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Objectives: Unilateral hearing loss (UHL) is a condition as common 
as bilateral hearing loss in adults. Because of the unilaterally reduced 
audibility associated with UHL, binaural processing of sounds may be 
disrupted. As a consequence, daily tasks such as listening to speech in a 
background of spatially distinct competing sounds may be challenging. 
A growing body of subjective and objective data suggests that spatial 
hearing is negatively affected by UHL. However, the type and degree of 
UHL vary considerably in previous studies. The aim here was to deter-
mine the effect of a profound sensorineural UHL, and of a simulated 
UHL, on recognition of speech in competing speech, and the binaural 
and monaural contributions to spatial release from masking, in a de-
manding multisource listening environment.

Design: Nine subjects (25 to 61 years) with profound sensorineural UHL 
[mean pure-tone average (PTA) across 0.5, 1, 2, and 4 kHz = 105 dB HL] 
and normal contralateral hearing (mean PTA = 7.2 dB HL) were included 
based on the criterion that the target and competing speech were inau-
dible in the ear with hearing loss. Thirteen subjects with normal hearing 
(19 to 60 years; mean left PTA = 4.1 dB HL; mean right PTA = 5.5 dB 
HL) contributed data in normal and simulated “mild-to-moderate” UHL 
conditions (PTA = 38.6 dB HL). The main outcome measure was the 
threshold for 40% correct speech recognition in colocated (0°) and spa-
tially and symmetrically separated (±30° and ±150°) competing speech 
conditions. Spatial release from masking was quantified as the threshold 
difference between colocated and separated conditions.

Results: Thresholds in profound UHL were higher (worse) than normal 
hearing in separated and colocated conditions, and comparable to sim-
ulated UHL. Monaural spatial release from masking, that is, the spatial 
release achieved by subjects with profound UHL, was significantly dif-
ferent from zero and 49% of the magnitude of the spatial release from 
masking achieved by subjects with normal hearing. There were subjects 
with profound UHL who showed negative spatial release, whereas sub-
jects with normal hearing consistently showed positive spatial release 
from masking in the normal condition. The simulated UHL had a larger 
effect on the speech recognition threshold for separated than for colo-
cated conditions, resulting in decreased spatial release from masking. 
The difference in spatial release between normal-hearing and simulated 
UHL conditions increased with age.

Conclusions: The results demonstrate that while recognition of speech 
in colocated and separated competing speech is impaired for profound 
sensorineural UHL, spatial release from masking may be possible when 
competing speech is symmetrically distributed around the listener.  

A “mild-to-moderate” simulated UHL decreases spatial release from 
masking compared with normal-hearing conditions and interacts with 
age, indicating that small amounts of residual hearing in the UHL ear 
may be more beneficial for separated than for colocated interferer condi-
tions for young listeners.

Key words: Age, Binaural hearing, Competing speech, Profound uni-
lateral hearing loss, Simulated unilateral hearing loss, Spatial hearing, 
Spatial release from masking, Speech recognition.

(Ear & Hearing 2020;41;411–419)

INTRODUCTION

A commonly encountered everyday listening situation is to 
attend to a single target sound in the presence of multiple inter-
fering sounds, the so-called “cocktail-party problem” (Cherry 
1953). In daily life, both target and interferers are likely to 
be speech. The intelligibility of speech in competing speech 
depends on a number of factors, for example, target–interferer 
voice similarity (Festen & Plomp 1990) and the temporal char-
acteristics of the interfering speech (e.g., Hygge et al. 1992; 
Peters et al. 1998). One prominent feature in a typical cocktail-
party setting is the spatial separation between target and inter-
ferers. The spatial separation results in release from masking 
and, as a consequence, increased speech recognition perfor-
mance (for an overview, see Bronkhorst 2000).

This spatial advantage is commonly referred to as spatial 
release from masking (SRM). SRM is calculated as the differ-
ence in performance threshold between conditions where inter-
fering sounds are colocated with a target sound and spatially 
separated from a target sound. Monaural and binaural processes 
contribute to SRM (Glyde et al. 2013a; Hawley et al. 2004). 
The monaural contribution to SRM is based on the listener’s 
opportunity to attend to the ear with the highest signal to noise 
ratio (SNR) (e.g., when the interfering sound is on one side of 
the listener). This “better-ear effect” is, however, not straight-
forward in many typical listening conditions where interfering 
sounds are distributed around the listener and the target sound 
is located between these interferers. In such conditions, binaural 
processing contributes to SRM (Hawley et al. 2004). The bin-
aural processing is thought to stem in part from the disparity in 
interaural time differences and interaural level differences be-
tween target and interferers when they are spatially separated, 
resulting in binaural unmasking (Culling et al. 2004; Glyde 
et al. 2013b; Kidd et al. 2010). The interaural differences are 
subcortically computed binaural cues (Grothe et al. 2010) and 
thus reliant on separate auditory streams from the left and the 
right ear. Interaural difference cues are thought to facilitate au-
ditory stream segregation and selective attention to the target 
(Bregman 1990). In addition, in multisource environments, 
subjects with normal hearing (NH) seem able to attend to the 
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information from the ear with the better SNR at each specific 
point in time, either by a binaural (Brungart & Iyer 2012; Glyde 
et al. 2013a) or a monaural (Edmonds & Culling 2006) pro-
cess. Recently, such “better-ear glimpsing” was shown to sub-
stantially contribute to performance in speech-in-speech tasks 
(Schoenmaker et al. 2017).

SRM can vary substantially (see, e.g., Table 1 in Bronkhorst 
2000, showing SRM values between 0 and 11 dB). The magni-
tude of SRM in individuals with NH, and the relative contribu-
tion of the monaural and binaural processes to SRM, depends 
on several factors. The spatial configuration of the interfering 
sounds, the proximity of the interfering sounds to the target, 
and the number of interferers all influence SRM (Bronkhorst 
2000; Hawley et al. 1999; Hawley et al. 2004; Yost 2017). For 
example, Yost (2017) demonstrated that for male speech (single 
words) interfering with female target speech (single words pre-
sented in the front azimuth), SRM decreased from about 6 dB 
for two interferers to about 1 dB for six interferers. Hawley et 
al. (2004) reported a factor of two larger SRMs for speech inter-
ferers and speech-shaped noise interferers than for modulated 
and unmodulated noise interferers. SRM was also substantially 
higher for interferer arrangements on one side of the head of 
the subject compared with arrangements where interferers were 
on both sides of the head. Furthermore, when interferers are 
intelligible and similar to the target (e.g., same sex of voices), 
the masking effect of the interferers is not only energetic, but 
also informational. Such informational masking increases the 
potential for, and the magnitude of, SRM because speech recog-
nition thresholds (SRTs) are elevated in the colocated condition. 
As an example, separating two intelligible interfering sentences 
(female voices) that are similar to the target (also female voice) 
by 15° to left and right from target sentences resulted in about 
12 dB spatial release (Swaminathan et al. 2015). When inter-
ferers were unintelligible (reversed), SRM was substantially 
reduced to a few dB. Furthermore, Swaminathan et al. (2015) 
also demonstrated that trained musicians achieved larger SRM 
than nonmusicians in conditions high on informational mask-
ing, suggesting training and experience may have a significant 
effect on SRM.

Experiments using simulated spatial locations, achieved by 
headphone presentation of stimuli filtered by head-related im-
pulse responses, show that the monaural contribution to SRM 
reduces as interferers are distributed around the listener in the 
front azimuth with the target frontally positioned (e.g., Hawley 
et al. 2004). The interpretation of those data could be that the 
better-ear effect was significantly reduced. While monaural pro-
cessing assessed by headphone presentation offers experimental 
control, for example, to simulate a monaural condition, the 
head-related impulse responses used are usually not taking in-
dividual differences into account. Rather, generic head-related 
impulse responses (Gardner & Martin 1995) are used. Because 
there is substantial intersubject variability in the transfer func-
tions from sound field to the ear canal (Middlebrooks 1999; 
Moller et al. 1996; Wightman & Kistler 2005), evaluation of 
spatial hearing in sound field might reflect real-life conditions 
to a greater extent.

One of the objectives of the present study was to quan-
tify the binaural and monaural contributions to SRM in sound 
field, using a setup that has been used clinically for 2 decades 
(Berninger & Karlsson 1999). The setup has been shown to be 
sensitive to detect deficits associated with simulated, as well TA
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as congenital, unilateral hearing loss (UHL) (Asp et al. 2018; 
Johansson et al., Reference Note 1), and includes not only in-
terfering speech signals in the front but also in the rear azimuth 
(please see Subjects and Methods), which should be a common 
condition in daily life.

Effect of UHL on Recognition of Speech in Competing 
Speech

In adults (20 to 69 years old), the prevalence of UHL (≥25 
dB HL at 0.5, 1, 2, and 4 kHz) is 7.9%, which is similar to the 
prevalence of bilateral hearing loss (7.8%), according to the Na-
tional Health and Nutrition Survey in the United States 1999 
to 2004 (n = 5742) (Agrawal et al. 2008). This corresponds to 
approximately 14 million adult Americans suffering from UHL 
at important speech frequencies. Individuals with UHL report 
a perceived handicap in real-life situations, despite NH in the 
unimpaired ear (Chiossoine-Kerdel et al. 2000; Dwyer et al. 
2014; Gatehouse & Noble 2004; Newman et al. 1997). Part of 
this perception may stem from having little or no access to bin-
aural processing due to the poor audibility in the impaired ear. 
Notably, individuals with UHL typically perform poorer than 
individuals with NH in laboratory tests reflecting real-life con-
ditions, that is, conditions with high demands on spatial hearing 
(Firszt et al. 2017; Rothpletz et al. 2012). Several studies have 
also demonstrated significant decreases in sound localization 
accuracy and speech recognition in multisource spatially sepa-
rate noise for simulated UHL (simUHL) in adults and children 
(Asp et al. 2018; Asp et al. 2012; Corbin et al. 2017; Firszt et al. 
2017). However, the variability in UHL performance (both sim-
ulated and long-standing UHL) is large, with some individuals 
performing similar to individuals with normal bilateral hearing 
(Agterberg et al. 2012; Slattery & Middlebrooks 1994). It is 
possible that some of the observed variability is related to the 
various degrees of UHL in previous studies (e.g., Rothpletz et 
al. 2012). In keeping with the goals of the present study, the in-
clusion criteria for subjects with profound UHL were therefore 
such that there should be no audibility of target and interferer 
signals in the UHL ear (see Subjects section in Subjects and 
Methods).

Research Questions
Three main research questions motivated the present study. 

First, a comparison of speech recognition performance be-
tween subjects with NH and profound sensorineural UHL in a 
complex listening environment was desired. By arranging the 
interferers on both sides of the subject, binaural difference cues 
should help those listeners with audibility in both ears to more 
efficiently attend to the ear with the highest SNR. Second, a 
goal was to estimate the binaural and monaural contribution to 
SRM in the setup used, extending the research performed using 
simulated spatial conditions presented using headphones (e.g., 
Glyde et al. 2013a; Hawley et al. 2004). The relative contribu-
tion of monaural and binaural SRM was particularly interesting 
to study because sound field presentation was used. To the 
authors’ best knowledge, the monaural and binaural contribu-
tion to SRM in sound field with symmetrical speech interferers 
has not been studied, although attempts to achieve a “mon-
aural” condition by means of earplugs and hearing protectors 
have been made (Marrone et al. 2008a). A third objective was to 
study the effect of a simulated mild-to-moderate UHL on SRM 

to test the possibility that binaural processing could contribute 
to a spatial advantage despite reduced audibility in one ear.

Aim of Study
The aim of this study was to evaluate binaural and monaural 

contributions to recognition of speech in competing speech and 
SRM in a demanding multisource listening environment.

SUBJECTS AND METHODS

Study Design
Recognition of speech in competing speech was assessed in 

sound field in subjects with NH (n = 13) and profound senso-
rineural UHL (n = 9). Performance for subjects with NH was 
assessed for normal and simUHL conditions to study the effect 
of acute changes in unilaterally reduced audibility on SRM. 
SimUHL was achieved by an earplug (EAR Classic foam ear-
plug; 3M, Minneapolis, MN) in the right ear of the subjects with 
NH. The right ear was chosen as the UHL ear for all the subjects 
to minimize the number of variables.

Four competing speech interferers were either colocated 
with or spatially and symmetrically separated (±30° and ±150°) 
from the target speech (0°). Subjects with NH were thus tested 
in four conditions: normal binaural listening with spatially 
separated (Normal

sep
) and colocated (Normal

coloc
) interferers, 

and simUHL conditions with the same spatial configurations 
(simUHL

sep
 and simUHL

coloc
). Subjects with profound sensori-

neural UHL were tested with spatially separated (UHL
sep

) and 
colocated (UHL

coloc
) interferers.

The test order for separated and colocated conditions and 
normal and simUHL listening conditions was counterbalanced 
for the subjects with NH. UHL subjects were randomized to 
start with either spatial condition.

The main outcome measures were the absolute SRT and 
SRM. SRM was computed as the difference (in dB) in SRT be-
tween colocated and spatially separated conditions. To estimate 
the monaural and binaural contributions to SRM, the difference 
in SRM between subjects with NH and profound UHL was 
computed.

Ethics
The study was approved by the regional ethical committee 

in Gothenburg, Sweden. The subjects received oral and written 
information about the study before enrollment, and written in-
formed consent was obtained for all the participants.

Subjects
Subjects With NH  •  Thirteen healthy adult volunteers [mean 
(SD) age = 40.0 (12.8) years; range = 19 to 60 years] who 
were native Swedish speakers participated. Immediately be-
fore assessment of speech recognition, pure-tone thresholds 
were recorded and otomicroscopy performed. The mean (SD) 
pure-tone averages (PTAs) across 0.5, 1, 2, and 4 kHz were 4.1 
dB HL (5.2) and 5.5 dB HL (6.0) in the left and right ear, re-
spectively, as measured according to ISO 8253-1. (2010). While 
there was a tendency that older subjects had higher pure-tone 
thresholds at individual frequencies, simple linear regressions 
showed that the left and right PTAs were not related to age (left: 
PTA = 0.19 × age – 3.7, r = 0.48, p = 0.10; right: PTA = 0.22 



414 Asp and Reinfeldt / EAR & HEARING, VOL. 41, NO. 2, 411–419

× age – 3.3, r = 0.47, p = 0.11). All subjects had PTAs ≤20 dB 
HL. There were no differences in pure-tone thresholds between 
the left and right ear across frequencies (ps > 0.05, Bonferroni 
corrected t test, dependent samples).
Subjects With Profound Unilateral Sensorineural Hearing 
Loss  •  Because one of the aims of the study was to estimate 
the monaural and binaural contribution to SRM, formal inclu-
sion criteria for the subjects with profound UHL stated that (1) 
the target signal and interferers should be entirely inaudible in 
the UHL ear at SRT; (2) the contralateral hearing thresholds 
should be ≤25 dB HL; and (3) the hearing loss should be of sen-
sorineural origin. To recruit eligible subjects according to the 
first inclusion criterion, the pure-tone thresholds in the UHL ear 
were related to the function describing hearing level of speech 
(see Table 5 in Pavlovic, 1987). Also based on the remaining in-
clusion criteria, 9 subjects with profound sensorineural UHL 25 
to 61 years of age (mean = 48.4 years) were recruited (Table 1). 
All of the subjects were native Swedish speakers and had pure-
tone hearing thresholds ≤20 dB HL at 0.125, 0.25, 0.5, 1, 2, 3, 
4, 6, and 8 kHz in one ear, except subject 3 who had a threshold 
of 25 dB HL at 8 kHz. The thresholds in the unimpaired ear 
were comparable to the thresholds in the left and right ear of 
the subjects with NH across frequencies (ps > 0.05). Two of the 
subjects had childhood UHL, one of which was self-reported 
as congenital. One subject had idiopathic progressive sensori-
neural UHL. Four subjects had idiopathic sudden unilateral sen-
sorineural hearing loss. One of these subjects reported tinnitus 
lateralized to the ear with UHL and had 30 years of experience 
with the profound UHL condition, while the other 3 subjects 
had relatively recent (≤2 years) sudden sensorineural UHL. One 
subject had profound sensorineural UHL because adolescence 
secondary to schwannoma. One subject had profound sensori-
neural UHL by 20 years of age after cholesteatoma surgery.

Quantification of SimUHL in Subjects With NH
The standard for obtaining the attenuation provided by hear-

ing protectors (“real ear attenuation at threshold”) states that 
measurements should be performed in sound field and assumes 
bilateral hearing protectors (Berger & Kerivan 1983; ISO 4869-1. 
1990). When estimating the simUHL in the present study, this 
standard was not followed because poor fitting of either the right 
or left hearing protector may result in an inaccurate estimate of 
a UHL. The effect of the deeply inserted earplug in the right ear 
was quantified in a double-walled sound booth by measuring 
pure-tone thresholds with and without the earplug according to 
ISO 8253-1. (2010). Telephonics Dynamic Headphones-39 ear 
phones were used, which should result in a valid estimate of at-
tenuation when using foam ear plugs (Tufts et al. 2012).

Recognition of Speech in Competing Speech
An adaptive psychoacoustic task was used to assess the SRT 

for recognition of speech in competing speech. The setup and 
procedure for this task when speech interferers are spatially sep-
arated from the target speech are described in Asp et al. (2018) 
and are elaborated later to also describe the colocated condition.
Setup, Target Speech, and Competing Speech  •  Recognition 
of speech in competing speech was measured in sound field in a 
double-walled sound booth (4.0 × 2.6 × 2.1 m) with a mean am-
bient sound level = 20 dB (A) obtained during 15-sec measure-
ment and reverberation time T

30
 = 0.09 sec at 0.5 kHz, as recorded 

with a B&K 2238 Mediator and a B&K 2260 Investigator (Brüel 
& Kjær, Nærum, Denmark). Subjects were seated in the center of 
the room, 1.8 m from a loudspeaker at 0° azimuth, from which the 
target signal was presented. Four loudspeakers were placed in the 
corners of the room, corresponding to ±30° azimuth (frontal hor-
izontal plane) and ±150° azimuth (in the rear horizontal plane), 
thus surrounding the subject (Berninger & Karlsson 1999).

The target speech (female voice) was the Hagerman sen-
tences (Hagerman 1982). Each sentence consisted of five 
words that formed a grammatically correct sentence with low 
semantic predictability in a fixed syntax (e.g., “Peter höll nio 
nya lådor,” in translation: “Peter held nine new boxes”). Twelve 
lists (and one training list), each containing 10 sentences, were 
used. The interferers comprised four noncorrelated recordings 
of a single male talker reading a novel. The interferers were 
presented either from the four corner-placed loudspeakers, or 
colocated with the target signal (0° azimuth), at a fixed overall 
level of 63 dB SPL Ceq (12 min recording time), as measured at 
the position of the subjects’ head (Berninger & Karlsson 1999). 
Natural pauses occurred in each of the four interfering signals, 
likely contributing to an interaural asymmetry in the amount of 
masking (and consequently the amount of head shadow), the 
interferers contributed over time in the separated condition. In 
other words, moment-by-moment better-ear glimpsing was the-
oretically possible in the separated condition.
Procedure  •  Subjects were instructed to face the frontal loud-
speaker during the entire test. They were not informed that the 
target signal originated from 0° or about the different spatial 
configurations (separated and colocated) because this may in-
fluence SRM (Ihlefeld et al. 2006). They were asked to repeat 
the words of one training list (always the same list) and two 
target lists, and their oral responses were recorded by an ex-
perimenter outside the test room. The experimenter listened to 
the target signal and the subject’s responses through a feedback 
system and scored the responses after each sentence. Guessing 
was encouraged, and no feedback was provided. Words had to 
be repeated grammatically correctly to be scored as correct. The 
training started at a SNR of +10 dB. For the following training 
sentences, the target speech level decreased up to three times 
in 5 dB steps, then up to three times in 3 dB steps, and then in 
2 dB steps until the number of correct words in a sentence was 
≤2. After training, the scheme for level adjustment of the target 
speech was +2 dB for zero correctly identified words, +1 dB 
for one correctly identified word, 0 dB for two correctly identi-
fied words, −1 dB for three correctly identified words, −2 dB 
for four correctly identified words, and −3 dB for five correctly 
identified words, aiming at a threshold of 40% words correct. 
That threshold and the adaptive scheme for level adjustment 
were based on computer simulations and analysis of the max-
imum steepness of the psychometric function (Hagerman 1979, 
1982; Hagerman & Kinnefors 1995). The SRT was defined 
as the mean of the SNRs for the last 10 presented sentences 
(Hagerman & Kinnefors 1995; Plomp & Mimpen 1979).

Statistical Analyses
SRT and SRM values were normally distributed across all 

listening conditions. A repeated-measures analysis of vari-
ance (ANOVA) with two within-subject factors (listening con-
dition and spatial condition) was used to study the effect of 
simUHL and spatial cues on the SRT for subjects with NH. A 
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repeated-measures ANOVA with the between-subject variable 
age entered as a covariate was used to analyze the within-sub-
ject effect of simUHL on SRM.

Within-subject statistical analyses of colocated versus sepa-
rated SRT were performed in subjects with profound UHL (Stu-
dent’s paired t test), and a between-subject comparison (normal 
versus profound UHL and simUHL versus profound UHL) of 
the SRT was performed using a Student’s unpaired t test.

Student’s t test was used to test if SRM was significantly dif-
ferent from zero. All statistical analyses were performed using 
Statistica version 13 (Statsoft, Inc., Tulsa, OK).

RESULTS

Subjects With NH
Recognition of Speech in Competing Speech  •  The mean 
(SD) SRT was −15.3 dB (2.2 dB) in the Normal

sep
 condition 

and −11.6 dB (1.6 dB) in the Normal
coloc

 condition (Fig.  1A). 
For simUHL conditions, the mean (SD) SRT was −12.3 dB (2.2 
dB) and −10.0 dB (1.4 dB) in the separated and colocated con-
dition, respectively. A two-way (Listening Condition × Spatial 

Condition) repeated-measures ANOVA showed significant main 
effects of listening condition (normal versus simUHL) [F(1,12) = 
17.6; p < 0.01] and spatial condition (colocated versus separated) 
[F(1,12) = 135.8; p < 0.001), but no interaction.
Spatial Release From Masking  •  The mean (SD) SRM was 3.7 
dB (1.6 dB) in the normal condition and 2.3 dB (1.8 dB) in the 
simUHL condition (Fig. 1B). The mean SRM values were statis-
tically significantly different from zero for normal (t = 8.4; p < 
0.001) and simUHL (t = 4.6; p < 0.001) (Student’s t test). SRM 
occurred for all subjects with NH in the normal condition and for 
10 of 13 subjects (77%) in the simUHL condition (see individual 
colocated as a function of separated SRTs in Fig. 1C).
Effect of SimUHL on SRM  •  The mean pure-tone threshold 
(across 0.5, 1, 2, and 4 kHz) in the right ear after insertion of 
the earplug was 38.6 dB HL. The mean thresholds and corre-
sponding SDs per audiometric frequency are summarized in 
Table 2. Neither the individual PTAs for simUHL (range = 23.8 
to 48.0 dB HL) nor the individual attenuation achieved by the 
simUHL (range = 21.3 to 42.5 dB) were related to the age of the 
subjects (PTA simUHL: r = 0.038, p = 0.90; PTA attenuation:  
r = −0.38, p = 0.20). The relatively large age span (19 to 60 years) 
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Fig. 1. A, Recognition threshold for speech (SRT) in symmetrically separated and colocated competing speech. Symbols denote means, and error bars denote 
standard error of the mean. B, Mean spatial release from masking for normal hearing, profound sensorineural UHL, and simulated UHL. Error bars denote 
standard error of the mean. C, Individual SRTs in colocated vs. separated competing speech for normal hearing and simulated UHL conditions. D, Individual 
SRTs in colocated vs. separated competing speech for profound UHL. Study IDs (1 to 9) are provided to allow comparison with Table 1. SRT indicates speech 
recognition threshold; UHL, unilateral hearing loss.

TABLE 2.  Mean Pure-Tone Thresholds (dB HL) for Simulated Unilateral Hearing Loss in the Right Ear of 13 Subjects With Normal 
Hearing

Frequency (kHz) 0.125 0.25 0.5 1 2 3 4 6 8

Mean (dB HL) 33 32 34 37 37 40 46 53 56
SD 15 13 9 9 10 7 8 9 10
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and previous studies showing conflicting results regarding the 
effect of age on SRM (Füllgrabe et al. 2014; Gallun et al. 2013; 
Srinivasan et al. 2016) warranted the inclusion of age as a covari-
ate in a within-subject ANOVA of the effect of simUHL on SRM. 
Before analysis, the covariate age was centered around the mean 
(40 years) to avoid type 1 errors and decrease the risk of loss of 
statistical power (Schneider et al. 2015). The analysis showed a 
statistically significant main effect of the simUHL on SRM that 
accounted for 22% of the variance [F(1,22) = 6.19; mean squares 
= 12.6; p = 0.02]. The between-factor age was not significant but 
formed a statistically significant two-way interaction with the 
within-subject factor simUHL that accounted for 33% of the var-
iance [F(1,22) = 10.7; mean squares = 21.7; p < 0.01].

To illustrate the interaction between age and simUHL, Figure 2 
shows the relationships between SRTs and age, and SRM and age, 
for normal and simUHL listening conditions. Visual inspection of 
Figure 2 suggests relatively similar SRTs across age for normal 
listening conditions, as well as for simUHL for colocated target 
and competing speech. However, separated SRTs seem to increase 
linearly with increasing age for simUHL. As such, the interac-
tion effect of age and simUHL on SRM seemed to be driven by 
decreasing performance in the separated condition. A post hoc 
simple linear regression analysis showed a significant relationship 
between the separated SRT and age for the simUHL condition 
(SRT = 0.14 × age – 17.7; r = 0.80; p = 0.001).

Subjects With Profound Sensorineural UHL
Recognition of Speech in Competing Speech and SRM  •  The 
mean (SD) SRT for the UHL

sep
 condition was −11.8 dB (1.6 dB). 

A significant increase in SRT (1.8 dB; p = 0.02; t = 2.8) occurred 
for UHL

coloc
 for which the mean (SD) SRT was −10.0 dB (1.0 dB) 

(Fig. 1A), corresponding to a statistically significant SRM with 
a SD of 1.9 dB. The mean SRM was significantly different from 
zero (t = 2.8; p = 0.02). In contrast with normal conditions in NH 
subjects, SRM did not occur in all subjects with profound UHL 
(Fig. 1D). For subjects 3 and 8, SRM was negative (i.e., SRTs 
were lower in the UHL

coloc
 condition). There was no effect of age 

on SRM in subjects with profound UHL, as revealed by simple 
linear regression analysis (r = −0.064; p = 0.87; n = 9).

Comparison of SRTs for Subjects With NH and 
Profound Sensorineural UHL

Figure  1A illustrates mean SRTs for subjects with NH in 
normal and simUHL conditions, and for profound UHL. Visual 
inspection of Figure 1A suggests an increase in SRT in the sepa-
rated condition as hearing thresholds in one ear increases. By 
contrast, in the colocated condition, performance for simUHL 
and profound UHL appears comparable despite the large differ-
ence in hearing thresholds (Tables 1 and 2).

A statistical comparison confirmed that the SRT for pro-
found UHL was higher than for subjects with NH when the 
interferers were spatially separated from (p < 0.001; t = 4.1) 
and colocated with (p = 0.02; t = 2.6) the target speech. The 
SRT for profound UHL was comparable to simUHL (separated:  
p = 0.51, t = 0.68; colocated: p = 0.98, t = 0.03).

Estimate of the Binaural and Monaural Contribution  
to SRM

One of the aims of the present study was to quantify the 
magnitude of the binaural and monaural contribution to SRM in 
the setup used. As noted earlier, the SRM for subjects with NH 

and profound UHL was 3.7 and 1.8 dB, respectively. The bin-
aural and monaural contributions to SRM were thus estimated 
to 1.9 and 1.8 dB, respectively.

DISCUSSION

This study aimed at characterizing deficits in spatial hearing 
in subjects with profound sensorineural UHL and to estimate 
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Fig. 2. Recognition threshold for speech (SRT) in colocated (A) and symmet-
rically separated (B) competing speech, and spatial release from masking 
(C), as a function of age, for normal (black-filled circles) and simulated UHL 
(gray-filled circles) conditions. SRT indicates speech recognition threshold; 
UHL, unilateral hearing loss.
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the binaural and monaural contributions to the spatial advantage 
that exist in a demanding multisource listening environment 
with speech interferers arranged on both sides of the head of 
the listener. To increase our understanding of the effect of audi-
bility in subjects with UHL on SRM, the spatial advantage for a 
simulated mild-to-moderate UHL was also assessed. SRTs were 
lower (better) for subjects with NH than for profound UHL, for 
both colocated and spatially separated conditions. A simUHL 
increased normal thresholds significantly, which resulted in 
simUHL thresholds comparable to profound UHL for both spa-
tial conditions. The increase in separated threshold from normal 
to simUHL was modulated by age, with a more pronounced 
effect of a simUHL in older subjects. These data suggested that 
small amounts of residual hearing for a simUHL may be ben-
eficial in young individuals in separated interfering conditions. 
Furthermore, the data demonstrated the importance of bilateral 
NH for recognition of speech in spatially separate competing 
speech. The pattern of SRTs in the two spatial configurations 
and the associated SRM across subject groups is discussed later.

Recognition of Speech in Colocated Competing Speech
In the colocated condition, where no spatial cues existed 

and the interaural time difference and interaural level differ-
ence for both the target and competing speech signals were 
zero, the significant SRT difference between NH subjects and 
profound UHL was 1.5 dB. While the basic mechanism for this 
binaural summation is unclear, it exists for diotic versus mon-
aural speech perception in subjects with NH (Bronkhorst & 
Plomp 1988) and is suggested to relate to an advantage of hav-
ing two independent observations of the stimuli (Schooneveldt 
& Moore 1989). Furthermore, the difference was previously 
demonstrated between subjects with NH and mild-to-profound 
UHL for a single colocated speech interferer (4.5 dB; Roth-
pletz et al. 2012). Rothpletz et al. (2012) used a design where 
the competing speech was qualitatively similar to the target 
speech, that is, the masking of the target signal was informa-
tional rather than energetic (Durlach et al. 2003). The infor-
mational masking in combination with the single competing 
talker design in the study by Rothpletz et al. (2012), as well 
as the task-related differences (closed-set forced choice task), 
may explain the larger difference between subjects with NH 
and UHL that they found.

The increase in SRT from normal to simUHL (1.5 dB) in 
the colocated condition was equal to the statistically significant 
difference in SRT between NH and profound UHL. The amount 
of informational masking may influence the effect of a simUHL 
on binaural summation, as demonstrated by previous data from 
speech in colocated interfering two-talker speech high on in-
formational masking where essentially no difference between 
NH and simUHL conditions was found (Marrone et al. 2008a).

Recognition of Speech in Spatially Separated 
Competing Speech and SRM

SRTs decreased (improved) for subjects with NH and pro-
found UHL when the competing speech was spatially separated 
from the target speech compared with when it was colocated. 
The SRM found for NH (3.7 dB) is similar to, for example, that 
found for four speech interferers in symmetrical (Bronkhorst & 
Plomp 1992) and three in asymmetrical (Hawley et al. 2004) 
spatial configurations, although these previous experiments 

were performed using headphone presentation simulating free-
field conditions.

The SRM was smaller for profound UHL than for normal 
conditions (49% of the magnitude), but, crucially, it was signif-
icantly different from zero. It appears that the majority of the 
subjects with profound UHL were able to capitalize on cues that 
did not exist or were minimized in the colocated condition. One 
such cue is the head shadow, that is, the attenuation of two of the 
four interferers when they were arranged ipsilateral to the pro-
found UHL, creating a higher SNR in the normal ear compared 
with the colocated condition. In addition, in the spatially sepa-
rated condition, the four competing speech signals were distrib-
uted in the front and rear azimuth creating moment-by-moment 
variations in the SNR at each ear. “Glimpsing” of the target 
signal at temporarily more favorable SNRs was, therefore, more 
likely to occur in the separated than in the colocated condi-
tion, where the four interferers resembled more of a continuous 
babble. Such auditory processing is consistent with data from 
subjects with NH in symmetrical speech interferer configura-
tions (Brungart & Iyer 2012; Glyde et al. 2013a) and models of 
better-ear processing based on conditions with one interfering 
sound (Zurek 1993). The SRM values from subjects with pro-
found UHL presented here suggest that glimpsing is possible 
with only one functioning ear, despite symmetrical arrangement 
of interferers, and give some support to the concept of moment-
by-moment better-ear glimpsing (Brungart & Iyer 2012; Glyde 
et al. 2013a) because SRM was twice as large with two ears (3.7 
dB) compared with one ear (1.8 dB).
Simulated UHL  •  The decrease in SRM for simUHL condi-
tions seemed modulated by the age of the subjects (cf. Fig. 2), 
which was statistically confirmed by entering the between-
subject variable age as a covariate in an ANOVA where the 
simUHL was a within-subject factor. Post hoc analysis showed 
that the separated SRT for simUHL increased as a function of 
age, thereby reducing SRM. Because there was no association 
between age and the PTA for the simUHL ear, the audibility 
in the plugged ear should not be a confounding factor. Age 
has previously been identified as an important factor for SRM 
(Jakien & Gallun 2018; Srinivasan et al. 2016), but we are not 
aware of previously published findings suggesting an interac-
tive effect of age and UHL on SRM. In the present study, an 
adaptation to the earplug may have occurred more rapidly for 
younger than for older subjects, allowing binaural glimpsing. A 
rapid adaptation to a unilateral earplug for spatial tasks exists 
in both humans (Kumpik et al. 2010) and animals (Kacelnik et 
al. 2006). Alternatively, age-related changes in temporal pro-
cessing in the brainstem, as shown in animal models (Walton 
2010), may be more sensitive to acute unilateral plugging. The 
data presented here suggest that small amounts of audibility in 
the ear with UHL could provide young listeners with binaural 
difference cues that facilitate glimpsing of the target signal and 
motivate future clinical studies in which age is considered as an 
important factor in studying the effect of UHL on SRM.

While the SRM was reduced for simUHL, it was still statis-
tically significantly different from zero. This finding contrasts 
with previous SRM results in simUHL in a speech-on-speech 
task (Marrone et al. 2008b), where the SRM for simUHL was 
close to zero. Several differences between the present study and 
Marrone et al. (2008b) may explain this difference. Informa-
tional masking was higher in Marrone et al. (2008b) because 
of the use of same-sex talkers, which should be an important 
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distinction from the present study. Moreover, the simUHL in 
listeners with NH in Marrone et al. was achieved by a com-
bination of an earplug and an earmuff so that audibility in the 
plugged ear was likely reduced to a greater extent than here. 
Hearing thresholds for the simUHL in Marrone et al. were not 
reported, complicating comparison with the present study.

Conclusions and Clinical Implications
Increasing availability of treatment options for individuals 

with profound UHL, including implantable bone conduction 
hearing devices and cochlear implants, underpin the need for 
clear-cut preoperative assessment of any deficit in spatial hear-
ing. Postoperative follow-up of the treatment benefit should be 
likewise important and could possibly guide the fitting process 
of the implanted device. Recent data show substantial and rela-
tively rapid improvements across subjects with acquired severe 
to profound UHL (<10 years UHL experience) in speech-on-
speech and sound localization tasks after cochlear implanta-
tion (Buss et al. 2018). However, long duration of profound 
UHL and spectral mismatch between the ear with NH and the 
implanted ear may degrade performance (Bernstein et al. 2016).

The results from the present study show that recognition of 
speech in competing speech (with and without spatial cues) is 
distinctly impaired in individuals with profound unilateral sen-
sorineural hearing loss. Spatially separating competing speech 
signals so that they are presented symmetrically from the left 
and right in the front and rear azimuth seem to improve speech 
recognition for profound UHL, but the improvement is only half 
of the magnitude of the improvement for subjects with NH. We 
conclude that SRM assessed in demanding multisource condi-
tions may be achieved by both monaural and binaural processes. 
While this finding contrasts somewhat with SRM research using 
interferers arranged both to the left and to the right of the sub-
ject in the front azimuth (Hawley et al. 2004), the nature of the 
competing speech signals in the present study likely contributed 
significantly to that result. Probably, the interfering speech ma-
terial allowed auditory “glimpsing” of the target signal in the 
ear with the most favorable SNR throughout the test. Further-
more, the solving of the cocktail-party problem by a monaural 
process may be much more complex in reverberant conditions 
(Bronkhorst & Plomp 1990).

The SRM data obtained from the simUHL condition merit 
some discussion from a clinical point of view. The simUHL was 
mild-to-moderate and slightly sloping, which in fact appears 
as a rather realistic “hearing loss” (see mean thresholds in 
Table 2). SRTs were increased for the simUHL condition, con-
sistent with recent findings (Asp et al. 2018), with a larger effect 
in the separated (3.0 dB) than the colocated (1.5 dB) condition. 
Even though the acute nature of a simUHL is not entirely ap-
plicable to individuals with long-standing UHL, these results 
indicate that SRTs in conditions with separated rather than colo-
cated interferers should be assessed clinically in sound field to 
detect any deficits in subjects with various mild-to-moderate 
UHL profiles.

We note finally that the wide range of the size of the effects 
of spatial separation on speech recognition in noise (depend-
ing on, e.g., target–interferer similarity, and spatial arrangement 
and number of interferers as noted in the Introduction) suggests 
that clinical tests should be used to evaluate relative perfor-
mance among groups (e.g., NH compared with UHL) rather 
than aiming at predicting real-world behavior.
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