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Background and Objectives We investigated whether there are differences in auditory per-
formance between the healthy ears of subjects with unilateral deafness (UD) and the control
ears of subjects with normal hearing (NH) in both ears.
Subjects and Method Sixteen subjects with acquired UD and 16 subjects with NH thresh-
olds for both ears were enrolled. We compared the auditory performance of UD group and con-
trol group with NH in both ears.
Results We found no meaningful differences in the three measures of psychoacoustic per-
formance between the total healthy ears of subjects with UD and the ears of the control group.
However, in the subgroup comparison, the left ears of subjects with right UD showed signifi-
cantly poorer spectral-ripple discrimination (SRD) than the right ears of the subjects with left
UD (p=0.006) and the ears of control subjects with NH (p=0.004).
Conclusion Our findings indicate that after unilateral auditory deprivation, auditory process-
ing is differentially affected by the side involved. In the subjects with acquired UD, the long-
term hearing deprivation on the right side induced the down-regulation of central auditory pro-
cess for SRD, but hearing deprivation on the left side did not affect SRD.
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Introduction

The unilateral deafness (UD) model is particularly effec-
tive in investigating how long-term unilateral stimulation al-
ters the activity of the auditory pathway up to the cortical level
because it compares the responses to monaural stimulation

in subjects with UD with those in binaurally normal hearing

This is an Open Access article distributed under the terms of the Creative Commons
Attribution Non-Commercial License (https://creativecommons.org/licenses/by-nc/4.0)
which permits unrestricted non-commercial use, distribution, and reproduction in any
medium, provided the original work is properly cited.

(NH) subjects. Moreover, unlike the injury-induced model of
auditory deprivation, in which it is difficult to differentiate the
deficits in performance caused by the injury itself and the dy-
namic changes in performance induced by the effect of plas-
ticity, the UD model allows the researcher to separate these
two effects, because in this model, auditory deprivation oc-
curs in only one ear and can be evaluate the performance as-
sociated with the stimulation of the intact ear.”

It is well known that monaural acoustic signals induce great-

er neurophysiological responses in the contralateral auditory
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cortex via the decussating route than in the ipsilateral audito-
ry cortex.” Numerous studies have reported relatively great-
er ipsilateral activation in response to long-term unilateral
stimulation.” This reorganization consistently results in de-
creased asymmetry of the cortical response to stimulation of
healthy ears in subjects with UD, according to the results of

. . . . 3,7.8)
functional magnetic resonance imaging,

auditory evoked
potentials (AEPs),” and magnetoencephalography stud-
ies.*”'” Such physiological changes in the auditory cortex
may have auditory perceptual consequences. The predomi-
nant activation of the brain auditory areas contralateral to the
stimulated ear could be crucial for sound processing, and the
absence of asymmetry over the temporal lobes might induce
the perception of an acoustic cue. Bellis, et al."” suggested that
age-related reductions in hemispheric asymmetries over the
temporal lobes affect the perception of acoustic cues involv-
ing fine spectrotemporal resolution. However, the hypothesis
of Bellis, et al."” was based on binaural hearing. Therefore, it
is unclear whether the central plasticity after unilateral hearing
deprivation induces positive or negative effect on the acous-
tic performances. Although it was well known that there are
various disadvantages of monaural hearing compared with
binaural hearing, only a few previous studies reported the
comparison of monaural performance between subjects with
UD and subjects with bilaterally NH. In two studies, gap-de-
tection thresholds were compared between the healthy ears
of subjects with UD and the corresponding ears of subjects
with NH, but the findings varied according to the experimen-
tal test setting.™" Maslin, et al.” demonstrated better intensi-
ty discrimination in the healthy ears of subjects with UD than
in the ears of the control groups with binaural hearing. How-
ever, how the performance of subjects with UD in processing
speech sounds compares with that of subjects with bilateral
NH is not fully understood.

Therefore, we compared the auditory spectral resolution,
temporal resolution, and speech perception between the healthy
ears of subjects acquired UD, and the control ears of subjects
with NH in both ears. We also evaluated the effects on psy-

Auditory Performance in Unilateral Deafness | Kwak MY, et al.

choacoustic performance of UD in different ears in the UD
group. For this purpose, we divided the subjects with UD ac-
cording to their affected side and compared their psycho-
acoustic performance with that of control subjects with NH
in both ears.

Subjects and Methods

Subjects

We included 16 acquired UD subjects [mean=*standard
deviation (SD)=44.1+16.9 years, M:F=6:10] with unilateral
NH thresholds [<20 dB hearing level (HL) at 0.25, 0.5, 1, 2,
3, 4, and 8 kHz) who had contralateral deafness for >10 years
(except for one subject, 7 years). The mean age at onset of
deafness was 20.4+17.1 years and the mean duration of deaf-
ness was 23.7£15.9 years (Table 1). The control group with NH
comprised 16 subjects (mean=SD=45.0+11.6 years, M:F=
7:9) with NH thresholds for both ears (<20 dB HL at 0.25,
0.5, 1,2, 3,4, and 8 kHz). The sex ratios, current age, and pure
tone average of healthy-ear did not differ between UD group
and control group. Among 16 acquired UD subjects, eight of
the subjects had left-sided UD (38.4+18.4 years) and the oth-
er eight had right-sided UD (49.8+13.9 years). The age at on-
set of deafness and the duration of deafness did not differ ac-
cording to the side of deafness (Table 2). Detailed demographic
data and pure tone averages (0.5, 1, 2, and 3 kHz) for each group
are shown in Tables 1 and 2.

UD was due to congenital hearing loss, sudden sensorineu-
ral hearing loss, or hearing loss of an unknown origin. Sub-
jects with severe tinnitus or dizziness or poor performance or
cooperation with the psychoacoustic tests because of old age,
systemic conditions, or cognitive disorders were excluded from
the study. All of the subjects were native Korean speakers and
were right-handed. Three psychoacoustic measurements were
performed monaurally: 1) spectral-ripple discrimination (SRD),
2) temporal modulation detection (TMD), and 3) speech rec-
ognition threshold (SRT) test in noise. The SRD test evaluat-
ed spectral resolution by measuring the ability of the partici-

Table 1. Demographic data and pure-tone averages of subjects with acquired UD and subjects with NH

Subjects with acquired UD (n=16, mean+SD)  Subjects with NH (n=16, mean+SD)*  p-value
Current age (years) 17—-67 (44.1+16.9) 20—-58 (45.0+11.6) >0.05
Sex (M:F) 6:10 7:9 >0.05
PTA (dB HL) of deaf ear 111.4+11.6 - >0.05
PTA (dB HL) of healthy-ear 10.9+6.1 10.0£3.8 >0.05

srandomly designated side in the NH group. UD: unilateral deafness, NH: normal hearing, SD: standard deviation, PTA: pure-tone

average

www.kjorl.org 571



Korean J Otorhinolaryngol-Head Neck Surg 1 2020;63(12):570-8

Table 2. Demographic data and pure-tone average of subjects with acquired UD according to the side of deafness and subjects with NH

Subjects with left UD

Subjects with right UD

Subjects with NH*

(R OH) (n=8, mean=sD) (L OH) (N=8, mean<SD) (=16, mean-SD) p-valve
Current age (years) 17-62 (38.4+18.4) 20—67 (49.8+13.9) 20—-58 (5.0+11.6) >0.05
Sex (M:F) 3:5 3:5 7:9 >0.05
Age at onset of deafness (years) 16.0+18.0 24.8+15.9 - >0.05
Duration of deafness (years) 22.4+18.9 25.0+13.5 - >0.05
PTA (dB HL) of deaf ear 111.1+12.4 111.7£11.6 - >0.05
PTA (dB HL) of healthy-ear 8.8+55 12.8+6.1 10.0£3.8 >0.05

xrandomly designated side in the NH group. UD: unilateral deafness, NH: normal hearing, R: right, L: left, OH: only-hearing, SD:

standard deviation, PTA: pure-tone average

pants to discriminate a reversal in the phase of a ripple shape.
TMD was used to evaluate the listener’s sensitivity to the tem-
poral envelope by discriminating modulated noise from steady
noise. This study was carried out in accordance with the Dec-
laration of Helsinki and the recommendations of the Institu-
tional Review Board of Eulji Medical Center with written in-
formed consent from all subjects (IRB No. EMCIRB 13-11).

Procedure

All testing was conducted in a sound-attenuating booth.
Stimuli were presented using custom MATLAB programs
(MathWorks, Natick, MA, USA), with a sampling frequency
0f 44100 Hz. The stimuli were routed through an audiometer
(Madsen Astera’; GN Otometrics, Taastrup, Denmark) and
presented monaurally to the test ear via an insert earphone (ER-
3A; Etymotic Research, Inc., Elk Grove Village, IL, USA). The
left and right ears of the NH subjects were tested separately.

SRD test

The SRD test was performed as described by Won, et al.”
A ripple depth of 30 dB was used. For the reference stimulus,
the spectral modulation starting phase of the full-wave-recti-
fied sinusoidal spectral envelope was set to zero radians, and
for the “oddball” stimulus, the phase was set to /2 radians.
The pure tones were spaced equally on a logarithmic fre-
quency scale with a bandwidth of 100—4991 Hz, ensuring the
clear representation of the spectral peaks and troughs for stim-
uli with higher ripple densities. The ripple peaks were spaced
equally on a logarithmic frequency scale. The stimuli had a
total duration of 500 ms and were ramped with 150 ms linear
rise/fall times. The stimuli were filtered with a long-term,
speech-shaped filter that was created in CoolEdit 2000 (Ado-
be, San Jose, CA, USA), with parameters specified in accor-
dance with the findings of Byrne, et al."” The order of presen-
tation of the three tokens was randomized, and the subject’s

task was to select the “oddball” stimulus. No feedback was
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provided for this test. The stimuli were presented at 65 dBA.
To measure SRD thresholds, a three-interval, three-alternative
forced-choice (3-AFC) paradigm with an adaptive two-up and
one-down procedure was used. The ripple density was varied
between 0.125 and 11.314 ripples per octave in equal-ratio steps
of 1.414 in an adaptive manner with 13 reversals that converg-
es to the 70.7% correct point. A level roving of 1-8 dB (in
1-dB increments) was randomly selected for each interval in
the three-interval task. The SRD threshold for each adaptive
run was calculated as the geometric mean of the last 8 rever-
sals of 13 reversals. The SRD threshold was determined by
averaging the threshold from three testing runs.

TMD test

The TMD test was performed using the method described
by Won, et al."” For the modulated stimuli, sinusoidal ampli-
tude modulation was applied to a fresh wideband white noise
carrier for each presentation. Two modulation frequencies
were used: 10 and 100 Hz. The stimuli were presented at 65
dBA. The stimulus duration for both modulated and unmod-
ulated signals was 1 second. The modulated and unmodulat-
ed signals were gated on and off with 10-ms linear ramps and
they were concatenated with no gap between the two signals.
The TMD threshold was measured using a 1-interval, 2-AFC
paradigm. One of the intervals contained modulated noise,
and the other interval consisted of steady noise. Subjects were
asked to identify the interval which contained the modulated
noise or “fluctuating” sound over time. A two-down, one-up
adaptive procedure was used to measure TMD threshold. Vi-
sual feedback was provided after each presentation. The TMD
thresholds (in dB) relative to 100% modulation [i.e., 20log;o
(m;)] were obtained, where m; indicates the modulation index.
The adaptive tracking procedure began with a modulation
depth of 100% and changed in steps of 4 dB from the first to
the fourth reversal, and 2 dB for the next 10 reversals. The
TMD threshold for each adaptive test run was calculated as



the mean of the final 10 reversals. The TMD threshold was
determined by averaging the thresholds from three separate

test runs.

SRT test

To measure SRTs, equally difficult spondee words, spoken
by a male speaker, were presented in noise, which was spec-
trally shaped to have the same long-term power spectrum as
the spondees. In all trials, the masker was gated on and off with
50-ms linear ramps 500 ms before and 50 ms after the target
spondees. The mixture of the target spondee and masker stim-
uli was presented monaurally to the test ear. SRTs correspond-
ing to 50% intelligibility were measured using a one-up, one-
down adaptive procedure. Each run started with a signal-to-
noise ratio (SNR) of 6 dB, for which subjects were easily able
to identify the spondee correctly. If a subject correctly repeat-
ed the spondee, the SNR for the next spondee was decreased,;
otherwise, the SNR was increased. No feedback was provid-
ed for this test. The level of the target spondee was fixed at 65
dBA and the level of the noise was varied in an adaptive man-
ner. An initial step size of 4 dB was used for the first two rever-
sals in the adaptive track, after which the step size was fixed
at 2 dB for the next six reversals. When a subject showed a
total of eight reversals, the adaptive run ended. The SRT for a
given run was based on the average of the SNRs at each of the
last six reversals of eight reversals in the adaptive track. No
spondee was repeated for any subject. Three adaptive runs
were completed. The final SRT for each subject was taken as

the mean of three separate adaptive runs.

Analysis

One subject with right-sided UD gave up the spectral ripple
test, because the test sound caused him discomfort. There-
fore, the data from 15 acquired UD subjects (8 subjects had
left-sided UD and 7 right-sided UD) were used in the compar-
ison of SRD thresholds. In the NH group, one side (either the
left or right) was chosen randomly and designated the ‘control
ear’ of each binaurally NH subject. SPSS version 10 (SPSS
Inc., Chicago, IL, USA) was used for all statistical analyses.
Independent t-test and Kruskal-Wallis test was used for group
comparisons. After Kruskal-Wallis test, the Mann-Whitney
test was used for post hoc comparison (¢=0.05/3=0.017). To
determine whether the SRD thresholds, TMD thresholds, and
SRTs were related to the current age, the duration of deafness,
or the age at the onset of deafness of the subjects, Pearson’s

correlation analyses or Spearman’s rank correlation analyses
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were performed.

Results

Comparisons of total only-hearing ears of UD
group and the ears of the control group with NH
There were no significant differences between the only-
hearing (OH) ears of subjects with UD and the ears of control
subjects with NH in terms of the SRD thresholds [t(29)=-1.380,
p>0.05], the 10-Hz TMD threshold [t(30)=-1.681, p>0.05], 100-
Hz TMD threshold [t(30)=0.476, p>0.05], or SRT in noise [t(30)=
2.449, p>0.05] (Fig. 1).

Comparisons of the right and left OH ears of UD
group and the ears of the control group with NH

The Kruskal-Wallis test revealed a significant difference
in the SRD among the right and left OH ears of the UD group,
and the ears of the control group [H(2)=9.334, p=0.009]. A
Mann-Whitney post hoc analysis revealed that the SRD thresh-
old was significantly lower (poorer) in the left OH ears than
in the right OH ears of the acquired UD group (U=5.000, z=
-2.662, p=0.006) or the control ears of the NH group (U=14.500,
z=-2.774, p=0.004) (Fig. 2). However, there were no significant
differences in the 10-Hz TMD threshold [H(2)=2.106, p=0.349],
100-Hz TMD thresholds [H(2)=4.023, p=0.134] or SRT in noise
[H(2)=1.925, p=0.382] (Fig. 2). When we excluded the data from
one subject who has not performed the SRD test, there were
still no significant differences in the 10-Hz TMD threshold
[H(2)=2.670, p=0.263], 100-Hz TMD thresholds [H(2)=2.770,
p=0.250] or SRT in noise [H(2)=2.322, p=0.313].

Correlation analyses

In the 16 healthy ears of the UD group, the 100-Hz TMD
threshold showed a significant correlation with the current
age (r=0.710, p=0.002) (Fig. 3), and the 10-Hz TMD threshold
and SRD threshold showed trends toward significant corre-
lations with the current age (r=0.471, p=0.065; r=-0.447, p=
0.094, respectively) (Fig. 3). However, the duration of deafness
or the age at onset of deafness did not correlate with any of the
psychoacoustic performances (p>0.05). In the 16 ears of the
control group with NH, the SRD threshold showed a signifi-
cant negative correlation with the current age (r=-0.551, p=
0.027) (Fig. 3), whereas the 10- and 100-Hz TMD thresholds
and SRT did not show correlations (p>0.05).
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Fig. 1. Comparisons of total OH ears of the unilateral deafness group and the ears of the control group with normal hearing. There were
no significant differences in the SRD thresholds, TMD thresholds at 10 Hz and 100 Hz, or SRTs in noise (all p>0.05). Erro bar indicates
the standard deviation. SRD: spectral-ripple discrimination, OH: only-hearing, SRT: speech recognition threshold, SNR: signal-to-noise

ratio, TMD: temporal modulation detection.

Discussion

In a comparison of the total OH ears and the ears of control
subjects with NH, we found no difference in SRD, TMD, or
SRTs in noise. However, when we divided the subjects with
UD according to the affected side and compared their psycho-
acoustic performance monaurally in the OH ear with that of
the control subjects with NH, the left OH ears showed poorer
SRD than the right OH ears or control ears. For subjects with
UD, it can be assumed that the total auditory input to the cen-
tral auditory system is approximately half that for subjects with
NH, and the decreased input signal possibly induces down-
regulation of the cortical response and degeneration of the cor-
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tical neurons. Alternatively, it is possible that cortical reorga-
nization boosts the cortical response (e.g., by enhancing the
ipsilateral pathway of the OH ears), despite reduced input sig-
nals, which was found in animal”" and human studies.>***"
Assuming that the cochlear functions of both OH ears and the
control ears of subjects with NH are nearly equivalent on the
basis of their pure tone thresholds, the poorer SRD for the left
OH ears compared with the control ears may be attributable
to the degeneration of the central auditory system after long-
term hearing deprivation on the right side. However, the per-
formance of the right OH ears was the same as that of the con-
trol ears, which may be attributable to functional enhancement
induced by cortical reorganization, even though only half the
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Fig. 2. Comparisons of the right and left OH ears of the UD group and the ears of the control group with normal hearing. SRD was sig-
nificantly lower (poorer) in the left OH ears than in the right OH ears of the acquired UD group (p=0.006) or the ears of the control group
(p=0.004). Error bar indicates the standard deviation. *p<0.017. SRD: spectral-ripple discrimination, OH: only-hearing, SRT: speech recogni-
tion threshold, SNR: signal-to-noise ratio, TMD: temporal modulation detection, UD: unilateral deafness.

level of signal was input. Several studies reported better psy-
cholinguistic skills, attentional abilities, and school perfor-
mance were reported for children with left UD than for chil-
dren with right UD.*"*?

Two previous studies of AEP support a different-ear effect,
in agreement with our results. The interhemispheric amplitude
differences in the late AEPs were reduced in subjects with left
UD but not in those with right UD relative to those in subjects
with NH.***" This implies that plastic changes or enhance-
ment of the ipsilateral pathway are more likely to occur on the
right side and reorganization of the cortex is selectively in-
duced by unilateral auditory deprivation in subjects with left
UD. However, the ear-specific plastic effect is still controver-

sial and other studies could not replicate these results.””*"

It may be argued that the superior performance of the right
OH ears compared with the left OH ears was due to the natu-
ral advantage of the left hemisphere for speech perception.”®
However, in this study, we found no functional side-specific
advantages in the comparisons between the right and left ears
of subjects with NH (Supplementary Fig. 1). These findings
may simply suggest that the tests used in the present study do
not reflect the left-hemisphere dominance for speech process-
ing. Therefore, the better psychoacoustic performance for
subjects with left UD compared with that for subjects with
right UD could not be attributable to the natural advantage of
the left hemisphere but to different central plasticity depend-
ing on the side of auditory deprivation.

There were no differences in TMD or SRT in noise in any

www.kjorl.org 575



Korean J Otorhinolaryngol-Head Neck Surg 1 2020;63(12):570-8

80 80
70 70
(@]
60 o
e v 504
[0} O
[0} [0}
> >
& o)
g 9 40+
< c
o o
3 30 o) 3 304
A A
O
20 (@] O A 20
0]
104  assssss O OH:r=-0.477, p=0.094 104 sessses O OH:r=-0.161, p=0.551
A Conftrol: r=-0.551, *p=0.027 A Control: r=-0.305, p=0.251
0 T T T 1 O T T T T 1
0 2 4 6 8 -10 -8 -6 -4 2 0
SRD (ripple/octave) SRT (dB SNR)
80 80
70 70
O
60 0o O/f) 60
o,
Q@Qa
7 50 A ? 50
o} ‘ o}
% ‘ 5
9 404 A/ 2 404
b ’ <
g ’ o
£ ’ £
G 30 o 3 304
20 09 A 20
@]
107 venssss O OH:r=0.471,p=0.065 1L O OH:r=0.710, *p=0.002
A Confrol: r=-0.320, p=0.906 A Control: r=-0.424, p=0.101
O T T T 1 O T T T T T 1
-40 -30 -20 -10 0 -30 25 20 -15 -10 -5 0
TMD 10 Hz (dB) TMD 100 Hz (dB)

Fig. 3. In the 16 healthy ears of the unilateral deafness group, the 100-Hz TMD threshold showed a significant negative correlation with
the current age (r=0.710, p=0.002). In the 16 ears of the control group with normal hearing, the SRD threshold showed a significant nega-
tive correlation with the current age (r=-0.551, p=0.027). *p<0.05. OH: only-hearing, SRD: spectral-ripple discrimination, SRT: speech
recognition threshold, SNR: signal-to-noise ratio, TMD: temporal modulation detection.

of the comparisons. The results of previous studies, which
compared gap detection for the OH ears and the correspond-
ing ears of subjects with NH, varied according to the experi-
mental test setting. When a between-channel task was used,
with the narrow-band noise centered at 2000 Hz for the lead-
ing marker and at 1000 Hz for the trailing marker, the gap-de-
tection thresholds were poorer for the OH ears, regardless of
the side of deafness."” In contrast, when a within-channel task
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was used, there was no difference in the gap-detection thresh-
old between subjects with UD and subjects with NH.">"
The current age showed trends of negative correlations with
the SRD and TMD sensitivity in UD group and with the SRD
sensitivity in NH group. These results imply that the discrim-
ination of the spectral/temporal acoustic change could be de-
generated in elderly listeners, in accordance with previous
studies."””*” The duration of deafness was not correlated



with psychoacoustic performance. Although many previous
studies reported rapid changes in the auditory cortex follow-
ing unilateral hearing deprivation, the time course of these

changes after hearing deprivation varied across studies.””***”

Fujiki, et al.” demonstrated a gradual increase in auditory cor-

tex activity following UD, whereas Ponton, et al.” and Maslin,

120

et al.”” showed initial changes that were sustained after reach-

ing a plateau.

The decreased SRD threshold for the left OH ears in sub-
jects with right UD and the absence of changes in spectral
resolution of the right OH ears in subjects with left UD may
imply that the functional changes of the central auditory sys-
tem following unilateral auditory deprivation may depend on
the side of deafness. In the subjects with acquired UD, the long-
term hearing deprivation on the right side induced the down-
regulation of central auditory process for SRD, but hearing
deprivation on the left side did not affect SRD.

Supplementary Materials

The Data Supplement is available with this article at https:/doi.
org/10.3342/kjorl-hns.2020.00661.
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Supplementary Fig. 1. Comparisons of the psychoacoustic performances between the right and left ears of subjects with NH (right and
left NH). There were no significant differences in all three tests. SRD: spectral-ripple discrimination, NH: normal hearing, SRT: speech
recognition threshold, SNR: signal-to-noise ratio, TMD: temporal modulation detection.



