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Abstract

Background:Room reverberation alters the acoustical properties of the speech signals reaching our ears,
affecting speech understanding. Therefore, it is important to understand the consequences of reverberation

on auditory processing. In perceptual studies, the direct sound and early reflections of reverberated speech
have been found to constitute useful energy, whereas the late reflections constitute detrimental energy.

Purpose: This study investigated how various components (direct sound versus early reflections versus

late reflections) of the reverberated speech are encoded in the auditory system using the speech-evoked
auditory brainstem response (ABR).

Research Design: Speech-evoked ABRs were recorded using reverberant stimuli created as a result of
the convolution between an ongoing synthetic vowel /a/ and each of the following room impulse response

(RIR) components: direct sound, early reflections, late reflections, and full reverberation. Four stimuli
were produced: direct component, early component, late component, and full component.

Study Sample: Twelve participants with normal hearing participated in this study.

Data Collection and Analysis: Waves V and A amplitudes and latencies as well as envelope-following

response (EFR) and fine structure frequency–following response (FFR) amplitudes of the speech-
evoked ABR were evaluated separately with one-way repeated measures analysis of variances to de-

termine the effect of stimulus. Post hoc comparisons using Tukey’s honestly significant difference test
were performed to assess significant differences between pairs of stimulus conditions.

Results: For waves V and A amplitudes, a significant difference or trend toward significance was found be-
tweendirect and late components, betweendirect and full components, andbetweenearly and late components.

For waves V and A latencies, significant differences were found between direct and late components, between
direct and full components, betweenearly and late components, andbetweenearly and full components. For the

EFRandFFRamplitudes, a significant differenceor trend toward significancewas found betweendirect and late
components, and between early and late components. Moreover, eight, three, and one participant reported the

early, full, and late stimuli, respectively, to be the most perceptually similar to the direct stimulus.

Conclusions: The stimuli that are acoustically most similar (direct and early) result in electrophysiolog-

ical responses that are not significantly different, whereas the stimuli that are acoustically most different
(direct and late, early and late) result in responses that are significantly different across all response

measures. These findings provide insights toward the understanding of the effects of the different com-
ponents of the RIRs on auditory processing of speech.

Key Words: auditory stressors, early reflections, full reflections, late reflections, reverberation, speech-

evoked ABR

Abbreviations: ABR 5 auditory brainstem response; ANOVA 5 analysis of variance; EFR 5 envelope-

following response; FFR5 fine structure frequency–following response; FFT5 fast Fourier transform;RIR5
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INTRODUCTION

S
peech communication is essential in human

daily interaction, but it is often hindered by

perceptual stressors such as background noise

(Pichora-Fuller, 2003; Wagener and Brand, 2005),

fast speech rate (Tun, 1998; Adams et al, 2012), reverber-

ation (Neuman et al, 2010; Wróblewski et al, 2012), and

transmission channel distortion (Houtgast andSteeneken,

1985; Assmann and Summerfield, 2004). In particular,

room reverberation alters the acoustical properties of the

speech signals reaching our ears in situations of face-to-

face communication, which can affect speech under-

standing (Crandell and Smaldino, 2000; Bradley et al,

2003). Therefore, it is important to understand the con-

sequences of reverberation on auditory processing of

speech.

Reverberation is defined as the sum of all sound re-
flections off the walls and objects in an enclosed space

(Blauert, 1997). The reflections arriving within the first

50 msec after the direct sound are often called early re-

flections and so are distinguished from late reflections

(Bradley et al, 2003; Arweiler and Buchholz, 2011). The

series of direct sound, early reflections, and late reflec-

tions are typically characterized by the room impulse

response (RIR) (Blauert, 1997). In addition, the rever-

beration time (RT), defined as the time required for

the sound level to decay by 60 dB after it has been

turned off, is often used as a simple parameter to char-

acterize room reverberation (Crandell and Smaldino,

2000). However, the overall effects of reverberation

on speech intelligibility depend on many other factors,

including the dimension of the room, the source–

receiver distance, and the relative orientation of talkers

and listeners (Blauert, 1997; Bradley et al, 2003).

Boothroyd (2008) and Giguère (2013) discussed several

of these factors in more detail in the context of speech

understanding in children with hearing impairment.

From an acoustical standpoint, reverberation can cause

degradation of speech signals, such as temporal smearing,

filling dips and gaps in the temporal envelope, increas-

ing the prominence of low-frequency energy, and flatten-

ing formant transitions (Assmann and Summerfield,

2004; Sayles and Winter, 2008). Such degradation of

speech signals mainly results from masking of a

speech segment by reflections of the segment itself,

known as self-masking, and by reflections of previous

segments, known as overlap-masking (Devore and

Shinn-Cunningham, 2003). On the other hand, rever-

beration amplifies the speech signal level. Such ampli-

fication can assist with speech perception, particularly

in instances where the direct sound is reduced (Bradley

et al, 2003).

Behavioral studies investigating the effects of rever-

beration on speech perception reported degradation

in identifying and discriminating consonantal fea-

tures (Gelfand and Silman, 1979),vowels (Nábĕlek and

Letowski, 1988), and poorer performance in sentence in-

telligibility tests (Hazrati and Loizou, 2012; Wróblewski

et al, 2012). Various methods are used in such studies
for creating noisy reverberant stimuli. Often, the RIRs

of the environments to be simulated are convolved with

sentence stimuli (recorded in anechoic conditions) to

create the reverberant speech material, which is then

normalized to equate with the nonreverberated stimuli.

Noise is then added to the reverberated speech signals

at fixed signal-to-noise ratios. This process negates

some positive effects of reverberation, such as signal

amplification due to the early reflections. Also, room
reverberation is sometimes considered as a whole,

whereas the various components of the RIR can produce

different effects on speech perception. The lack of a

common methodology, in the aforementioned studies,

to create reverberant materials can result in various

outcomes with respect to the effects of reverberation

on speech perception

As noted earlier, the RIR is composed of various com-

ponents: direct sound, early reflections, and late reflec-
tions. Arweiler and Buchholz (2011), Yang and Bradley

(2009), and Bradley et al (2003) studied the components

of the RIR and established the importance of early

reflections using sentence and word intelligibility

test scores, in conditions similar to real rooms for both

hearing-impaired and nonimpaired participants. Re-

sults from their studies show that for situations where

the direct sound is reduced, it is possible to understand

the speech signal due to the presence of the early reflec-

tions. Specifically, Bradley et al (2003) showed that for
young adult listeners, the added early reflections have

the same effect as an increase in the level of the direct

sound, leading to an increase of the signal-to-noise ratio

up to 9 dB in some situations where the direct sound

pathway is compromised. These studies show that

the early reflection components of the RIR provide use-

ful energy to speech perception in reverberant listening

conditions. Furthermore, Bradley et al (2003) indicated

that minimizing the RT by increasing room absorption
can sometimes decrease speech intelligibility; instead,

they proposed that RTs should be optimized to allow

for better speech intelligibility. Indeed, standards such

as ANSI S12.60-Part 1 (ANSI, 2010) and CSA Z412-00

(CSA, 2000) define optimal reverberation characteris-

tics for proper acoustical design of classrooms and of-

fices, respectively.

From an auditory processing standpoint, speech

stimuli evoke both transient and steady-state brain-
stem responses. The transient response refers to the ini-

tial part of the auditory brainstem response (ABR)

(typically ,20 msec), reflecting the transmission delay

between the ear and the rostral brainstem structures, in

response to any type of stimulus (speech or nonspeech)
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(Skoe and Kraus, 2010). The transient response has

been used by clinicians and researchers as an objective

tool for assessing the neural activity of the ascending

auditory pathway between the cochlear nerve and the
inferior colliculus in midbrain. The transient response

is typically analyzed in the time domain, which involves

measuring amplitudes and latencies of various peaks

(most notably V and A) in the waveform. Previous stud-

ies (e.g., Laroche et al, 2013; Prévost et al, 2013) using a

synthesized speech vowel (/a/) have demonstrated that

background noise has an effect on waves V and A by in-

creasing the latency and decreasing the amplitude. The
steady-state response, on the other hand, is generated

in response to a periodic speech stimulus, and provides

information about the neural encoding of the periodic

components of the stimulus. The steady-state response

follows the speech stimulus acoustical features, includ-

ing fundamental frequency and low-frequency formants

(Skoe and Kraus, 2010). The steady-state response is

typically analyzed in the frequencydomain and canbe cat-
egorized into the envelope-following response (EFR), rep-

resenting the neural response that follows the speech

envelope, and the fine structure frequency–following re-

sponse (FFR), representing the neural response that fol-

lows the speech formants. The EFR characterizes the

evoked response at F0 and its lower harmonics, while

the FFR characterizes the evoked response at higher har-

monics, typically in the region of the first formant, F1
(Aiken and Picton, 2008; Laroche et al, 2013).

Timing measures of the speech-evoked ABR (e.g.,

peak latency) provide information about the accuracy

with which the brainstem nuclei synchronously re-

spond to acoustic stimulation. A change on the order

of a fraction of 1 msec in the transient speech-evoked

ABR peak latency has been associated with difficulties

in perceiving speech in noise (SIN) (Wible et al, 2004;
Banai et al, 2009; Hornickel et al, 2009), and can be of

clinical significance (Wible et al, 2004; Chandrasekaran

and Kraus, 2010). Spectral magnitude measures of

the steady-state speech-evoked ABR (e.g., root-mean-

square amplitude) provide information about the ro-

bustness with which the brainstem nuclei respond to

acoustic stimulation. A change of magnitude variability

of,0.01 mV and,0.001 mV in the EFR and FFR ampli-
tudes, respectively, has been associated with difficulties

in perceiving SIN (Song et al, 2012; Anderson et al,

2013) and reverberation (Bidelman and Krishnan,

2010).

Given the impact of reverberation on real-world listen-

ing, and the increasing use of evoked responses to study

auditory processing of more naturalistic signals, it is

worthwhile to investigate the effects of reverberation
on these responses. However, only a few researchers

have investigated the effects of reverberation on

speech stimuli using electrophysiological methods.

Unlike behavioral studies where overlap-masking

and self-masking effects of reverberation can be easily

explored using multisyllabic words or long-duration

sentences, studying reverberation electrophysiologi-

cally poses challenges due to the restriction of short
stimulus duration. Bidelman and Krishnan (2010) pro-

duced reverberant stimuli by time domain convolution

of a 250-msec synthetic vowel /i/ with RIRs recorded in a

corridor at a distance of 0.63 m (RT 5 0.7 sec), 1.25 m

(RT 5 0.8 sec), and 5 m (RT 5 0.9 sec) from the sound

source. Results indicated that the neural encoding of

F0 in speech-evoked ABR was affected only under the

strongest level of reverberation, whereas F1 encoding
was degraded in all reverberation conditions, indicating

a differential impact of reverberation on pitch- and for-

mant-related information. Fujihira and Shiraishi (2015)

produced reverberant stimuli by time convolution of a

170-msec synthetic /da/ with three RIRs (RT 5 0.5,

1.0, and 1.5 sec) chosen from the environment/architec-

tural acoustics ‘‘SMILE 2004’’ database (Architectural

Institute of Japan, 2004). The authors reported signifi-
cant correlation between word intelligibility scores and

the spectral components of the FFR response near F1 un-

der the effects of reverberation for elderly adults, but not

between word recognition and the spectral components

of the EFR response, suggesting that the intelligibility

of reverberant speech is related to their ability to encode

the temporal fine structure of speech.

It is important to note that in Bidelman and Krishnan
(2010) and Fujihira and Shiraishi (2015), themethodolog-

ical choices and/or study design promoted the detrimental

contribution of reverberation on speech processing. In

Bidelman and Krishnan (2010), the amplitude of the re-

verberant speech stimulus was normalized to the same

overall level as thenonreverberated condition, thusnegat-

ing the natural amplification that typically occurs in re-

verberant conditions. In Fujihira and Shiraishi (2015),
the early reflection components from the RIR were re-

moved, thus eliminating the benefit they may have had

on speech perception. These studies were not designed

to reveal the separate effects of early and late reflections

on the speech-evoked EFR and FFR.

The purpose of the current study is to shed light on

how various components (direct sound versus early re-

flections versus late reflections versus full RIR) of
the reverberated speech are encoded in the auditory

system using an electrophysiological test. Differences

among these components are established with respect

to measures of latency of waves V and A, amplitude of

waves V and A, and amplitude of EFR and FFR. No

other study, to our knowledge, has made this compar-

ison using the speech-evoked ABR. Moreover, the ef-

fects of reverberation on waves V and A have not
been previously reported.

Given the beneficial perceptual effects of early reflec-

tions and the detrimental effects of late reflections re-

ported above, we hypothesized that the speech-evoked
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ABR to the direct and early stimuli would be similar,

whereas the responses to direct or early stimuli would

be different from responses to late and full stimuli.

More specifically, given the effects of late reverberation
on speech signals, such as temporal smearing of the

speech envelope, the speech-evoked ABR to the late

and full reverberant stimuli would have longer latencies

and reduced amplitudes for waves V and A, and reduced

EFR and FFR amplitudes, compared to the response to

the direct stimulus.

METHODS

Participants

Twelve participants (two males and ten females) par-

ticipated in the study. The age of participants ranged

from 21 to 31 yr (mean 5 24). All participants had nor-

mal hearing thresholds, defined as #15 dB HL bilater-

ally at 0.25, 0.5, 0.75, 1, 2, and 4 kHz, and none of the
participants reported a history of hearing- or ear-

related issues. All participants provided their informed

consent in compliance with a protocol approved by the

University of Ottawa Research Ethics Board.

RIR

The overall effects of reverberation on speech intelligi-
bility depend on many factors including the dimension

of the room, the source–receiver distance, and the rela-

tive orientation of talkers and listeners (Blauert, 1997;

Bradley et al, 2003). In our study, we designed a scenario

where we presented no particular advantage for early or

late reflections. Our design characterized a situation

where the source and listener positions reflected an

equal ratio of early and late reflections. This is in con-

trast to previous studies that promoted detrimental ef-

fects of reverberation.

The RIR was computed following the algorithm from
McGovern (2003), which is based on the image method

from Allen and Berkley (1979). This method consists of

modeling reflections as if they originated from virtual

locations behind room boundaries, and the contribu-

tions from all the virtual sources are summed. Each vir-

tual source contributes a delayed impulse (echo), whose

time delay is equal to the distance between the source

and the listener divided by the speed of sound. The echo
amplitude is inversely proportional to the distance trav-

eled and proportional to the room reflection coefficient

to the power of the number of reflections (Gardner,

2002).The algorithm of McGovern (2003) assumes that

the room model is rectangular, making it easy to simu-

late using a computer program. Furthermore, it as-

sumes that the room reflection coefficient is uniform

throughout the room. The algorithm takes into account
the number of virtual sources, the position of the virtual

sources, position of the listener, delay andmagnitude of

each reflection, room dimensions (H 3 L 3 W), and av-

erage room reflection.

The RIR in this study was computed for a room of di-

mensions 3.5 3 11 3 14 m and for source and listener

coordinate positions of (2 m, 2.5 m, 1.5 m) and (2 m, 8 m,

1.2 m), respectively. The source–listener distance (5.5
m) was selected to reflect an equal ratio of early and late

energy. The early energy value was calculated as the

sum of the amplitude components in RIR up to 50 msec

following (but not including) the direct sound. Simi-

larly, the late energy was calculated as the sum of

the amplitude components in RIR following the early

reflections (Figure 1).

Figure 1. Representation of the full RIR showing the direct sound, early reflections, and late reflections. The RIR was produced for a
room of dimensions 3.5 3 11 3 14 m and for source and listener coordinate positions of (2 m, 2.5 m, 1.5 m) and (2 m, 8 m, 1.2 m), re-
spectively. The RIR waveform was rectified. a.u. 5 arbitrary units. (This figure appears in color in the online version of this article.)
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Bradley (1986) indicated that the level of reverbera-

tion could vary in typical classrooms from 0.4 to 1.2 sec.

The RT in this study was chosen as 1 sec, simulating a

classroom near the upper end of this range. The average
room reflection was calculated from the desired RT

based on the Eyring formula (Irwin and Graf, 1979).

Stimuli

A 2-sec synthetic vowel /a/ was generated using for-

mant synthesis (F05 0.1 kHz, F15 0.7 kHz, F25 1.22

kHz, F3 5 2.6 kHz) based on a simplified version of the
Klatt synthesizer (Klatt, 1980; Laroche et al, 2013). The

reverberant stimuli were created as a result of the con-

volution between the 2-sec synthetic vowel /a/ and each

of the RIR components: direct sound, early reflections

and late reflections, and the full RIR (Figure 1), as

follows:

1. Direct component 5 vowel/a/*RIR direct sound
2. Early reflections 5 vowel/a/*RIR early reflections

only (i.e., reflections within 50 msec following the di-

rect sound)

3. Late reflections 5 vowel/a/*RIR late reflections only

(i.e., reflections following the early reflections)

4. Full RIR 5 vowel/a/*full RIR (i.e., direct sound 1

early reflections 1 late reflections)

where the symbol * denotes convolution.

The reverberant stimuli were chopped between 1,200

msec and 1,500 msec to include self-masking from the

initial portion of the vowel, thus modeling a situation

with an ongoing speech stimulus. We selected 1,200

msec to ensure the room response had stabilized, given

the 1-sec RT. The end result was four stimuli (direct,

early, full, and late), each with a 300-msec duration

generated at a sampling frequency of 48 kHz and with

16-bit resolution. The direct stimulus was presented at
76.9 dB SPL, as measured in an IEC 60318-4 ear sim-

ulator (IEC, 2010) (Product RA0045, G.R.A.S. Sound

and Vibration A/S, Holte, Denmark). The levels of

the reverberant stimuli (early at 79.4 dB SPL, full at

79.2 dB SPL, and late at 79.7 dB SPL) were not normal-

ized to be consistent with real room environments. The

different time-domain stimulus waveforms and am-

plitude spectra are shown in Figure 2. The spectral
components of full were not always higher than those

of direct, early, and late. We suspect that this is due

to phase effects, which also affect the time-domain

waveforms.

Recording and Analysis of Speech-Evoked ABR

Recordings of the speech-evoked ABR were per-

formed in a shielded audiometric room at theUniversity

of Ottawa, in dim lighting. Responses were recorded

with a vertical montage using BioMARK� v.7.0.2 sys-

tem (Biologic Marker of Auditory Processing, Bio-logic

Systems Corp., Mundelein, IL) from the vertex (Cz),

with the right earlobe as reference and the left earlobe
as ground. Responses were recorded over 319.8-msec

epochs (1,024 points/epoch corresponding to a sampling

frequency ofz3202 Hz) and were amplified and filtered

using an amplifier with a gain of 10,000 and a filter

bandwidth extending from 30 to 1000 Hz. All electrode

impedances were below 5 kOhm at 10 Hz.

To minimize artifacts, the participants were instructed

to remain relaxed and to avoid abrupt movements while

Figure 2. Time-domainwaveforms and amplitude spectra of the four stimuli (direct, early, full, and late). Only the first 50msec is shown.
a.u. 5 arbitrary units. (This figure appears in color in the online version of this article.)
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sitting in a comfortable reclining chair and watching a

mutedmovie with subtitles. None of the participants re-

ported to have fallen asleep. Also, recorded sweeps in

which the response exceeded 23.8 mV were discarded.
In addition, we followed the recommendations of the

manufacturer of BioMARK� regarding environmental

electromagnetic noise reduction, such as turning off

fluorescent lights when operating the equipment and

making sure all the devices are connected to the iso-

transformer provided with the system.

The stimuli (direct, early, late, and full) were deliv-

ered using the Bio-logic insert-earphone of the Bio-
MARK� system, monaurally in the right ear and in

alternating polarity, and were presented in a pseudor-

andomized order. For each of the stimuli, two sets of

1,500 ABR responses were recorded consecutively.

The 1,500 artifact-free responses were added and di-

vided by the total number of responses to minimize

the influence of the cochlear microphonic and stimulus

artifacts on the response (Aiken and Picton, 2008;
Campbell et al, 2012), and to obtain response compo-

nents related to the stimulus envelope. We term the re-

sponses calculated with the addition method as the

envelope following responses (EFR). Similarly, the

1,500 artifact-free responses to the two polarities were

subtracted from each other and divided by the total

number of responses to obtain response components

that follow the stimulus temporal fine structure (Aiken
and Picton, 2008; Anderson et al, 2010). We term the

responses calculated with the subtraction method as

the FFRs. To test the absence of electromagnetic leak-

age, the electrodes were placed on one participant’s

scalp, and in all other aspects the experiments pro-

ceeded as normal, with the sole exception that instead

of placing the insert earphone in the participant’s right

ear, it was inserted into the IEC 60318-4 ear simulator
(IEC, 2010), which presents approximately the same

acoustic load to the transducer as if the earphones

were inserted in the ear. Spectral analysis of the

recorded signal coherently averaged over 3,000 trials

showed no significant components in the steady-state
response, indicating no contamination of the recorded

responses from the sound-generating equipment to the

electrodes (Al Osman et al, 2016).

We analyzed both the transient and the steady-state

components of the responses to the speech stimuli. The

steady-state response follows the transient response

and was taken to start at 19.8 msec for a duration of

300 msec. Figure 3 shows the time waveform and spec-
trum of the grand average of the EFR with the four

stimuli (direct, early, late, and full).

For the transient response, the amplitude and la-

tency of waves V and A were visually extracted from

the time-domain EFR waveforms. The prominent onset

wave ‘‘V’’ in the response starts 6–10 msec following the

stimulus, reflecting the time delay to the upper auditory

brainstem, and is followed by the negative wave ‘‘A’’
(Chandrasekaran and Kraus, 2010).

For the steady-state response, spectral analysis was

performed using the Fourier transform in Matlab v.7.9

(MathWorks, Natick, MA) to extract the amplitudes of

different harmonics from the EFR and FFR. The EFR

amplitude was computed from the fundamental and

harmonics below the first formant in the EFR spectrum,

as the square root of the combined power of F0, 2F0, and
3F0. The FFR amplitude was computed from the har-

monics around the first formant F1 in the FFR spec-

trum, as the square root of the combined power of

5F0 to 9F0. The harmonic amplitudes correspond to

the height of the peak in the EFR and FFR root-

mean-square amplitude spectrum (in mV).

Waves V and A amplitudes and latencies as well as

EFR and FFR amplitudes were evaluated separately
with one-way repeated measures analyses of variance

Figure 3. Grand average over all participants of the EFR of the speech-evoked ABR in time domain and frequency domain with the four
stimuli (direct, early, late, and full). Amp 5 amplitude. (This figure appears in color in the online version of this article.)
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(ANOVAs), using SPSS version 18.0 (SPSS Inc., Chi-

cago, IL) to determine the effect of stimulus. Post hoc

comparisons using Tukey’s honestly significant differ-

ence test were performed to assess significant differ-
ences between pairs of stimulus conditions.

Behavioral Test

The participants were instructed to listen, monau-

rally in the right ear via a shielded earphone and

at the same levels as in the electrophysiological ex-

periment, to the direct sound and subsequently listen
to the early, late, and full stimuli. They were then

asked to select, on a computer screen, their choice

of sound (early, late, or full) that most resembles

the direct sound. The direct sound was presented

first, and then the other three sounds were presented

in pseudorandomized order. This test was repeated

three times.

RESULTS

Transient Response

The waves V and A amplitudes and latencies across

all stimuli (direct, early, full, and late) are shown in
Figure 4. The ANOVA results show that there is a

main effect of stimulus with all of these four measures:

V amplitude (p , 0.05), A amplitude (p , 0.05), V la-

tency (p , 0.001), and A latency (p , 0.001). Post hoc

tests were used to determine the pairwise differences

among the different stimulus conditions. For transient

response amplitudes, a significant difference or trend

toward significance was found between direct and late
(V amplitude [p , 0.05], A amplitude [p , 0.05]), be-

tween direct and full (V amplitude [p, 0.05], A ampli-

tude [p 5 0.85]), and between early and late

(V amplitude [p , 0.05], A amplitude [p , 0.05]),

among the possible six pairwise stimulus comparisons.

For transient response latencies, significant differ-

ences were found between direct and late (V latency

[p , 0.01], A latency [p , 0.001]), between direct

and full (V latency [p , 0.01], A latency [p , 0.01]),

between early and late (V latency [p, 0.01], A latency

[p , 0.01]), and between early and full (V latency
[p , 0.05], A latency [p , 0.01], among the possible

six pairwise stimulus comparisons.

Steady-State Response

The EFR and FFR amplitudes across all stimuli (di-

rect, early, full, and late components) are shown in Fig-

ure 5. The ANOVA results show that there is a main

effect of stimulus with these two measures: EFR
(p , 0.05), FFR (p , 0.05). Post hoc tests showed that

there was a significant difference or trend toward sig-

nificance only between direct and late (EFR [p5 0.05],

FFR [p , 0.05]), and between early and late (EFR

[p, 0.05], FFR [p5 0.05]), among the possible six pair-

wise stimulus comparisons.

Behavioral Response

Eight of the twelve participants reported the early re-

flection stimulus as perceptually the most similar to the

direct sound (six participants in all three trials and two

in two of three trials). Three participants reported the full

stimulus (two in all three trials and one in two of three tri-

als), and only one reported the late reflection stimulus (two

of three trials) as the most similar to the direct stimulus.

DISCUSSION

I n this study, we explored the effects of the different

components of the RIR, namely the direct sound, the

early and late reflections, and the full RIR on auditory

processing of speech using speech-evokedABR and a be-

havioral test. Our study modeled a situation where the
source and listener positions reflected an equal ratio

of early and late energy. The 300-msec stimuli were

extracted from the convolution of a long vowel with

the different components of the RIR or the full RIR to

Figure 4. Average of individual latencies (msec) and amplitudes (mV) ofwavesA andV for each stimulus (direct, early, full, and late). Error bars
indicate standarderrors of themean. ***p,0.001; **p,0.01; *p,0.05,1p,0.1. (Thisfigureappears in color in the onlineversionof this article.)
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model the effects of reverberation on an ongoing speech

signal.
Transient and steady-state speech-evoked ABR were

recorded. Our study revealed four key findings (Figures

4 and 5):

1. Responses to direct and early components are

not significantly different or trending toward

significance.

2. Responses to direct/early and late components
are all significantly different or trending toward

significance.

3. Responses to full and late components are not signif-

icantly different or trending toward significance.

4. Responses to direct/early and full components pre-

sent a mixed picture with most transient response

measures, showing a significant effect or trend to-

ward significance, whereas steady-state responses
do not.

Regarding finding (1), waves V and A amplitudes and

latencies, and EFR and FFR amplitudes, all showed no

statistically significant difference nor a trend toward

significance between direct and early reflection compo-

nents. Furthermore, the results from the behavioral

test corroborated these findings. Eight participants re-
ported that the early stimulus is the most perceptually

similar to the direct sound. These electrophysiological

and perceptual results are consistent with findings from

Bradley et al (2003) and Roman andWoodruff (2013) who

investigated the effects of reverberation on the intelligibil-

ity of speech with normal hearing adults. The authors re-

ported that early reflections occurring within the first 50

msec are beneficial to speech perception and can be inte-
grated by the auditory system with the direct sound.

Regarding finding (2), all transient and steady-state

response measures showed statistically significant

differences between direct and late reflection compo-

nents, with the exception of the EFR amplitude, which

showed a nearly statistical significance (p5 0.05). This

corroborates the results from the behavioral test where
only one participant reported that the late stimulus was

the most perceptually similar to the direct sound.

Again, these results are also consistent with findings

from Bradley et al (2003) and Roman and Woodruff

(2013), who indicated that late reflections have a detri-

mental effect on speech perception and cannot be inte-

grated with the direct sound.

All transient and steady-state response measures also
showed a statistically significant difference between

early and late reflection components, despite their equal

energy, with the exception of FFR amplitude, which

showed a nearly statistical significance (p5 0.05). These

findings are compatible with those from Bradley et al

(2003), Boothroyd (2008), Yang and Bradley (2009),

and Roman and Woodruff (2013), which indicated that

early reflections possess useful energy while late reflec-
tions possess detrimental energy. This makes it likely

that electrophysiological responses to these two types

of reflections would also differ.

Regarding finding (3), all transient and steady-state

response measures showed neither a statistically

significant difference nor a trend toward significance

between full and late components. Furthermore, for

finding (4), waves V and A latencies and wave V am-
plitude showed a statistically significant difference

between direct and full components, while wave A am-

plitude and EFR and FFR amplitudes showed no differ-

ence. Likewise, waves V and A latencies showed a

difference between early and full components, whereas

waves V and A amplitudes and EFR and FFR ampli-

tudes showed no difference. Still, the full stimulus

always produced a response in between that of the di-
rect/early and late component stimuli for all ABR mea-

sures, as shown in Figures 4 and 5. This intermediate

result for the full response is not surprising, given that

there were equal amounts of early and late reflection

energy in the full stimulus in this study. It can be hy-

pothesized that using higher or lower ratios of early to

late reflection energy would steer the full response

closer to that of the early or late responses respectively
in all ABR measures.

It should be noted that as a result of the convolution

process and choice of room reverberation parameters in

this study, the direct stimulus was presented at a lower

level (76.9 dB SPL) than the reverberant stimuli, early

(79.4 dB SPL), full (79.2 dB SPL), and late (79.7 dB

SPL); however, it resulted in responses that were

higher in amplitude and shorter in latency than re-
sponses to the full and late reflection stimuli and not

significantly different from responses to the early re-

flection stimulus. This result can be attributed to the

smearing effects of reverberation that blur the speech

Figure 5. Average of EFR amplitudes (combination of the ampli-
tudes at F0, 2F0, and 3F0 in the EFR spectrum) across partici-
pants, and of FFR amplitudes (combination of the amplitudes
at 5F0 to 9F0 in the FFR spectrum) across participants, for each
stimulus (direct, early, full, and late). Error bars indicate standard
errors of the mean. *p , 0.05, 1p , 0.1. (This figure appears in
color in the online version of this article.)

102

Journal of the American Academy of Audiology/Volume 29, Number 2, 2018

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



signal, resulting in a degraded ABR. The smearing ef-

fects in the reverberant stimuli (early, full, and late) are

shown in Figure 2, where the direct stimulus shows the

strongest amplitude modulation compared to the rever-
berant stimuli (early, full, and late).

Our results can be contrasted with the findings

of Bidelman and Krishnan (2010). These authors did

not decompose the RIR into direct, early, full, and late

but rather compared direct (or anechoic) with full RIR

at various RTs (0.6, 0.7, and 0.8 sec). They indicated

that the neural encoding of F1 was more affected by re-

verberation than the encoding of F0 in speech-evoked
ABR, suggesting a differential impact on the source-

filter components of speech. We also found that the

size EFR amplitude at F0 was hardly affected by the

full RIR reverberant condition compared to the direct

component. Furthermore, the FFR amplitude at F1

decreased in size in the full RIR condition compared

to direct component (Figure 5), as in Bidelman and

Krishnan (2010); however, post hoc tests showed that
this was not statistically significant. In our study, we

modeled a situation where the source and listener posi-

tions reflected an equal ratio of early and late energy,

whereas Bidelman and Krishnan (2010) modeled situ-

ations with increasing distances (up to 5 m for RT5 0.8

sec). It is understood that at larger distances, the en-

ergy of late reflections becomes increasingly higher

than the energy of the early reflections. Therefore,
methodological differences in the ratio of late to early

reflections between the two studies likely influenced

the effects of the full response on the steady-state

speech-evoked ABR at F1. Previous studies on the ef-

fects of reverberation (Bidelman and Krishnan, 2010;

Fujihira and Shiraishi, 2015) did not measure the tran-

sient ABR. We found waves A and V latencies and

amplitudes to be very sensitive to the effects of rever-
beration, with all measures showing a significant dif-

ference or trend between direct and full RIR (Figure 4),

possibly due to differences in the stimulus envelope

(Figure 2).

A correspondence between speech-evoked ABR and

SIN perception has been reported in several studies.

For instance, Kraus and her colleagues recorded

speech-evoked ABR in six-talker babble noise using
the syllable /da/, and measured SIN perception using

the hearing-in-noise test, with various age groups: chil-

dren (Anderson et al, 2010), young adults (Anderson

and Kraus, 2010; Song et al, 2011), and older adults

(Anderson and Kraus, 2012). The authors reported that

all participants with poor SIN perception had deficits in

the subcortical spectral and temporal representation,

including low-frequency spectral magnitudes and the
timing of transient response peaks, compared to par-

ticipants with good SIN perception. Furthermore,

Hornickel et al (2009) evaluated the relationship be-

tween the subcortical representation of stop-consonant

timing and SIN perception. They recorded speech-

evoked ABR to the syllables /ba/, /da/, and /ga/ in

children with a wide range of reading abilities. They

reported that subcortical differentiation of responses
to these three speech stimuli was found to be correlated

with reading ability and SIN perception, with better per-

formers showing greater differences among brainstem

responses to the three syllables. In addition, a correspon-

dence between speech-evoked ABR and word intelli-

gibility test performance was found in the context of

reverberated stimuli (Fujihira and Shiraishi, 2015).

Overall, our study provides insights toward under-
standing the effects of the different components of

the RIR on auditory processing of speech. The results

show that stimuli that are acoustically most similar (di-

rect and early) result in electrophysiological responses

that are not significantly different. However, stimuli

that are acoustically most different (direct and late,

early and late) result in responses that are significantly

different across all response measures. Meanwhile,
none of the response measures with the full stimulus

were significantly different from those with the late

stimulus, while some of the response measures with

this stimulus were different from those obtained with

direct and early stimuli. In part, this may be explained

by the equal proportion of early and late energy in the

reverberation scenario under study. Moreover, complex

interference patterns among the different components
of the full RIR could have boosted or reduced certain fre-

quency regions of the speech signals, which in turn

could have amplified or attenuated the neural responses

in the auditory system. To capture the essence of full

versus direct/early/late comparisons, various source-

receiver configurations need to be established, simulat-

ing short and long distances, and employing various

RTs. The method and tools used in this study could
be helpful when designing future experiments on elec-

trophysiological responses under different reverberant

conditions.

CONCLUSION

This is the first study to investigate how various

components (direct sound versus early reflections
versus late reflections versus full RIR) of reverberated

speech are encoded in the auditory system using the

speech-evoked ABR. It shows that effects of the differ-

ent components of the RIR can be studied electro-

physiologically, thereby providing a means other than

perceptual studies to investigate the effect of room

acoustics on auditory processing. The amplitude

of the reverberant stimuli in our study was not nor-
malized, as in previous studies on reverberation

with speech-evoked ABR, thus allowing for the natu-

ral amplification that typically occurs in reverberant

conditions.
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Our results showed that responses to the direct and

early reflections component are similar with respect to

measures of waves V and A amplitudes and latencies

as well as EFR and FFR amplitudes. Also, our results
showed that responses to the late reflections compo-

nent are different from responses to the direct or

early reflections component. These findings provide

insights toward understanding the effects of the dif-

ferent components of the RIRs on auditory processing

of speech, and are consistent with the notion that the

direct sound and early reflections constitute useful

energy, while the late reverberation constitutes det-
rimental energy. As such, the study provides support

at the auditory processing level that reverberation

should be optimized (i.e., increase early reflections

and decrease late reflections) rather than simply min-

imized in practical situations. Future work should ex-

plore the correlation between reduced/increased

speech-evoked ABR measures (EFR and FFR ampli-

tudes, and waves V and A amplitude and latencies)
and perceptual studies of room acoustics.

This study was conducted for one specific room and

one specific source–receiver set-up. The RIR was cre-

ated with the image source method for a rectangular

room with an RT of 1.0 sec. A vowel /a/ was convolved

with different components of RIR (direct, early, late,

and full). The convolved speech stimuli were deliv-

ered monaurally to the participants’ right ear.
To generalize the effects of reverberation on the

speech-evoked ABR, additional acoustic scenarios

should be studied where direct, early, and late reflec-

tions are presented in different combinations and pro-

portions. As such, supplementary scenarios need to be

investigated with different source-receiver set-ups,

room shapes, and RTs. Moreover, different populations

should be investigated in a real acoustic environment
that includes background noise and a richer set of

speech stimuli, delivered binaurally, especially with

children, given the important effect of reverberation

on classroom learning.
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