosives, 
/p*a/, /t*a/, and /k*a/, had 0.36, 0.49, and 0.32µV for the V-A 
peak amplitude, but /ka/, which is a velar lax syllable, oddly, 
showed the highest V-A interpeak amplitude at 0.62 µV. The 
mean and standard deviation for the amplitude of the peaks V, 
A, C, D, E, F, and O for each plosive is documented in Table 3.

Table 1. Summary of acoustical analysis for consonant-vowel stimuli used in the present study

Bilabial Alveolar Velar
/pa/ /p*a/ /pha/ /ta/ /t*a/ /tha/ /ka/ /k*a/ /kha/

Total syllable duration (msec) 505 458 475 531 490 461 558 465 554
Pitch (Hz) 164 175 182 171 175 163 149 182 170
F1 (Hz) 994 941 1,013 1,011 1,009 1,175 826 800 1,014
F2 (Hz) 1,532 1,561 1,581 1,532 1,699 1,706 1,432 1,601 1,619
F3 (Hz) 2,656 2,576 2,623 2,650 2,651 2,735 2,547 2,582 2,654
VOT (msec) 21 16 101 76 32 137 111 23 128
Consonant duration (msec) 44 36 53 61 87 34 44 62 34
Consonant intensity  (dB) 68.65 74.00 75.97 66.91 74.26 73.51 66.36 71.25 69.42
Vowel duration (msec) 434 409 321 399 373 386 404 388 396
Vowel intensity (dB) 70.80 69.49 71.62 71.67 68.62 71.02 70.51 50.96 70.01
VOT: voice onset time

Table 2. Mean (±SD) of the latency of different peaks of speech evoked ABR (unit: msec)

Peaks
Bilabial Alveolar Velar

/pa/ /p*a/ /pha/ /ta/ /t*a/ /tha/ /ka/ /k*a/ /kha/
V 07.01 (1.42) 07.46 (0.54) 7.39 (1.4) 11.57 (0.89) 12.89 (1)0.0 11.19 (0.81) 12.85 (1.47) 07.32 (0.76) 09.32 (0.63)
A 09.63 (1.44) 08.81 (0.63) 09.91 (1.16) 12.92 (0.79) 15.71 (0.87) 12.63 (0.49) 15.62 (1.78) 09.08 (0.61) 11.09 (0.82)
C 16.79 (0.67) 16.65 (0.89) 14.71 (0.96) 18.78 (0.56) 22.16 (0.74) 016.8 (0.89) 20.17 (0.98) 15.38 (0.67) 15.28 (0.76)
D 19.51 (1.79) 18.59 (0.71) 22.16 (1.02) 21.36 (0.59) 24.35 (0.35) 22.05 (0.86) 25.29 (0.97) 18.63 (1.03) 20.12 (1.17)
E 27.84 (1.13) 25.91 (0.71) 27.14 (0.81) 23.38 (0.68) 26.69 (0.4)0 35.31 (1.19) 28.72 (0.61) 24.23 (0.91) 30.05 (0.99)
F 34.82 (2.19) 30.85 (0.95) 33.49 (0.89) 32.13 (0.86) 31.22 (0.58) 44.96 (8.31) 31.18 (0.51) 31.41 (0.59) 36.43 (1)00.
O 40.02 (1.4)0 36.24 (0.71) 39.55 (0.88) 36.21 (1.99) 35.75 (0.6)0 52.68 (0.95) 33.89 (0.79) 33.68 (0.75) 043.4 (1.12)

ABR: auditory brainstem response

Table 3. Mean (±SD) of the amplitude of different peaks of speech evoked ABR (unit: μV)

Peaks
Bilabial Alveolar Velar

/pa/ /p*a/ /pha/ /ta/ /t*a/ /tha/ /ka/ /k*a/ /kha/
V -0.15 (0.08) -0.17 (0.1)0 -0.12 (0.05) -0.12 (0.07) -0.25 (0.15) -0.13 (0.06) 0-0.3 (0.42) -0.12 (0.08) -0.14 (0.08)
A -0.16 (0.12) -0.19 (0.08) -0.15 (0.06) -0.15 (0.07) -0.25 (0.2)0 -0.23 (0.11) -0.32 (0.69) -0.21 (0.07) -0.17 (0.06)
C -0.07 (0.07) -0.23 (0.25) -0.12 (0.17) -0.08 (0.14) -0.11 (0.16) -0.14 (0.1)0 -0.05 (0.41) -0.15 (0.21) 0-0.1 (0.24)
D 0-0.2 (0.11) -0.14 (0.12) -0.15 (0.13) -0.07 (0.13) -0.04 (0.13) -0.27 (0.56) -0.09 (0.11) -0.19 (0.47) -0.24 (0.37)
E 0-0.2 (0.12) -0.12 (0.09) 0-0.1 (0.14) -0.18 (0.11) 0-0.2 (0.09) 0-0.3 (0.42) -0.08 (0.09) -0.19 (0.1)0 -0.16 (0.13)
F -0.23 (0.17) -0.18 (0.11) 0-0.2 (0.09) -0.16 (0.14) -0.12 (0.11) -0.17 (0.17) 0-0.1 (0.07) -0.14 (0.11) -0.12 (0.11)
O -0.18 (0.14) -0.15 (0.11) -0.17 (0.13) -0.12 (0.09) -0.22 (0.16) -0.15 (0.09) -0.12 (0.13) -0.13 (0.08) 0-0.1 (0.07)

ABR: auditory brainstem response
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DIsCUssIONs

Speech-evoked ABR has a great advantage (Sinha & Basa-
varaj, 2010). In particular, it provides a good temporal resolu-
tion for how behaviorally relevant speech sounds are processed 
in the brainstem (Skoe & Kraus, 2010). The present study 
aimed to measure the brainstem responses evoked by nine Ko-
rean plosives and to characterize the differences between 
acoustic features of naturally produced syllables and their neu-
rophysiological responses. The results displayed clear and dis-
tinguishable morphology from all plosives. They reflected the 
response from both transient and sustained segments which 
began with a plosive consonant, characterized by broadband 
frication, and followed by a harmonically rich and spectrally 
dynamic formant transition (Skoe & Kraus, 2010). We con-
firmed that the morphology of speech-evoked ABR onset was 
dictated by the attack characteristics of the specific acoustic 
token (i.e., how quickly the sound reaches full volume). In par-
ticular, tense syllables exhibited a double-peak except for /k*a/. 
This might be because tense consonants showed somewhat 
higher intensity and longer duration when being produced 
(Kim et al., 2003), and their acoustic features were reflected 
well in the brainstem response. However, compared to /p*, t*/ 
tense consonants, /k*/ was not accurately reflected in the re-
sponse due to velar stops articulated with the back part of the 
tongue against the soft palate (Kim et al., 2003). As mentioned 
in the previous study, transient responses, which are character-
ized by fast response peaks lasting fractions of milliseconds, 
may evoke the onset and offset of Korean syllables as in other 
languages (Hornickel & Kraus, 2012; Johnson et al., 2005; Sinha 
& Basavaraj, 2010; Skoe & Kraus, 2010). For example, peak 
V-A latencies of the alveolar plosives were significantly pro-
longed compared to bilabial and velar plosives in our study, al-
though the velar plosive /k/ was exceptional. This is consistent 
with the acoustic feature of their longer VOT. Furthermore, 
when presenting alveolar plosives /t/ and /t*/ with longer con-
sonant duration, our subjects with normal hearing showed de-
layed latency for peak C. Along peak V-A, peak C (the begin-
ning of voicing) can also reflect a transient feature as consonant 
duration (Skoe & Kraus, 2010). To sum up, the current results 
of speech-evoked ABR support the previous findings of tran-
sient features (Johnson et al., 2005; Rocha et al., 2010; Sinha & 
Basavaraj, 2010; Skoe & Kraus, 2010).

On the other hand, the amplitude of peak V-A was much 
larger in tense plosives than in either lax or aspirate ones. This 
result is supported by a study of electrophysiological correlates 

of phonological processing in that within the classes of speech 
sounds, obstruent plosive consonants have sharper and larger 
stimulus onsets and produce more robust onset responses 
(Dehaene-Lambertz, 2000; Skoe & Kraus, 2010). Sustained 
brain stem responses often called frequency following re-
sponses contain harmonically complex vowels. It is acknowl-
edged that peaks D, E, and F were reflected those responses 
(Skoe & Kraus, 2010). Interestingly, the amplitude of the D-F 
interpeak was much reduced in the /ka/ plosive of the current 
study. We might assume that its acoustic characteristics in-
clude low formant frequency and its formants. According to 
Johnson et al. (2005), the formant frequency differences distin-
guishing the stop consonants /b, d, g/ are represented by sys-
tematic and progressive latency differences in the speech-evoked 
ABR, with /ga/ responses occurring first, followed by /da/, and 
then by /ba/ (Johnson et al., 2008). This argument coincides 
with our results in that the latency of peak D was presented by 
/ka/, /ta/, and /pa/ successively.

The speech-evoked ABR can be used to assess specific im-
pairments and enhancements in auditory processing because 
temporal and spectral characteristics of sounds are preserved 
in this subcortical response (Skoe & Kraus, 2010). Notably, the 
subcortical auditory dynamically interacts with higher level 
cognitive processes to refine how speech sound is transcribed 
into neural code (Russo et al., 2004). Perhaps most crucially, 
this work has revealed that subcortical processing of speech is 
not hardwired (Dehaene-Lambertz et al., 2000; Skoe & Kraus, 
2010) and is instead malleable with experience and inextrica-
bly linked to cognitive functions involving the listener’s lan-
guage ability. This retuning of subcortical function likely in-
volves the corticofugal pathway, an expansive tract of efferent 
connections that are even more abundant than afferent con-
nections. Han et al. (2013), who measured the P1-N1-P2 com-
plex using nine naturally produced Korean plosives, concluded 
that no significant difference existed in the cortical responses 
between Korean lax and tense syllables, which were significant 
for English phonology in terms of VOT. However, our ABR 
experiment found some correlation between VOT and brain-
stem responses. That is, the subcortical responses focus on the 
more acoustic feature of the stimuli than the cortical responses 
(Anderson et al., 2011; Dehaene-Lambertz et al., 2000).

Some limitations of the present study warrant further re-
search. First, we need to consider talker dependence and/or 
characteristics due to using natural speech. Second, we need to 
show test-retest reliability of the speech-evoked ABR. Third, 
because the auditory brain stem plays an integral role in bin-
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aural processing, binaural interaction effects should be mea-
sured and discussed for the speech-evoked ABR. Despite these 
limitations, the results of the current study have various impli-
cations and potential for ABR as an objective and noninvasive 
tool for examining cognitive function and experience-depen-
dent processes in sensory activity. The speech-evoked ABR has 
considerable utility in the study of populations where auditory 
function is of interest. Also, its results predict how well an in-
dividual can perceive speech in noisy backgrounds since back-
ground noise makes the neural response slower and smaller, 
but those who perceive speech in noise show less degradation 
(Anderson et al., 2011). Subcortical representation of the fun-
damental frequency, an important pitch cue, also predicts 
speech-in-noise perception in both children and older adults, 
with poor pitch representation corresponding to poor speech-
in-noise perception (Anderson et al., 2011; Johnson et al., 
2005). In conclusion, the speech-evoked ABR may provide 
clinically valuable information for the assessment and remedi-
ation of auditory processing disorders and other auditory-
based communication impairments. The observed reliabilities, 
particularly for clinically viable measures, recommend speech-
evoked ABR application for these purposes and as a biological 
index of training-related change. Overall, speech-evoked ABR 
can provide a fundamental and biological snapshot of auditory 
processing that predicts auditory-based communication skills 
and gain.
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