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Abstract

Background: A unilateral hearing loss (UHL) can have a significant functional and social impact on chil-
dren and adults, affecting their quality of life. In adults, UHL is typically associated with difficulties un-
derstanding speech in noise and sound localization, and UHL increases the self-perception of auditory
disability for a range of listening situations. Furthermore, despite evidence for the negative effects of
reduced unilateral auditory input on the neural encoding of binaural cues, the perceptual consequences
of these changes are still not well understood.

Purpose: Determine effects of UHL on auditory abilities and speech-evoked cortical auditory evoked
potentials (CAEPs).

Research Design: CAEPs, sound localization, speech perception in noise and self-perception of audi-
tory abilities (speech, spatial, and qualities hearing scale) were assessed.

Study Sample: Thirteen adults with UHL with a range of etiologies, duration of hearing loss, and severity
and a control group of eleven binaural listeners with normal hearing.

Results: Participants with UHL varied greatly in their ability to localize sound and reported speech rec-
ognition and listening effort were the greatest problem. There was a greater effect of right ear than left ear
hearing loss on N1 amplitude hemispheric asymmetry and N1 latencies evoked by speech syllables in
noise. As duration of hearing loss increased, contralateral dominance (N1 amplitude asymmetry) de-
creased. N1 amplitudes correlated with speech scores, larger N1 amplitudes were associated with better
speech recognition in noise scores. N1 latencies are delayed (in the better ear) and amplitude hemi-
sphere asymmetry differed across UHL participants as function of side of deafness, mainly for right-sided
deafness.

Conclusion: UHL affects a range of auditory abilities, including speech detection in noise, sound local-
ization, and self-perceived hearing disability. CAEPs elicited by speech sounds are sensitive enough to
evidence changes within the auditory cortex due to an UHL.

Key Words: auditory plasticity, cortical auditory evoked potential, self-reported hearing, sound
localization, speech recognition abilities, SSQ, unilateral hearing loss
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SNHL = sensorineural loss; SNR = signal-to-noise ratio; SRT = speech recognition threshold; SSQ =
speech, spatial, and qualities; UHL = unilateral hearing loss

INTRODUCTION

unilateral hearing loss (UHL) can have a signif-
A icant functional and social impact on children

and adults, affecting their quality of life (Borton
et al, 2010; Wie et al, 2010). People with UHL have a
diverse range of auditory difficulties, including speech
recognition in noisy and group situations and sound lo-
calization (Gustafson and Hamill, 1995; Welsh et al,
2004; Ruscetta et al, 2005). Compared with binaural lis-
teners (BL) with normal hearing in both ears children
with UHL have increased risk for language problems,
academic failure, behavioral difficulties, and needing
further educational assistance, despite the presence
of one apparently normally functioning ear (Brookhouser
et al, 1991; Lieu, 2004; Lieu et al, 2010). In adults, UHL
is typically associated with difficulties understanding
speech in noise and sound localization (Giolas and
Wark, 1967; Rothpletz et al, 2012), and UHL increases
the self-perception of auditory disability for a range of
listening situations (Colletti et al, 1988; Douglas et al,
2007; Augustine et al, 2013).

Changes within the central auditory system (CAS) due
to unilateral auditory deprivation have also been reported
(Vasama et al, 1995; Vasama and Mikel4, 1997; Ponton
et al, 2001). UHL reduces or abolishes the auditory inputs
from one ear, resulting in an imbalance in auditory signal
representation within the CAS, which is associated with
functional and anatomical changes at cortical and
subcortical levels (McAlpine et al, 1997; Hutson et al,
2008; Maslin et al, 2013a). Binaural listeners have larger
and earlier cortical responses in the hemisphere contra-
lateral to the stimulated ear, which is evidence for hemi-
spheric asymmetry (contralateral dominance) within the
auditory pathway (Majkowski et al, 1971; Musiek, 1986).
Several studies have shown significant effects of UHL on
contralateral dominance. Functional magnetic resonance
imaging and magnetoencephalography show that the nor-
mal contralateral dominance pattern changes in UHL,
with larger ipsilateral hemisphere activation compared
with that seen in BL (Fujiki et al, 1998; Bilecen et al,
2000). Some studies of acquired profound UHL reveal
a symmetric pattern of activation in the ipsilateral
and contralateral hemisphere compared with normal
hearing controls, explained by higher activation of the
hemisphere ipsilateral to the stimulated (better) ear.
However, these changes tend to revert in the long term
(Ponton et al, 2001; Maslin et al, 2013b). The extent of
these changes may depend on factors such as duration
of the hearing loss, etiology, or side of deafness (Vasama
et al, 1995; Vasama and Makeld, 1997; Khosla et al,
2003; Maslin et al, 2013a).

Despite evidence for negative effects of reduced uni-
lateral auditory input on the neural encoding of binau-
ral cues, the relationship of hemispheric asymmetry
in electrophysiological measures is still not well under-
stood. There are some inconsistences across studies
that may result from differences in methodology and
participant characteristics (Vasama et al, 1995; Ponton
et al, 1996; Vasama and Mékeld, 1996; Vasama and
Maikela, 1997; Fujiki et al, 1998; Ponton et al, 2001;
Khosla et al, 2003; Hine et al, 2008; Hanss et al, 2009;
Maslin et al, 2013b).

Cortical responses reflect auditory processing at
higher levels of the auditory pathway and the N1 re-
sponses are sensitive to changes in stimulus character-
istics (temporal and frequency features) (Naidtdnen and
Picton, 1987; Hyde, 1997; Martin et al, 2008) which are
important for speech recognition. There is a strong re-
lationship between cortical auditory evoked potential
(CAEP) amplitudes and speech perception perfor-
mance. For instance, in normal hearing adults, as
N1 amplitude becomes larger, better performance is ob-
served for speech recognition tasks (Parbery-Clark
et al, 2011; Billings et al, 2013). In children, smaller
N2 amplitudes are associated with better performance
(Anderson et al, 2010). Makhdoum et al (1998) found a
positive relationship between N1-P2 complex ampli-
tude and speech perception scores in cochlear implant
users. Similarly Kelly et al (2005) reported a correlation
between speech scores and P2 latencies as earlier re-
sponses are related to higher speech scores. There is
limited published information on the relation between
speech perception and CAEPs in UHL.

To better understand the effects of UHL on auditory
processing, we investigated the relationship between
speech-evoked auditory evoked potentials and behavioral
measures of speech perception. We hypothesized that
UHL causes changes in the auditory cortex that are as-
sociated with altered speech processing in the normal
hearing ear, compared with normal hearing adults.

METHODS
Participants

Thirteen adults (six males, seven females) aged 24—
65 years (mean = 42.3, standard deviation [SD] =
12.9) with UHL were included in the experimental
group (demographic details in Table 1). The study group
was a convenience sample from a series of consecutive
patients attending a hospital otology clinic. Because of
the small number of UHL cases, all participants who
met the inclusion criteria and who provided consent
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Table 1. Unilateral Hearing Impaired Participants’ Demographic Information

Age Duration
Participant (years) M/F Hearing Loss Etiology 4PTA  Ear  (years) Language Hearing Device
UHLO1 27 M SN severe-profound Sudden HL 85.0 Left 1,7 English No
UHLO2 34 F SN profound Congenital 125.0 Right 34 English CROS hearing aids
UHLO3 44 M CHL moderate Chronic otitis media 38.8 Right =20 English/ No
Malay
UHLO4 46 M SN severe-profound Meningitis 98.8 Left 39 English No
UHLO5 54 F SN severe-profound Sudden HL 98.8 Right 18 English CROS hearing aids
UHLO6 52 M SN moderate Acoustic neuroma 48.8 Right 2 English No
UHLO7 65 M SN moderate Sudden HL 475 Left 1,8 English No
UHLO8 24 M CHL moderate Chronic otitis media 40.0 Right 4 English No
UHL09 49 F SN moderate Meniere's disease 36.3 Left 3 English No
UHL10 56 F Mixed profound Chronic otitis media 115.0 Right =40 English No
UHL11 41 F  CHL moderate Temporal bone Fracture 40.0 Left ~35 English Conventional
hearing aid
UHL12 25 F  CHL severe Aural atresia 71.3 Right 23 English No
UHL13 33 F SN profound Acoustic neuroma 125.0 Left 8 English No
Note: ~ = approximately; 4PTA = pure tone average for 5, 1, 2, and 4 kHz; SN = sensorineural; CROS = contralateral routing of signal.

were included in the study. Consequently participants
had a range of hearing loss etiologies, configurations,
duration, and severity. Participants had left-sided
(n = 6) or right-sided hearing loss (n = 7). Participants
with UHL had hearing levels (0.5, 1, 2, 4 kHz pure-tone
average [4PTA]) =20 dB HL in their better ear and
=25 dB HL in their affected ear. Three of the UHL par-
ticipants reported inconsistent use of hearing aids but
the other UHL participants had never used hearing in-
struments. All assessments were performed without
hearing instruments. A BL comparison group of people
with normal hearing thresholds [4PTA = 20 dB HL—
hearing loss criterion from Clark (1981)] consisted of
eleven adults (eight females and three males) aged
18-52 years (mean = 31.3, SD = 9.7), who participated
in the speech recognition, questionnaire, and CAEP as-
sessments. No significant differences in PTA4 thresh-
olds were observed between groups (good ear in UHL
versus BL). For sound localization, an exploratory as-
sessment revealed that BL participants had no errors
when performing the task. To simulate the effect of
UHL on sound localization ability, ten new participants
with normal hearing (aged 24-33 years, eight females,
two males) were tested on the task with simulated right
and left ear unilateral conductive with the hearing loss
created by deep insertion of a foam earplug. The order
of testing right and left ears was counterbalanced for
this group (Binaural listeners plugged [BLpl]). The av-
erage attenuation provided by the earplug was 31.5
dB (0.25, 0.5 kHz), 35.5 dB (1, 2 kHz), and 48.3 dB
(3,4, 6,8 kHz), for low, medium, and high frequencies,
respectively.

The study was approved by the University of Auck-
land Human Participants Ethics Committee and all
participants gave written informed consent.
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Behavioral Assessment
Sound Localization

Sound localization was tested using a five-speaker
setup. A spondee word “Frenchfries” spoken by a female
native speaker of New Zealand English was presented
at 62 dB SPL on average. The level was randomly varied
between 54 and 70 dB SPL (roved * 8 dB to avoid use of
absolute levels for localizing the sound). Five loud-
speakers were placed at —90°, —45°, 0°, 45°, and 90° azi-
muth at 1 m distance from the participant with the
loudspeaker centers at approximately head height. Par-
ticipants were instructed to always look to the front
speaker and to point to the speaker where they heard
the sound. Stimuli were presented randomly a total
of six times to each loudspeaker for a total of 30 trials.
Sound localization errors were quantified by calculating
root mean square error. This setup and stimuli were se-
lected based on previous studies (Johnstone et al, 2010;
Cullington et al, 2011) and because of the feasibility of
assessing children and adults in clinical settings using
this approach.

Speech Recognition in Noise

Speech materials included the Bamford—Kowal-Bench/
Australian (BKB/A) version and the consonant-nucleus—
consonant (CNC) monosyllabic words. Babble noise was
100 people speaking in a canteen. Speech recognition
was measured in the sound field with three loud-
speakers placed 1 m from the participant at —45°,
0°, and 45° azimuth, with the center of the speaker
at approximately head height. The following conditions
were tested: (a) Monaural direct (MD): signal to good
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ear/noise to bad ear (CNCs, BKB/A sentences), (b) mon-
aural indirect (MI): signal to bad ear/noise to good ear
(CNCs, BKB/A sentences), and (c) signal/noise in front
(BKB/A sentences only). The level of the speech material
through the loudspeakers was set at 65 dB SPL for the
CNC words, with multi-talker babble noise fixed at 60 dB
SPL. Whole-word scoring was used and percent correct
scores (%) were determined. For BKB/A sentences, the
speech recognition threshold (SRT) in noise was defined
as the signal-to-noise ratio (SNR) producing 50% correct
whole sentence recognition.

For the adaptive BKB/A task, the noise was at a
fixed level (60 dB SPL) and the speech level was ad-
justed on the audiometer. The two first sentences
served as practice, presented at 64 dB SPL. If they
were repeated correctly the signal was decreased by
4 dB (initial step size). If the next sentence was re-
peated correctly the signal was decreased by 2 dB
and if it was repeated incorrectly, the signal was in-
creased by 2 dB. After a complete list was adminis-
tered (26 sentences), the average presentation level
for the last ten items, corresponding to the 50% correct
identification level, was calculated as the SRT (50%
SRT) (Caniete et al, 2017).

Self-Reported Hearing Performance

The Speech, Spatial, and Qualities of Hearing Scale
(SSQ49 items) has been developed to assess listeners’
self-perception of listening abilities in everyday
complex situations (Gatehouse and Noble, 2004). The
SSQ 12-item short version was used (Noble et al,
2013) in the present study. The SSQ12 measures
self-perception of auditory disability in three subscales
(speech recognition, spatial hearing, and qualities of
hearing) separated into components such as speech in
noise, multiple speech streams, localization, segre-
gation, and listening effort. Items are grouped into
subscales as follows: (a) Speech subscale—the partic-
ipant’s ability to understand speech in different types of
noises (e.g., “You are talking with one other person and
there is a TV on in the same room. Without turning the
TV down, can you follow what the person you’re talking
to says?”); (b) spatial hearing subscale—sound and
source localization (e.g., “You are outside. A dog barks
loudly. Can you tell immediately where it is, without
having to look?”); and (c) qualities of hearing sub-
scale—naturalness, clarity of sounds, and listening ef-
fort (e.g., “Do you have to concentrate very much when
listening to someone or something?”). Participants
rated their responses using a 0-10 scale presented as
a ruler, with the left-hand end representing inability
or absence of quality and the right-hand end indicating
full ability or presence of quality (Gatehouse and Noble,
2004).

Impact of Unilateral Hearing Loss in Adults/Cafiete et al

Cortical Auditory Evoked Potentials
Stimuli

CAEPs were tested using three speech syllables (/di, gi,
ti/) recorded using a native New Zealand English female
speaker in a soundproof room via a AKG HC 577 L omni-
directional headset microphone (AKG Harman) placed
3 c¢cm from the speaker’s lips attached to an M-Audio
MobilePre (M-Audio). Speech was recorded and edited us-
ing Adobe Audition CS6 sound editing software, with a sam-
pling rate of 44.1 kHz and 16 bit quantization rate. The
selected speech stimuli have spectral emphasis in the low
(<3000 Hz; /di/-/gi/; voiced sounds) and high (>3000 Hz;
/ti/; voiceless sound) frequencies, providing information
about processing of speech sounds in different frequency
regions. The stimuli also differ temporally. Stimulus voice
onset times were as follows: /di/ = 12.0 msec, /gi/ = 33.7
msec, and /ti/ = 86.9 msec. The F1 average for the sustained
portion of the vowel for /di/, /gi/, and /ti/ was 335.1, 340.0, and
339.1 Hz, respectively (Figure 1). The total duration of each
syllable was 246 msec after editing. The three speech sylla-
bles were presented at 65 dB SPL with continuous multi-
talker babble presented at 60 dB SPL. For BL and UHL
groups the loudspeaker setup was similar to that used for
the spatial speech recognition in noise task (MD and MI con-
ditions). A +5 dB SNR was selected as it is consistent with
common everyday listening conditions (Smeds et al, 2015)
and this SNR allows robust CAEPs to be recorded that
are sensitive to noise effects as they differ in latency and
morphology from CAEPs in quiet (Whiting et al, 1998).

The stimulus presentation order was randomized and
testing condition counterbalanced across participants, with
two runs of 150 stimuli for each stimulus and condition.
The Neuroscan STIM " system (Compumedics Neuroscan)
was used to present the speech stimuli with a 920-msec
interstimulus interval. Babble and speech stimuli were
presented via loudspeakers (Impact 50 Turbosound;
Turbosound Ltd, UK). Sounds were calibrated using a
Bruel & Kjaer 2215 sound level meter measured at 1 m dis-
tance from the loudspeaker at the participant’s ear level.

Cortical Recordings

The Neuroscan SCAN" (version 4.3 Compumedics,
Neuroscan) was used to record CAEPs using ten electro-
encephalography (EEG) channels, with gold 10-mm disc
electrodes placed at Cz and Fz referenced to M2; C4
and F4 referenced to M2 and M1 (ipsi and contra refer-
ences); C3 and F3 referenced to M2 and M1 (contra and
ipsi references). The ground electrode was located on the
forehead and eye blink activity was monitored using an
electrode placed above the left eye, referenced to M2. Elec-
trode impedances were kept under 5 k(). The electrode mon-
tage was selected to minimize electrode application, in
preparation for future planned studies with children, and
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Figure 1. Consonant-vowel (CVs) acoustic stimuli used to elicit CAEPs. Time-domain waveforms (left column) and respective spectro-

grams (right column) derived using Praat 5.3.53 software.

to provide sufficient scalp locations to enable investigation of
frontal versus central and hemispheric differences.

EEG was amplified with a gain of 50,000 and sampled
at the rate of 1000 Hz. EEG epochs with —100 msec pre-
stimulus to 600 msec poststimulus time windows were
extracted post hoc from the continuous file. Before av-
eraging, responses were digitally low-pass filtered at
30 Hz. All recordings were baseline corrected before av-
eraging. Recordings with eye blink artifacts were cor-
rected using the regression procedure ocular artifact
rejection function in Neuroscan software (Neuroscan.
Inc., 2007). This involves calculating an average blink
from a minimum of 20 blinks for each participant and
removing the contribution of the blink from all other
channels on a point-by-point basis. The artifact rejec-
tion threshold was set in the range *50 to =75 pV.
Short breaks were given between testing conditions if
needed. Participants were tested while seated in a com-
fortable reclining chair, watching a captioned movie in
a double-walled sound attenuating booth.

Cortical Analysis

Amplitude and latency values for N1 peaks were
determined for each condition. The amplitude of N1

was identified as the largest negative deflection be-
tween 80 and 160 msec after stimulus onset. Latency
of the peak was measured at the center of the peak.
When the waveform contained a double peak of equal
amplitude or a peak with a plateau, the latency was
measured at the midpoint of the peak. Responses
were determined by the agreement of two experi-
enced judges.

N1 latency contralateral hemisphere dominance
(LCHD) was expressed as the percentage of the asym-
metry between hemispheres (LCHD = 100*[CL — IL/
CL]), where CL and IL represent the latency values
for recordings that were contralateral and ipsilateral
to the stimulated ear. A negative value indicates con-
tralateral dominance (shorter contralateral latencies),
whereas values close to zero represent synchronous
ipsi and contra latencies. N1 amplitude contralateral
hemisphere dominance (ACHD) was expressed as
percentage of the amplitude asymmetry between
hemispheres (ACHD = 100*[CA — TA/CA]), where CA
and IA represent N1 amplitudes for recordings that
were contralateral and ipsilateral to the stimulated
ear. A positive value reflects larger contralateral re-
sponses, whereas values close to zero indicate symmet-
ric responses.
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Statistical Analysis of the Behavioral and
Cortical Data

The Shapiro—Wilk test of normality was applied to all
data, and nonparametric tests were used to compare
groups and conditions when assumptions of normality
were not met. Between-group comparisons of UHL ver-
sus control participants were conducted using indepen-
dent t-tests or Mann—Whitney U-tests. Within-group
comparisons (stimulus and electrode effects) were made
used paired t-tests, Wilcoxon matched pairs tests, and
repeated measures analysis of variance (ANOVA). A
p value <0.05 was considered statistically significant.
Bonferroni corrections were applied to correct for mul-
tiple comparisons. The Greenhouse—Geisser correction
was applied to the repeated measures ANOVA when
Mauchly’s test indicated that the assumption of sphe-
ricity had been violated. IBM SPSS statistics 21.0
(IBM Corporation) version was used.

RESULTS
Sound Localization

The overall performance of the UHL group was com-
pared with the BLpl group with simulated conductive
hearing loss. Scores were collapsed across ears for
the BLpl group as right and left ear plugged scores
did not differ significantly. Overall the BLpl group
had localization errors of 14.2 (SD = 11.8), similar to
the errors of the UHL group (16.0, SD = 24.1); however,
the UHL group showed much greater intersubject var-
iability. There was no relationship between the level of

Impact of Unilateral Hearing Loss in Adults/Cafiete et al

conductive hearing loss in the BLpl group and localiza-
tion errors. Differences between the BLpl and UHL
group errors were not significant. There was no differ-
ence in the localization for right and left UHL or onset
of hearing loss. People with right (n = 7) UHL showed
a median of 7.3° error (interquartile range [IQR]
0-17.4); left (n = 6) UHL showed a median of 9.9° error
(IQR 0-26.3). To investigate the relationship with se-
verity of hearing loss, participants were grouped into
two categories, those with a four-frequency (0.5, 1.0,
2.0, and 4.0 kHz, 4PTA) PTA < 60 dB HL were classed
as mild to moderate and the others with 4PTA Hz
= 60 dB HL were grouped as having a severe to pro-
found hearing loss. Participants who had severe to pro-
found hearing loss (4PTA median 17.4,I1QR 11.0-43.1,n
= 7) had significantly (U = 0.0, p = 0.002, r = —0.85)
higher error scores than those with lesser degree of
hearing loss (4PTA median 0, IQR 0, n = 6). The six par-
ticipants with moderate hearing loss included three with
a conduction hearing loss (CHL) and three with a senso-
rineural loss (SNHL). The significant difference in sound
localization errors was maintained (U = 0.0, p = 0.020, r
= —0.77) when CHL cases were removed from the mod-
erate hearing loss group (median 0, IQR 0.0-3.7, n = 3
versus median 17.4, IQR 16.2-26.3, n = 4 SNHL).

Speech Recognition in Noise

The UHL participants had lower performance overall
for CNC words (% correct) and BKB/A sentences (dB
SNR) than the BL group (Table 2). For CNC words, sig-
nificant differences were only observed when the speech
was directed to the bad ear. Participants with UHL

Table 2. Mean (SD) of the Speech Recognition (CNC Words, BKB/A Sentences) and SSQ12 Scores for BL and UHL

Groups
BL* UHL+ p Value
CNC (%) MD 97.64 (2.01) 96.92 (2.90) p=0617
M 97.64 (2.01) 58.31 (20.23) p < 0.001
BKB/A (SNR dB) MD —2.81(0.97) —0.25 (2.08) p = 0.001
M —2.81(0.97) 10.55 (4.35) p < 0.001
Signal/noise in front 6.93 (0.73) 8.27 (1.03) p = 0.005
SSQ12 Speech 8.09 (1.19) 4.90 (2.29) p = 0.001
Speech in noise 8.62 (1.38) 5.02 (2.44) p < 0.001
Multiple speech streams 7.89 (1.57) 4.80 (2.00) p = 0.001
Speech in speech 7.77 (1.60) 4.90 (2.91) p = 0.038
Spatial 8.50 (1.05) 5.34 (2.65) p = 0.002
Localization 8.50 (1.05) 5.48 (2.97) p = 0.009
Distance and movement 8.50 (1.24) 5.26 (2.47) p = 0.001
Quality 8.72 (0.69) 5.97 (2.09) p < 0.001
Segregation 8.64 (1.05) 5.72 (3.17) p = 0.013
Identification of sound 8.86 (1.05) 7.26 (2.41) p = 0.043
Quality and naturalness 9.41 (0.74) 7.49 (2.60) p = 0.011
Listening effort 7.95 (1.35) 3.41 (2.53) p < 0.001
Overall 8.45 (0.76) 4.95 (1.74) p < 0.001
N = 11.
N = 13.
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required significantly greater SNR for BKB/A sentences
than BL individuals for all conditions. Greater severity
of UHL was associated with a significant decrease
in performance for CNC [¢{11) = 3.39, p = 0.006,
d = 1.89] and BKB/A [¢1;) = —3.56, p = 0.004,
d = —1.98] stimuli but only for the MI condition.

Self-Report Questionnaire

The BL participants had significantly better (higher)
scores than UHL participants for the SSQ overall and
across SSQ subscales (Table 2). The BL and UHL groups
both reported the poorest (lowest) scores for the speech
subscale, which examines speech in noise, in speech con-
texts, and in multiple speech streams. The question
about listening effort from the subscales components
produced the lowest scores across all subscales for the
UHL participants. The side of the UHL was not associ-
ated with differences in SSQ scores; however, for greater
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degree of hearing loss, spatial SSQ12 scores were signif-
icantly poorer (U = 6.50, p = 0.038, r = —0.57).

Cortical Auditory Evoked Potentials

Two-factor (stimuli [3] and electrodes [4]) repeated
measures ANOVAs with presentation ear (right and
left) and group (BL and UHL) as between-subject fac-
tors were used to separately investigate N1 amplitudes
and latencies. There were significant stimuli and elec-
trode main effects for N1 amplitudes [F(3 62 = 87.18,
p < 0.001 and Fy93 = 5.16, p = 0.008, respectively],
and a significant electrode by presentation ear interaction
[Fio03 = 7.99, p < 0.001]. The /di/stimulus produced the
largest N1 amplitudes, followed by /gi/ and /ti/ regardless
of the electrode location, presentation ear, or group (Fig-
ure 2). N1 amplitudes were larger for left hemisphere
electrodes (C3 and F3). Also, right ear presentation
elicited larger responses mainly for left hemisphere
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at central and frontal electrodes for right and left ear presentation for /di/, /gi/, and /ti/ speech stimuli.
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electrode locations across stimuli. Pairwise compari-
sons revealed significant differences in amplitudes for
/ti/ at central (C3—C4) versus frontal (F3—F4) locations
for right ear presentation, but this electrode difference
was not evident for left ear presentation or for the other
two stimuli.

N1 latency analyses showed a significant main effect
for stimuli [Fg 62) = 56.26, p < 0.001] and significant in-
teractions for electrode X ear presentation [F (3 o3) = 7.10,
p < 0.001], electrode X group [F(393) = 3.55, p = 0.017],
and electrode X ear presentation X group [F(3g3) = 6.03,
p = 0.01] (Figure 3). The /ti/ stimulus was associated
with shortest latencies followed by /di/ and /gi/, regard-
less of electrode location, presentation ear, or group.
Across groups, right ear stimulation elicited shorter re-
sponses mainly for electrodes located on the left hemi-
sphere (C3 and F3) (Figure 3). The UHL group had
significantly increased N1 latencies across electrodes,
but mainly for left hemisphere locations (C3 145.3 msec
and F3 145.8 msec), regardless ear of presentation. Par-
ticipants with a UHL had significantly longer N1 laten-
cies for left ear presentation (right ear UHL), mainly for
left hemisphere locations (C3 and F3) (Figure 3; Tables 3
and 4). For the BL group pairwise comparisons revealed
significant differences in latency for /di/ and /gi/ for the
central electrodes and for /gi/ and /ti/ for frontal elec-
trodes for right ear presentation (Figure 2).

Contralateral Dominance: BL versus UHL

Data from BL were obtained for monaural right and left
stimulation and UHL participants were tested with stimuli

Impact of Unilateral Hearing Loss in Adults/Cafiete et al

presented to the unaffected side with noise presented to
the affected side. BL showed the expected hemisphere
asymmetry pattern. ACHD and LCHD were significantly
different between right and left ear presentation for /ti/ at
central (U = 26, p = 0.023, r = —0.48) and frontal elec-
trodes (U = 21, p = 0.009, r = —0.50), respectively. For /ti/,
stronger activation of the left hemisphere was evidenced
by larger amplitude (Figure 4A) and shorter responses eli-
cited by right ear presentation for BL.

ACHD values for the UHL group differed significantly
between right and left side stimulation for /di/ at central
electrodes (U = 3.00, p = 0.010, r = —0.71). The contra-
lateral dominance based on CAEP amplitudes was re-
duced in the right ear UHL group (i.e., smaller right
hemisphere amplitudes with left ear stimulation), as
the asymmetry values are negative or close to zero for
central electrodes across all stimuli (Figure 4B).

The comparison of ACHD and LCHD values between
BL and UHL groups as a function of side of stimulation
did not show significant statistical differences between
groups, except for LCHD for /gi/ at central electrodes
(C3 and C4) when /gi/ was presented to the right ear.
For /gi/ to the right ear, the latency asymmetry was sig-
nificantly smaller for participants with UHL than BL
(U = 11.00, p = 0.027, r = —0.53). For this condition,
N1 latencies were shorter for the contralateral hemi-
sphere (C3) for the BL group, resulting in a negative
LCHD value; this asymmetry was still present but
was reduced in the UHL participants with left-sided
deafness (right ear stimulus presentation).

N1 ACHD and LCHD indices for the three stimuli
were used to explore relationships between CAEP
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Figure 3. N1 latency for BL (N = 11) and UHL individuals (N = 13) for central (C3—-C4) and frontal (F3—F4) locations for right (RE) and

left (LE) ear presentation for /gi/ sound.
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Table 3. N1 Amplitude and Latency (SD) as Function of Stimuli and Ear of Presentation (N = 11) for BL Group

Amplitude, pV (SD)

C3 C4 p Value F3 F4 p Value
Right ear presentation
(dif -6.11 (2.32) —5.22 (1.74) p = 0.006 —5.93 (2.69) —5.00 (2.12) p = 0.006
[gi/ —4.37 (1.75) —3.70 (1.14) p = 0.040 —4.32 (1.90) —3.63 (1.40) p = 0.032
il —3.75 (1.46) —2.43 (1.04) p < 0.001* —3.38 (1.70) —2.26 (1.14) p = 0.001*
Left ear presentation
(dif —5.35 (2.03) —5.55 (1.61) p = 0.417 —5.28 (2.25) —5.68 (1.88) p = 0.108
[9i/ —3.63 (1.87) —3.88 (1.34) p = 0.292 —3.72 (1.99) —4.00 (1.56) p = 0.163
i/ —2.79 (1.51) —3.05 (1.38) p = 0.365 —2.53 (1.52) —3.05 (1.25) p = 0.237
Latency, msec (SD)
Right ear presentation
(dif 135.55 (6.67) 139.00 (7.87) p = 0.001* 135.45 (6.62) 140.35 (9.24) p = 0.006
[9i/ 145.18 (7.48) 152.91 (8.95) p = 0.001* 146.73 (7.63) 152.91 (8.87) p = 0.003*
ftif 122.09 (9.17) 125.64 (9.04) p = 0.072 120.45 (9.16) 128.00 (7.50) p = 0.002*
Left ear presentation
(dif 139.73 (8.06) 137.18 (5.88) p = 0.083 140.55 (8.20) 136.82 (7.74) p = 0.006
/9l 151.36 (11.87) 147.64 (7.97) p = 0.094 154.27 (12.55) 148.27 (9.34) p = 0.034
Mt/ 125.55 (10.62) 121.36 (8.02) p = 0.039 125.45 (10.47) 125.00 (10.12) p = 0.855

*Significant difference after Bonferroni correction, p < 0.004.

asymmetry and degree of hearing loss and duration of
hearing loss. For participants with UHL, no significant
correlations were found across all stimuli for ACHD or
LCHD and 4PTA; however, duration of hearing loss
showed a moderate negative correlation for /di/ at
central (C3-C4,rs = —0.571, p = 0.041) and frontal
(F3-F4, rs = —0.604, p = 0.029) electrode locations for
the ACHD index (see Figure 5). As duration of hearing
loss increased, contralateral dominance decreased based
on amplitude measures. Figure 6 shows a participant
who appears to be an outlier because of their long du-
ration of deafness and very large negative hemispheric

asymmetry (indicating strong ipsilateral hemisphere re-
sponse dominance; —40% ACHD). With this outlier re-
moved the correlation was still statistically significant,
improving slightly for central (rs = —0.629, p = 0.028)
and frontal (r = —0.685, p = 0.014) locations, supporting
the finding that longer durations of deafness were asso-
ciated with less contralateral dominance.

Cortical versus Behavioral Measurements

Composite N1 results were used for correlation anal-
yses (across Cz/Fz electrode locations and stimuli).

Table 4. N1 Amplitude and Latency (SD) as Function of Stimuli and Ear of Presentation (N = 13) for UHL Group at

Central and Frontal Locations

Amplitude, wV (SD)

C3 C4 F3 F4
Right ear presentation (LEUHL)
(dif —5.10 (1.46) —3.97 (1.46) —5.23 (1.63) —4.52 (1.01)
[gi/ —3.50 (0.93) -3.15 (0.71) —3.82 (1.44) —2.85 (0.59)
il —2.97 (1.32) —-2.23(1.12) —3.22 (1.31) —2.50 (1.17)
Left ear presentation (REUHL)
(dif —4.32 (0.87) —3.98 (0.86) —4.40 (0.92) —4.59 (0.85)
[gi/ —3.44 (0.68) —3.07 (0.47) —3.30 (1.11) —3.21 (1.00)
Mt/ —1.90 (0.73) —1.88 (0.72) —-2.19 (1.31) —-2.21(1.13)
Latency, msec (SD)
Right ear presentation (LEUHL)
/di/ 144.83 (8.45) 141.17 (15.96) 143.33 (8.96) 142.17 (12.16)
Jiell) 160.00 (12.84) 157.50 (13.66) 156.83 (10.05) 154.50 (10.25)
il 127.83 (4.75) 126.00 (16.67) 127.00 (6.63) 123.17 (10.44)
Left ear presentation (REUHL)
/di/ 143.71 (9.21) 141.00 (8.43) 144.86 (10.96) 142.43 (10.98)
[gi/ 156.86 (14.80) 154.29 (14.43) 160.71 (11.91) 155.14 (15.72)
i/ 138.86 (32.32) 141.00 (31.16) 142.57 (29.60) 140.73 (30.92)

Note: LEUHL = left ear unilateral hearing loss; REUHL = right ear unilateral hearing loss.
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Figure 4. Mean N1 ACHD values (central electrodes) for normal and unilateral hearing groups in function of ear of stimulation. (A) For
right ear presentation, binaural listeners group (RE-BL) and left ear presentation, binaural listeners group (LE-BL). (B) Left ear pre-
sentation (REUHL, right ear unilateral hearing loss), right ear presentation (LEUHL, left ear unilateral hearing loss). Error bars rep-
resent the 95% confidence interval. Asterisks represent significant difference, p < 0.005.

Speech scores were compared with N1 amplitudes (Cz,
Fz). As seen in Figures 6A and B, CNC words scores for
the MI condition showed a significant correlation for /di/
(rs = —0.727, p = 0.005). The negative correlations for
CNC words indicate that better speech scores were as-
sociated with larger (more negative) N1 amplitudes.
For sentences, better speech perception (smaller dB
SNR) was associated with increased N1 amplitude
(more negative) (rs = 0.571, p = 0.047). There were
no other significant correlations between CAEP and be-
havioral measures. Spearman rank correlations failed
to show significant associations between SSQ12 overall,
subscale, or component scores or localization errors and
N1 amplitudes or latencies (p > 0.05).

Because of a small sample is not possible to conduct
statistical analyses to investigate the effects of type of
hearing loss (conductive versus sensorineural). To ex-
plore whether the type of hearing loss might influence
findings, Table 5 shows results for individual cases with
conductive and moderate sensorineural hearing loss.
Visual inspection of the results indicates that perfor-

Duration (years)

Figure 5. Spearman correlation between N1 ACHD % for /di/
and duration of deafness for central and frontal locations.

mance is similar across tests for moderate conductive
and sensorineural cases, except for N1 ACHD for /ti/
sound where a conductive loss was associated with
much more symmetric hemispheric responses.

DISCUSSION

M ost studies of individuals with UHL have focused
on either behavioral or electrophysiological mea-
sures but few have explored and compared both types of
measure in the same participants. The present study
thus provides a broad view of auditory function for peo-
ple with UHL, including the underlying cortical electro-
physiology, and contributes to the understanding of the
effects of UHL at physiological and behavioral levels.

CAEP Responses

We observed a clear differentiation in CAEPs across
stimuli for both groups, which is in line with previous
studies (Agung et al, 2006). Stimulus selection was
based on place, voicing, and frequency emphasis, as pre-
vious studies have found CAEP differences in response

]

g 60 o Frontal (F3,F4), rs=-0604 {5 gpectro-temporally different stimuli for CAEPs

g . e Central (C3,C4), rs=-0571  recorded in noise and quiet for aided and unaided

g E\? w3 s & conditions (Tremblay et al, 2003; Agung et al, 2006;

g % R L Kuruvilla-Mathew et al, 2015). These differences reflect

% ) O et @ S the specificity of neural processing of different speech

‘E § i .CD . o g ............. &g stimuli.

4 £ . c® Because different stimuli evoked differences in

B E =20 CAEPs for both UHL and BL groups, CAEP stimulus

§. =y . differences were preserved in the normal hearing ear

< of participants with UHL.

Z g Similar to previous studies, our results showed larger
0 10 20 30 40 50

N1 amplitudes for low-frequency stop consonants /di/
and /gi/ compared with the high-frequency stop conso-
nant /ti/ (Kuruvilla-Mathew et al, 2015). This is consis-
tent with earlier studies and is thought to reflect the
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Figure 6. Spearman correlation between composite N1 amplitude (Cz and Fz) for /di/ and speech scores for words (A) and sentences (B)

for MI condition.

decrease in latency and amplitude associated with more
restricted and earlier basilar membrane activation by
stimuli with high-frequency emphasis (Ndatdnen and
Picton, 1987; Jacobson et al, 1992). Temporal differences
in voice onset time (VOT) between voiced (/di/, /gi/) and
unvoiced (/ti/) sounds could also be contributing to the
differences seen in our results across stimuli. The voiced
sounds with short VOT's had the same energy content for
the following vowel’s format compared with the voiceless
/ti/, which had a small amount of energy before the onset
of the vowel (Kuruvilla-Mathew et al, 2015).

In participants with UHL, CAEP latencies were sig-
nificantly delayed regardless of the stimulus (presented
to the normal hearing ear) (Figure 3 and Table 4) com-
pared with the BL group. This indicates that monaural
deprivation has an impact on auditory processing asso-
ciated with the “good ear.” In our sample, differences in
CAEPs suggest altered cortical processing is associated
with the lack on binaural input to central auditory path-
ways. Prolonged N1 latencies suggest delays in synchro-
nous firing; this could be associated with abnormalities
in processing time-varying cues such as speech sounds.
This is consistent with the finding that participants
with UHL had significantly higher (poorer) SNR scores,
even when the speech was directed to the good ear com-
pared with BL.

The atypical CAEP pattern (smaller amplitudes,
delayed latencies) across stimuli which was more evi-
dent for right ear UHL cases (left ear presentation of
sound to the good ear) is an indication of adaptive
changes which may be contributing to difficulties recog-
nizing speech in noise faced by people with UHL.

Robust N1 responses in the presence of noise depend
heavily on the signal audibility more than sound dis-
crimination (Martin and Stapells, 2005). A supra-
threshold presentation level of 65 dB SPL was used
to elicit CAEPs, and hence, the signal was audible in
the good ear even when noise is presented to the poorer
ear. It is likely that the poorer ear would have contrib-
uted little to the CAEP responses from the good ear be-
cause of a reduced audibility of the speech signal in that
ear, for all participants including those with less severe
degrees of UHL.

We did not observe any significant associations be-
tween CAEP measures and SSQ self-report of hearing
difficulties. This could reflect a lack of statistical power;
however, this lack of association between objective CAEP
measures and the SSQ is perhaps not surprising as self-
perception of difficulties is multifactorial and heavily de-
pendent on the individual’s complex interaction with the
environment, which is beyond the level of sound detec-
tion and discrimination (Noble and Hétu, 1994).

Table 5. Behavioral Scores for Ml (Speech to Poor Ear/Noise to Good Ear) Condition and CAEP Amplitude Asymmetry
Index (%) for Moderate Unilateral Hearing Loss Conductive and SNHL Cases

Pure Tone Average BKB/A Speech

% N1 Amplitude Asymmetry at
Central Electrodes (C3-C4)

CNC Word Localization

Participant (500, 1, 2, 4 kHz) Reception Threshold  Scores Errors
(dB HL) (dB SNR) (%) (degrees) /di/ [gil i/
Conductive ~ UHL-3 38.8 6.1 70 0 2.6 11.5 0.5
UHL-8 40.0 0.9 98 0 -11.1 —42.9 0.1
UHL11 40.0 6.4 68 0 6.9 28.6 51
Mean (SD) 39.6 (0.6) 4.4 (3.0) 78.7 (16.7) 0 (0) -0.5(9.4) —-0.93(37.3) 1.9 (2.7)
SNHL UHL-6 48.8 11.5 66 0 4.7 —8.6 17.6
UHL-7 47.5 10.6 76 3.7 26.9 22.7 241
UHL-9 36.3 8.0 62 0 20 -27.9 23.8
Mean (SD) 44.2 (6.8) 10.0 (1.8) 68.0 (7.2) 1.2(21) 14.0(16.6) —4.5(25.4) 21.83(3.6)
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Auditory Cortex Asymmetry

UHL disrupts the binaural balance of neural inputs,
altering binaural interactions within the CAS and pro-
ducing functional and/or physiological changes within
the structures of the CAS (Keating et al, 2015; Kral
et al, 2015). Changes in CAS activity are expected with
stimulation of the intact ear, as the afferent input is
now unilateral. Indeed, we observed that with right
ear deafness (left ear stimulation) the CAEP amplitude
asymmetry pattern seen in the BL was disrupted, with
changes in the activity recorded over the right hemi-
sphere contralateral to the left ear. It has been sug-
gested that cortical reorganization occurs in UHL
as a result of a decrease in contralateral activity, an
increase in ipsilateral hemisphere activity, or both
(Vasama et al, 1995; Scheffler et al, 1998; Khosla
et al, 2003; Hanss et al, 2009). One possible hypothesis
is that disinhibition (unmasking) may occur to compen-
sate for the reduced input from the affected ear, increas-
ing the responsiveness of the ipsilateral cortex to the
intact ear (Bilecen et al, 2000; Salvi et al, 2000; Tremblay
and Moore, 2012).

As seen in Figure 2, ACHD values were negative or
close to zero in people with right ear UHL (left ear stim-
ulation and central electrodes indicating stronger ipsi-
lateral activity). Thus, the present study provides some
support for the idea that changes in hemispheric acti-
vation after UHL may be ear dependent. Statistical dif-
ferences were not consistently seen across stimuli and
electrode locations, and hence, as has been the case in
previous studies, evidence from the present study is not
sufficient to confirm whether there are ear-dependent
differences in the impact of UHL. Others have reported
a reduction in amplitude and/or latency differences be-
tween hemispheres mainly for left-sided deafness when
tones (e.g., 1 kHz), clicks, or simple speech sounds (e.g.,
vowel /a/), mostly in quiet, are used as stimuli (Vasama
et al, 1995; Fujiki et al, 1998; Khosla et al, 2003; Hanss
et al, 2009). Differences in stimuli (consonant-vowel syl-
lables in noise in the present study) may have contrib-
uted to differences in findings across studies regarding
ear effects on hemispheric asymmetry.

Although there are reports in the literature of reduced
hemispheric asymmetry in UHL (Bilecen et al, 2000;
Ponton et al, 2001; Khosla et al, 2003; Langers et al,
2005; Hanss et al, 2009), there are studies that did not
find clear significant changes in hemispheric asymmetry
in UHL (Vasama et al, 1995; Vasama and Makela, 1997;
Hine et al, 2008). Inconsistences across studies may re-
flect factors such as etiology (e.g., acoustic neuroma, con-
genital single-sided deafness, and sudden hearing loss);
duration (from two to 18 years), onset (early and late), de-
gree (moderate to profound), and side of the UHL; and
methodological differences between such types of stimuli
(e.g., tones and syllables) and small number of participants.

Impact of Unilateral Hearing Loss in Adults/Cafiete et al

For our sample, hearing loss duration was correlated
with %ACHD just for /di/; as the duration of the hearing
loss increased, the normal pattern of hemisphere asymme-
try decreased. Duration of hearing loss rather than age
at onset was associated with hemispheric CAEP asymme-
try. By contrast, Kral et al (2013) reported a sensitive
period for reorganization, as they found that ipsilateral—
contralateral hemisphere latency changes were more ev-
ident for early onset of hearing loss. Early and late onset
UHL may be associated with different auditory plasticity
mechanisms as the auditory brain adapts to the new bal-
ance of auditory inputs (Kacelnik et al, 2006; Keating and
King, 2013). Differences between studies in the onset and
duration of UHL and time of assessment could account
for differences in findings. Maslin et al (2013b) followed
people after the onset of UHL and found recovery of the
normal asymmetric CAEP pattern after a period of
time in cases of profound hearing loss due to neuroma
removal. CAEP assessment occurred many years after
the hearing loss onset for most participants in the pre-
sent study, so we were not able to identify a baseline or
possible changes that take place over time compared
with the onset of hearing loss.

One relevant factor that should be considered is the age
at the onset of hearing loss, which may account for some
of the differences observed in the present study across par-
ticipants. As cortical development is regulated by experi-
ence (Kral, 2013), a late onset (acquired) hearing loss may
have less impact on cortical responses, depending on the
period when deprivation occurred. Studies investigating
the impact of conductive hearing loss in animals show dif-
ferential changes in binaural sound representations after
unilateral deafening as evidenced by changes in ipsilateral/
contralateral hemisphere cortical activity that are age-
dependent (Polley et al, 2013). Changes in cortical asym-
metry in this animal study were greater with earlier onset
of deafness, consistent with the concept of a sensitive pe-
riod for bilateral processing, as has been seen in human
studies of UHL (Kral, 2013).

The perceptual consequences of a loss of hemispheric
asymmetry are not well established. Our data showed
that speech in noise recognition and sound localization
were markedly affected by a UHL, but there was no as-
sociation between CAEP asymmetry and behavioral
measures. However, Bellis et al (2000) reported that
older listeners who had symmetric hemispheric re-
sponses for synthetic speech stimuli experienced diffi-
culties discriminating fast spectro-temporal changes
within a syllable. This suggests the normal asymmetry
may have an important role for the recognition of acous-
tic cues, especially in tasks where fine temporal resolu-
tion is required. In addition, the right ear advantage
that is typically seen in dichotic listening tests seems
to be dependent of this brain asymmetry. In normal
hearing adults the right ear advantage for dichotic lis-
tening is linked to N100 latency differences between
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hemispheres (Eichele et al, 2005). It would be useful to
explore different temporal characteristics of speech
stimuli that might be more sensitive to the perceptual
consequences of CAEP hemispheric activity patterns.
One important factor to consider is potential age ef-
fects on CAEPs. It has been reported previously that
CAEPs responses are age-dependent, particularly in those
aged 50 years and older (Bellis et al, 2000; Tremblay et al,
2004; Ross et al, 2007). Participants with UHL in the pre-
sent study were generally younger than this (average age
42 years) but some were older (oldest participant was
65 years). It would be useful in a future study with
a larger sample size to examine CAEP hemispheric activ-
ity patterns in older and younger people with early-onset
UHL to see whether aging effects are the same as those
observed in people with bilaterally normal hearing.
Evidence for perceptual changes in UHL has been re-
ported by Maslin et al (2015), who found that adults with
UHL had improved intensity discrimination in the intact
ear compared with controls. Mishra et al (2015) reported
poorer performance in the good ear for gap detection in
noise in UHL compared with BL. This is consistent with
the finding of poorer speech perception in UHL in the pre-
sent study. Further research is needed to clarify the rela-
tionship between psychoacoustic perceptual measures
and speech perception in UHL. Results for the SSQ spatial
subscale were sensitive to the degree of UHL: the finding of
significantly lower scores for participants with more severe
UHL is consistent with previous reports that people with
hearing loss asymmetries perceive greater disability
across all SSQ subscales, but mainly in the spatial sub-
scale, compared with people with bilateral symmetrical
hearing loss (Noble and Gatehouse, 2004; Most et al, 2012).
Although there was no relationship between CAEP
asymmetry indices and behavioral performance for
our sample, we found robust correlations between N1
amplitudes and CNC word and sentence performance
for the MI condition for /di/. Previous studies involving
BL also show correlations between behavioral speech
measures and N1 amplitudes, particularly when CAEPs
are evoked by speech stimuli and measured at Cz
(Anderson et al, 2010; Parbery-Clark et al, 2011;
Billings et al, 2013). However, there is limited evi-
dence for this correlation in people with hearing loss.
Our results suggest that N1 response amplitude eli-
cited by /di/ might be a useful objective indicator of
speech perception in noise in people with UHL.

Limitations

There was considerable variability in the sound localiza-
tion performance of participants with UHL. There are some
factors to consider, such as etiology, duration, and onset of
hearing loss, which were difficult to control for in this study.
It has been suggested that mechanisms involved in sound
localization may differ for sensorineural and conductive
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hearing losses. For example, spectral cues would be mainly
compromised in people with SNHL, whereas altered timing
occurs in CHL as sound is transmitted to both cochleae via
bone conduction (H&ausler et al, 1983; Noble et al, 1994).
Our data did not allow us to explore this because of the
small number of participants with CHL. The effects of eti-
ology on sound localization may be more evident with
higher stimulus levels due to greater contribution of bone
conduction and may be less significant in the present
study where conversational stimulus levels were used.

It is possible that significant differences were not ob-
served because of a lack of statistical power due to the
small sample size and heterogeneity of the participants
with UHL. Multisite studies and meta-analysis may be
needed to solve this problem. Results that were observed
for the behavioral tests and questionnaires in the present
study are consistent with previous studies; however, most
studies examining the impact of UHL have used similar
small samples. The CAEPs showed considerable variabil-
ity across participants. A larger sample size is needed to
confirm the observed ear differences, the degree of CAEP
asymmetry in people with different types and degrees of
UHL, and the association with behavioral findings.

CONCLUSION

HL affects a wide range of auditory abilities, includ-

ing speech in noise recognition, sound localization,
and self-perception of hearing disability. Speech percep-
tion in noise was compromised for people with UHL even
when the acoustic environment should be advantageous,
when the signal was presented to the good ear and noise
to the poor ear. Sound localization was worse for people
with more severe UHL but varied greatly for people with
the same degree of hearing loss; this may reflect effects of
age at onset, duration, and etiology of the hearing loss.
Speech in noise perception and listening effort were a ma-
jor concern of the participants with UHL, who rated this
as their greatest problem. Despite the limitations of the
present study, CAEPs evoked by speech syllables in noise
showed a greater effect of right ear UHL on N1 amplitude
asymmetry than left ear UHL; however, this effect was
restricted to the speech sound (/di/) and central electrode
locations, and hence, further research is needed to verify
this effect. In addition, our findings suggest that the neu-
ral stimulus representation at the cortical level for UHL
people differs from normal hearing controls when good
ear responses are measured, which may be contributing
to some extent to the difficulties experienced by the par-
ticipants recognizing speech in noise.

Longer durations of the hearing loss were associated
with reduced CAEP amplitude hemispheric asymmetry
for /di/. CAEP amplitudes were also correlated with
speech perception for /di/. Thus, this speech stimulus
may be useful for further studies involving larger num-
bers of participants with UHL.
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