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Better-ear glimpsing (BEG) is an auditory phenomenon that helps understanding speech in noise by

utilizing interaural level differences (ILDs). The benefit provided by BEG is limited in hearing-

impaired (HI) listeners by reduced audibility at high frequencies. Rana and Buchholz [(2016). J.

Acoust. Soc. Am. 140(2), 1192–1205] have shown that artificially enhancing ILDs at low and mid

frequencies can help HI listeners understanding speech in noise, but the achieved benefit is smaller

than in normal-hearing (NH) listeners. To understand how far this difference is explained by differ-

ences in audibility, audibility was carefully controlled here in ten NH and ten HI listeners and

speech reception thresholds (SRTs) in noise were measured in a spatially separated and co-located

condition as a function of frequency and sensation level. Maskers were realized by noise-vocoded

speech and signals were spatialized using artificially generated broadband ILDs. The spatial benefit

provided by BEG and SRTs improved consistently with increasing sensation level, but was limited

in the HI listeners by loudness discomfort. Further, the HI listeners performed similar to NH listen-

ers when differences in audibility were compensated. The results help to understand the hearing aid

gain that is required to maximize the spatial benefit provided by ILDs as a function of frequency.
VC 2018 Acoustical Society of America. https://doi.org/10.1121/1.5031007
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I. INTRODUCTION

The ease with which a listener can pick up information

from target speech and simultaneously suppress a back-

ground noise when they arrive from different locations ver-

sus when they arrive from the same location is attributed to a

phenomenon known as spatial release from masking (SRM)

or spatial advantage. In general, SRM depends on various

factors, including the number, type, and location of the

maskers (e.g., Peissig and Kollmeier, 1997; Brungart et al.,
2001; Arbogast et al., 2005; Marrone et al., 2008b; Best

et al., 2013; Ewert et al., 2017), and is pronounced in condi-

tions where informational masking is involved (e.g., Kidd

et al., 2007; Glyde et al., 2013a). Whereas energetic mask-

ing is associated with the spectral and temporal overlap of

the target and masker signals within the auditory periphery,

informational masking refers to more central auditory mech-

anisms that are associated with auditory scene analysis and

attention (e.g., Shinn-Cunningham, 2008). The present study

focuses on energetic aspects of SRM and applies methods

similar to Rana and Buchholz (2016) to minimize the influ-

ence of informational masking.

There are a number of “energetic” auditory mechanisms

that contribute to SRM. In the case of a single masker,

spatially separating the masker from the target leads to a

consistent improvement in the signal-to-noise ratio (SNR) in

one of the ears due to acoustic head shadow. This is com-

monly referred to as the “better ear effect” and, for single

maskers, is often the dominant contributor to SRM.

However, the better ear effect diminishes with increasing

number of spatially separated maskers, and is absent in spa-

tially symmetric masker conditions (e.g., Hawley et al.,
2004; Misurelli and Litovsky, 2012). In the case that the

(multiple) maskers fluctuate over time, such as speech, the

SNR will fluctuate between ears and thereby provide a better

ear that rapidly switches between ears. The auditory system

can take advantage of the SNR fluctuations at the two ears

by utilizing a process termed better-ear glimpsing (e.g.,

Brungart and Iyer, 2012; Glyde et al., 2015). Besides these

head-shadow or interaural level difference (ILD) based

mechanisms, the auditory system can also take advantage of

interaural time differences (ITDs) by applying a mechanism

similar to the equalization-cancellation process (e.g.,

Durlach, 1963; Breebaart et al., 2001).

Even though all the above auditory mechanisms will

help understanding speech in the real-world, their individual

contribution and relevance is not known. Glyde et al.
(2013b) provided evidence that ILD cues, due to better-ear

glimpsing (BEG), contribute more to SRM than ITD-based

processing, which is also supported by Ewert et al. (2017).

However, Culling et al. (2004) as well as Kidd et al. (2010)

observed the opposite. Most likely these differences can be

explained by methodical differences, in particular, by the

chosen target and masker signals and their spatial configura-

tions. However, since people experience a vast variety of

a)Aspects of this work were presented at the World congress of Audiology

(Vancouver, Canada, 2016) and at the 5th Joint Meeting, Acoustical

Society of America and Acoustical Society of Japan (Honolulu, HI, USA,

2016).
b)Electronic mail: baljeet.rana@nal.gov.au
c)Also at: Department of Linguistics, 16 University Avenue, Macquarie,

University, Sydney, NSW 2109, Australia.
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acoustic environments in their daily lives, any of these stim-

ulus conditions may be equally relevant or irrelevant,

respectively.

Most studies agree that the SRM observed in HI listen-

ers is significantly smaller than in NH subjects and, as a con-

sequence, makes it harder for HI subjects to understand

speech in noisy conditions (e.g., Gelfand et al., 1988; Dubno

et al., 2002; Arbogast et al., 2002; Marrone et al., 2008b).

Glyde et al. (2013c) tested a large cohort of subjects with

varying degree of hearing loss and found that, as the degree

of hearing loss increases, the SRM decreases. This was the

case even though linear amplification according to the

National Acoustic Laboratories–Revised Profound (NAL-

RP) (Dillon, 2012, pp. 290–297) was applied to (partially)

compensate the hearing loss. In a follow up study, Glyde

et al. (2015) showed that the SRM in HI listeners improves

when increased (linear) amplification is provided on top of

NAL-RP. They also compared their HI data with NH data

measured at equal sensation levels and found that the SRM

difference between groups is substantially reduced when

compared to the SRM measured at original (i.e., different)

stimulus levels. Overall, they concluded that the reduction in

SRM seen in many HI subjects is largely due to reduced

audibility. However, they also highlighted that additional

factors may have been involved, including increased mask-

ing due to wider auditory filters, reduced temporal resolu-

tion, age, and reduced cognitive performance (see also

Dubno et al., 2002; Gelfand et al., 1988; Gallun et al.,
2013).

Hearing aids mainly address the loss of audibility, but

they cannot address any of the other factors that are likely to

contribute to the reduced spatial advantage seen in HI listen-

ers. Since better ear processing, including BEG, relies on the

head shadow effect, it is mainly observed at frequencies

above about 1.5 kHz (e.g., Rayleigh, 1876; Blauert, 1997,

pp. 36–200; Macpherson and Middlebrooks, 2002).

Unfortunately, this is the frequency range in which most HI

listeners show the strongest hearing loss (e.g., Dillon, 2012,

pp. 286–335). Given also that speech has a low pass charac-

teristic (i.e., the long-term average speech spectrum rolls off

above about 1 kHz), better ear processing is particularly vul-

nerable to reduced audibility. The detrimental effect of audi-

bility on BEG has already been highlighted by a number of

studies (e.g., Best et al., 2015; Glyde et al., 2015), and

Glyde et al. (2015) have shown that it can be (partly)

restored in HI listeners by increasing standard (linear)

amplification.

Even though hearing aids can help restoring audibility,

they also have to ensure that incoming sounds do not become

uncomfortably loud. To deal with this dynamic range limita-

tion, the overall gain provided by hearing aids is limited and

wide dynamic range compression (WDRC) (Kates, 2008, pp.

221–259) is applied. Unlike linear amplification, WDRC

provides different amounts of amplification to different lev-

els of sound to accommodate the wide range of sound levels

occurring in the real world within the limited dynamic range

of a listener. Applying WDRC can alter the temporal and

spectral behaviour of the incoming sound signals, which

may counteract the spatial advantage that may be provided

by the increase in audibility. To avoid this potential impact

of WDRC when investigating the effect of hearing loss on

SRM, many studies have applied linear, often frequency-

dependent, amplification (e.g., Glyde et al., 2015; Jakien

et al., 2017). To avoid loudness discomfort they then chose a

“suitable” stimulus sensation level (SL) (e.g., 20 or 30

dB SL) and, if required, decreased the level for individual

subjects (e.g., Glyde et al., 2015; Jakien et al., 2017).

Following such approach, Glyde et al. (2015) have shown

that standard linear amplification according to NAL-RP does

not provide sufficient audibility at mid and high frequencies

to fully restore SRM in HI listeners, which in their case was

mainly provided by BEG. Although they demonstrated that

adding additional gain on top of NAL-RP improved SRM,

they also highlighted that, in the real world, the loudness

provided by such increased gain would not be accepted by

HI listeners and furthermore, may be limited by technical

issues such as acoustic feedback, occlusion, and saturation

effects.

Even though the loudness discomfort may be alleviated

by appropriate WDRC, it is unclear how far the resulting

changes to the temporal and spectral behaviour of the incom-

ing sounds will affect BEG. Therefore, as an alternative

solution, Rana and Buchholz (2016) proposed to shift the

ILD cues that are underlying BEG to lower frequencies, i.e.,

to frequencies at which audibility is far less of an issue.

They showed that both NH and HI subjects can take advan-

tage of such (artificially generated) low-frequency ILDs,

exhibiting a SRM that was very similar to the one observed

at higher frequencies (when similar audibility was provided

across frequency). However, the average SRM observed in

the HI group was still smaller than in the NH group, which

may have been due to the different sensation levels that were

applied to avoid loudness discomfort in the HI group at high

frequencies: whereas the HI listeners were tested at 10

dB SL (relative to their individual pure tone thresholds) the

NH listeners were tested at 35 dB SL.

The present study builds upon the methods and findings

described by Rana and Buchholz (2016) to (i) investigate if

SRM due to BEG can be restored in HI listeners if audibility

equivalent to NH listeners is provided and (ii) to better

understand the sensation level (or hearing aid gain) that is

required to maximize the spatial benefit provided by ILDs

across frequency.

II. METHODS

The present study investigated the effect of audibility on

BEG in NH and HI subjects as a function of frequency and

sensation level. Speech reception thresholds (SRTs) were

measured in both a co-located and spatially separated condi-

tion as well as in different frequency regions using a

noise-vocoded two-talker masker. The difference in SRTs

measured in the co-located and spatially separated condi-

tions was considered an estimate of the spatial benefit pro-

vided by BEG. Audibility of the target and masker stimuli

was equalized across both frequency and ears for each sub-

ject using individual speech detection thresholds (SDTs)

measured in nine narrow frequency bands. Four different

2196 J. Acoust. Soc. Am. 143 (4), April 2018 Baljeet Rana and J€org M. Buchholz



sensation levels were tested as defined relative to the individ-

ual’s SRT in quiet. Loudness comfort was ensured for each

subject by taking into account their individual upper limit of

comfortable loudness for the applied stimuli. Ethical clear-

ance was received from the Australian Hearing Human

Research Ethics Committee and the Macquarie University

Human Research Ethics Committees.

A. Subjects

Ten NH (hearing thresholds <15 dBHL) listeners with a

mean age of 23.2 6 3.2 years and ten sensorineural HI listen-

ers with a mean age of 70.3 6 7.8 years participated in this

study. All subjects received a complete hearing test in the

beginning of their first appointment. Both air conduction and

bone conduction thresholds were measured using an AC 40

audiometer to either confirm normal hearing or to determine

their degree and type of hearing loss. All HI listeners had

symmetric (threshold difference between ears <10 dB), mild

to moderate (Clark, 1981), sloping sensorineural hearing

loss. Their four-frequency (0.5, 1, 2, 4 kHz) average hearing

loss (4FAHL) was 29.1 6 8.0 dBHL, and the mean hearing

thresholds converted into dB sound pressure level (SPL) and

averaged over the left and right ear are shown in Fig. 1. All

participants had English as their first language and had no

reported attention deficit disorder or intellectual disability.

B. Stimuli

Similar to Rana and Buchholz (2016), speech reception

thresholds were measured using BKB-like sentences (Bench

et al., 1979), which are short meaningful sentences containing

about 4–7 words and were spoken by a native Australian

English female speaker. The entire corpus consisted of 80 lists

of 16 sentences each. The RMS level of all sentences was nor-

malized, and the average spectrum of each sentence list was

equalized to match the average spectrum of the entire corpus.

The distractor signals were created by noise-vocoding the two

continuous female speech discourses taken from the different-

voice condition of the LiSN-S speech corpus (Cameron and

Dillon, 2007) that consisted of stories written for young school

children and had a duration of approximately 2:30 min. Each

speech discourse was noise-vocoded individually using the

same methods as described by Rana and Buchholz (2016) and

equalized to match the average spectrum of the target senten-

ces. The applied noise vocoder was realized using a short-term

Fourier analysis with 20 ms long Hanning windows and 75%

overlap. Before resynthesis, the short-term spectra were spec-

trally smoothed (in the power domain) using a four equivalent

rectangular bandwidth (Patterson et al., 1988) wide smoothing

window, realizing a noise vocoder with approximately five

effective frequency channels. The resulting distractors mini-

mized the potential influence of informational masking on the

measured SRTs while preserving most of the temporal-spectral

properties of speech (e.g., Westermann and Buchholz, 2015),

and when presented together they were largely unintelligible.

Nevertheless, the noise-vocoded speech might still involve

some informational masking (Schubotz et al., 2016), even

though the effect should be rather small here (see Rana and

Buchholz, 2016). The target sentences were always presented

diotically and the distractors were either presented diotically

(i.e., both distractors co-located with the target) or spatially

separated. The spatial separation was simulated under head-

phones by presenting one distractor only to the left ear and

the other distractor only to the right ear, i.e., by applying infi-

nite ILDs (Rana and Buchholz, 2016). The increase in the

combined distractor level relative to the target level in the

co-located condition was compensated by attenuating each dis-

tractor by 3 dB. Within the SRT measurements the distractors

were played in a loop to provide an ongoing masker.

To evaluate BEG as a function of frequency region, all

target as well as masker stimuli were bandpass (BP) filtered

into a low (100 to 770 Hz), mid (770 to 2000 Hz), high (2000

to 5300 Hz), and broad (100 to 5300 Hz) frequency region as

described in Table I. The BP-filters were realized by fourth-

order Butterworth filters and derived in MATLAB. All stimuli

were presented via equalized Sennheiser HD215 circumaural

headphones connected to a RME fireface UC USB sound

card. The headphone equalization was realized by a 3000-

taps long minimum-phase finite impulse response (FIR) filter

at a sampling frequency of fs¼ 44.1 kHz, which was derived

in MATLAB and using a Bruel & Kjaer artificial ear.

C. Audibility equalization

In order to equate audibility across frequency of both

the target and distractor stimuli used throughout the SRT

measurements, equalization filters were derived for each

subject individually using the following procedure: speech

shaped noise (SSN) was first generated with a spectrum that

FIG. 1. Mean pure tone thresholds (PTTs) and mean speech detection

thresholds (SDTs) with 95% confidence intervals for NH and HI listeners.

TABLE I. Frequency channels used in the audibility equalization process as

well as the frequency regions used in the SRT measurements. f0: centre fre-

quency; f1 and f2: lower and upper cut-off frequency.

Channel 1 2 3 4 5 6 7 8 9

f1 (Hz) 100 300 510 770 1080 1480 2000 2700 3700

f2 (Hz) 300 510 770 1080 1480 2000 2700 3700 5300

f0 (Hz) 200 400 630 920 1270 1720 2320 3150 4400

Frequency region low mid high

broad
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matched the average spectrum of the BKB-like sentences

and then BP-filtered into nine different frequency regions.

The cut-off frequencies of these BP filters were taken from

Table I of the speech intelligibility index (SII) standard

(ANSI S3.5, 1997) and realized by 4th-order Butterworth fil-

ters. Each filter encompassed two critical bands with the

lower and upper cut-off frequencies (f1 and f2) as well as the

centre frequencies (f0) summarized in Table I.

Afterwards, SDTs were measured in quiet for each of

the nine BP-filtered SSNs using an adaptive three-alternative

forced-choice method in which one randomly chosen inter-

val contained a BP-filtered SSN and the other two intervals

contained silence. In order to establish the starting level for

this adaptive procedure, individual audiometric pure tone

thresholds measured (in dBHL) for each ear (see Sec. II A)

were converted into ear drum levels (in dB SPL) by adding

Reference Equivalent Threshold Sound Pressure Levels for

THD 39 headphones (ISO 389-2, 1994) and nominal values

for the transformation from 6 cc coupler to ear drum levels

(Bentler and Pavlovic, 1989). Since the resulting thresholds

are given at standard audiometric frequencies (i.e., 250 Hz,

500 Hz, 1 kHz, 2 kHz, 3 kHz, 4 kHz, 6 kHz, and 8 kHz), they

were mapped onto the centre frequencies (f0) given in Table

I using a linear interpolation on a double-logarithmic scale.

Mean values and 95% confidence intervals of the pure tone

thresholds averaged across the left and right ear are shown in

Fig. 1 for the NH and HI group.

The starting level in the adaptive procedure was calcu-

lated such that the output level of the BP-filtered SSN in the

considered frequency channel was 6 dB above the corre-

sponding interpolated individual pure-tone threshold aver-

aged across ears and given in dB SPL. Any difference in the

pure-tone thresholds between ears was compensated by

reducing the level of the BP-filtered SSN at the one ear and

increasing the level at the other ear by half the difference.

The listeners were presented with three buttons on a

computer screen, which were visually highlighted in syn-

chrony with the presented stimulus interval. The listener’s

task was to select the target interval that contained the BP-

filtered SSN by pressing the corresponding button using a

computer mouse. The threshold was measured adaptively

using a 1-up, 2-down method (Levitt, 1971) with a starting

step-size of 6 dB which after two reversals was decreased to

the final step-size of 3 dB at which six reversals were mea-

sured. The SDT was then determined as the average level

calculated over the last six turn-points.

Since the applied SSN had the same long-term spectrum

as well as RMS level as the target and distractor stimuli used

in the SRT measurements (Sec. II B), the gain that was

applied to the BP-filtered SSN at SDT provided a direct esti-

mate of the gain that should be applied at the corresponding

centre frequency to equate audibility of the stimuli used in

the SRT measurements. Based on these gains, minimum

phase FIR equalization filters were derived in MATLAB with a

length of 1024 taps at a sampling frequency of fs¼ 44.1 kHz.

The equalization filters were derived separately for the left

and right ear to compensate for any audiometric pure-tone

threshold differences between ears as described above.

The mean values (in dB SPL) and 95% confidence inter-

vals of the measured SDTs are shown in Fig. 1 for both the

NH and HI group. Paired t-test revealed no significant differ-

ence (p> 0.01) between right and left ear SDTs for any fre-

quency for both the groups. Hence, average thresholds of

right and left ears are plotted in Figs. 1 and 2 but the gain

considered for target and distractor stimuli was still ear spe-

cific. From Fig. 1 it can also be deduced that, in average, the

SDTs for the NH and HI listeners are about 7 dB and 12 dB

below the corresponding (frequency-mapped) audiometric

pure-tone thresholds. However, individual differences varied

substantially across subjects and frequency as shown by the

error bars.

D. Upper limit of comfortable level

To avoid presenting stimuli at uncomfortably loud lev-

els during the SRT measurements, the level of the upper

limit of comfort (ULC) was measured for the audibility

equalized (see Sec. II C) target and distractor stimuli sepa-

rately using an 8-point rating scale (1—very soft; 2—soft;

3—comfortable, but slightly soft; 4—comfortable; 5—com-

fortable, but slightly loud; 6—loud, but ok; 7—slightly

uncomfortable; 8—uncomfortably loud). For target senten-

ces, the ULC was defined as the minimum level above which

the subjects’ response shifted from “loud, but ok” to

“slightly uncomfortable.” For distractors, the ULC was

defined as the minimum level at which the subjects first

responded “comfortable, but slightly loud” and then they

were asked if they could happily tolerate that level for at

least 5 min. The ULCs were defined differently for the target

speech and the distractors because within the SRT measure-

ments the distractors were presented continuously for up to

5 min per condition whereas each target sentence was pre-

sented only for a few seconds and the level typically

decreased quickly throughout an adaptive track. The ULCs

were obtained separately for all four frequency regions (i.e.,

low, mid, high and broad) in which the SRTs were measured

FIG. 2. Mean speech detection thresholds (SDTs) and mean speech recep-

tion thresholds (SRTs) in quiet for NH and HI listeners as well as mean

upper limit of comfort (ULC) of distractors (averaged over the co-located

and spatially separated condition) and sentences for HI listeners. Error bars

indicate 95% confidence intervals.
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(see Table I and Sec. II E) as well as for the co-located and

spatially separated condition.

To determine a starting level for the ULC measure-

ments, SDTs were first measured separately for the low,

mid, high, and broad frequency region using the same meth-

ods as described in Sec. II C except that here the applied

SSN was audibility equalized. The resulting mean SDTs (in

dB SPL) with 95% confidence intervals are shown in Fig. 2

for the NH as well as HI group. ULC measurements were

done using an ascending method wherein a test run began at

5 dB above the corresponding SDT. The level of each suc-

cessive stimulus was raised step-by-step, with the participant

judging a loudness category for each stimulus presentation

from the abovementioned 8-point rating scale. In the begin-

ning a larger stimulus increment size of 8 and 4 dB was used

which was reduced to 2 and 1 dB as the participant pro-

gressed towards the louder levels. Once a ULC level was

obtained, the stimulus level was reduced to a comfortable

level to start another run. The final ULC levels were calcu-

lated as the median value over three runs. The procedure

was similar to the one described by Cox et al. (1997).

Mean ULCs measured for the audibility equated stimuli

are shown in Fig. 2. Since a paired t-test did not reveal any

significant difference between the ULCs measured for dis-

tractors in the co-located and spatially separated condition

(p> 0.01), only averaged results are shown. ULCs measured

for target sentences were higher than the ULCs measured for

the distractors due to the difference in the set criteria to

define ULCs. Further, ULCs were measured for HI subjects

only, because loudness tolerance was not an issue for the NH

subjects within the SRT measurements.

E. Speech reception thresholds

As the goal of this study was to measure the SRM attrib-

uted to BEG as a function of both frequency and sensation

level, first, the audibility-equalized target and distractor sig-

nals (see Sec. II C) were BP-filtered into four different fre-

quency regions: low, mid, high, and broad (see Sec. II B and

Table I for details). Afterwards, SRTs for the audibility

equalized target sentences were measured in quiet for the

four different frequency regions.

The SRTs were measured with a MATLAB program

installed on a personal computer and the subjects’ task was

to repeat as many words as they heard in each target sen-

tence. In each condition, up to 32 sentences were presented

and the target level was adjusted adaptively to achieve 50%

correct word identification. A conductor entered the number

of correctly identified morphemes into a provided user inter-

face. Details can be found in Keidser et al. (2013). All SRTs

were measured twice and the results were averaged.

Mean SRTs measured in quiet with 95% confidence

intervals for the audibility-equalized BKB-like sentences are

shown in Fig. 2 for NH and HI subjects as a function of fre-

quency region. As expected, the available dynamic range,

which was defined here as the difference between the SRTs

in quiet and ULCs, was reduced at high frequencies as well

as in the broad condition when compared to the low and mid

frequency regions for both maskers and sentences. Due to

the subjects’ range of hearing losses (i.e., 4-FAHL varying

between 19 and 44 dB) and the associated variation in avail-

able dynamic range, not all HI listeners could be tested at

the higher stimulus levels of 10, 20, or 30 dB SL, as indi-

cated in Fig. 4 by the number of participants in brackets.

Further, the SDTs shown in Fig. 2 were consistently better

than the SRTs in quiet across all narrow band conditions, but

this difference disappeared in the broad condition. This may

be attributed to the different stimuli and tasks used to mea-

sure these thresholds: SDTs were measured with SSN and

SRTs with speech. The difference between the SRT in quiet

and the corresponding SDT is very similar between groups

for all four frequency regions, with a mean difference (NH

minus HI value) of low: 1.4 dB; mid: 2.5 dB; high: 1.2 dB;

broad: �0.3 dB.

Once the individual SRTs in quiet were derived, SRTs

were measured at different distractor levels using the same

methods as described above. The distractors were presented

continuously throughout each test condition, and the SNR

was adjusted adaptively by varying the target level and keep-

ing the distractor level constant. SRTs were measured with

the audibility-equalized distractors presented at 0, 10, 20,

and 30 dB above the SRTs measured in quiet. At each dis-

tractor level, SRTs were measured in all four frequency

regions as well as in the spatially co-located and separated

condition (see Sec. II B). The difference in SRT between the

two spatial conditions, at each sensation level and for each

frequency region, provided an estimate of the spatial benefit

provided by BEG. The resulting SRTs as well as the derived

spatial benefit are presented in Sec. III. Throughout the SRT

measurements the investigators made sure that the overall

intensity of the presented stimuli did not exceed uncomfort-

able loudness levels, and therefore, only conditions were

tested for which the distractor level was below the subject’s

individual ULC level for distractors (see Sec. II D).

Following this approach, none of the subjects reported any

loudness tolerance issues during the SRT measurements nei-

ther for individual sentences nor distractors.

Finally, it should be noted that the long-term spectrum

(evaluated in two critical band-wide bands) of the audibility-

equalized distractors at a sensation level of 0 dB SL was

equal to the narrow-band SDTs shown in Fig. 1 in dB SPL

for NH and HI subjects.

III. RESULTS

A. Speech reception thresholds

The statistical analysis was done using IBM SPSS statistics

version 22 for all measurements. Individual and mean SRTs for

the HI subjects as well as the mean SRTs for the NH subjects

are shown in Fig. 3 as a function of sensation level separately

for the four different frequency regions as well as the two spa-

tial configurations. A linear mixed-effects model with fre-

quency region, spatial separation, hearing status, sensation

level, and their two- and three-way interactions as fixed effects

and a subject-specific intercept as the random effect showed

significant effects of frequency region [F(3,470)¼ 129.90,

p< 0.01)], spatial separation [F(1,470)¼ 221.88, p< 0.01)],

and sensation level [F(3,470)¼ 352.75, p< 0.01)], but no
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significant effect of hearing status [F(1,470)¼ 1.31, p> 0.01)].

A significant interaction was observed only for hearing status

and frequency region [F(3,470)¼ 7.35, p< 0.01)], frequency

region and sensation level [F(9,470)¼ 11.69, p< 0.01)], and

sensation level and spatial separation [F(3,470)¼ 19.37,

p< 0.01)].

As one main goal of this study was to examine the effect

of audibility on SRTs, multiple paired t-tests with adjusted

p-values (Holm, 1979) were conducted at each frequency

region and spatial configuration to compare the SRTs at the

different sensation levels. Results revealed that both co-

located and spatially separated SRTs improved with increas-

ing sensation level within all frequency regions for both

groups, but the effect was generally more evident for spa-

tially separated SRTs. Moreover, the significant improve-

ment in the co-located SRTs with increasing sensation level

was generally more evident for NH than HI listeners (Fig.

3). An independent t-test with adjusted p-values (Holm,

1979) revealed no significant difference in SRTs between

NH and HI listeners in any condition, indicating that once

audibility is taken into account HI subjects perform very

similar to NH subjects. However, this conclusion is limited

by the decreasing number of subjects that could be tested at

the higher sensation levels due to loudness discomfort, as

shown in Fig. 3 by the number in brackets.

B. Spatial release from masking

Spatial release from masking was calculated by subtract-

ing the individual SRTs measured in the spatially separated

condition from the corresponding SRTs measured in the co-

located condition. Figure 4 shows the mean SRM as a func-

tion of sensation level for the NH and HI group separately for

the different frequency regions. For the HI group the individ-

ual data is additionally shown. A linear mixed-effects model

with frequency region, hearing status, sensation level, and

their two- and three-way interactions as fixed effects, and a

subject-specific intercept as the random effect showed

FIG. 4. SRM as a function of distractor level for all four frequency regions. Grey lines represent the individual SRM for the HI listeners with the mean SRM

indicated by black dashed lines and squares. Black triangles connected with solid lines indicate the mean SRM for NH listeners. When the number of partici-

pants for the HI group was less than ten, then the number is shown in parentheses. All ten NH listeners were tested in all conditions.

FIG. 3. Individual and mean SRTs as a function of sensation level. Black triangles connected with solid lines indicate mean SRTs for listeners with NH. Black

squares connected with dashed lines indicate mean SRTs for HI listeners. When the number of participants for the HI group was less than ten, then the number

is shown in parentheses. Symbols in grey represent individual SRTs for HI listeners. CO: Co-located, SS: spatially separated.
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significant effects of frequency region [F(3,234)¼ 7.15,

p< 0.01)] and sensation level [F(3, 234)¼ 61.40, p< 0.01)],

but no significant effect of hearing status [F(1,234)¼ 0.12,

p> 0.01)]. Further, no significant interaction was observed for

any combination.

To further examine the significance of the observed

SRM as a function of frequency and sensation level, a paired

t-test with adjusted p-values (Holm, 1979) was conducted at

each sensation level and frequency region. Results revealed

significant differences between co-located and spatially sep-

arated SRTs at 10, 20, and 30 dB SL for both groups at most

frequency regions. Even though a clear and consistent

improvement in average SRM with increasing sensation

level can be seen in Fig. 4 for both groups within most fre-

quency regions, an independent t-test revealed that for the

NH group, this increase was only significant when the sensa-

tion level was increased by at least 20 dB. No significant

effect was observed for the HI group. The missing signifi-

cance may be due to the reduced number of HI participants

with increasing sensation level, which was due to loudness

discomfort and is indicated in Fig. 4 by the numbers in

brackets. An independent t-test revealed no significant dif-

ference in SRM between NH and HI listeners at any sensa-

tion level for any frequency region. At equal sensation level,

the mean difference and þ/� 1 standard deviation in SRTs

between groups and across all frequency regions and sensa-

tion levels was equal to 0.11 6 1.45 dB.

C. Test-retest variability

Test-retest variability was calculated by subtracting the

individual SRTs in the second trial from the corresponding

SRTs in the first trial. A paired t-test revealed no statistically

significant difference (p> 0.01) between the first and second

trials in all conditions for both groups. For NH listeners, the

mean difference ranged from �1.74 to 1.28 dB in the co-

located and from �0.73 to 1.30 dB in the spatially separated

conditions. The intra-subject standard deviation was between

0.71 to 3.15 dB in the co-located and between 1.05 to

3.39 dB in the spatially separated conditions. For HI listen-

ers, the mean difference ranged from �1.93 to 2.36 dB in the

co-located and from �2.32 to 1.78 dB in the spatially sepa-

rated conditions. The intra-subject standard deviation was

between 0.23 to 3.14 dB in the co-located and between 0.84

to 3.08 dB in the spatially separated conditions. These results

are similar to the ones reported by Rana and Buchholz

(2016).

IV. DISCUSSION

The current study applied an energetic, spatially sym-

metric noise-vocoded speech distractor with infinite ILDs, to

investigate the role of audibility on SRM due to BEG in NH

and HI listeners as a function of frequency region. The

results revealed a monotonic increase in both SRTs and

SRM with increasing sensation level for all considered fre-

quency regions. Moreover, no significant differences were

observed between the HI and NH group for both SRTs and

SRM. The results suggest that speech intelligibility as well

as SRM due to BEG can be largely restored in HI listeners if

adequate audibility is provided across frequency. However,

a significant number of HI subjects could not be tested at the

higher sensation levels due to loudness discomfort, demon-

strating that the maximal benefit provided by increasing

audibility in HI listeners is limited.

A. Effect of audibility normalization

Speech intelligibility, in the presence of noise-vocoded

speech distractors, as well as SRM was measured here in a

group of ten older HI subjects (mean age of 70.3 years) and

compared to the results measured in a group of ten younger

NH subjects (mean age of 23.2 years). Audibility of all stim-

uli was normalized for each subject individually, first as a

function of frequency and then relative to their individual

SRT in quiet (see Sec. II C). After this normalization, the

results revealed no significant differences in performance

between the HI and NH group, neither in SRTs nor SRM

(see Sec. III). This suggests that, when audibility is carefully

controlled, older HI listeners are able to achieve similar

speech intelligibility performance as well as SRM (due to

BEG) as young NH adults.

These findings contradict the observations reported by

other studies which typically find that even though audibility

plays an important role, it cannot fully explain the reduction

in performances seen in most HI listeners. Glyde et al.
(2015), for instance, filtered (i.e., attenuated) the speech

stimuli presented to their NH subjects in such a way that the

sensation level within critical bands and relative to the

audiogram, was equal across frequency for both groups.

They then compared speech intelligibility performance in

noise as well as SRM between the two groups and found

that, even though differences between groups decreased sub-

stantially after audibility normalization, significant differ-

ences still remained. In a similar fashion, Jakien et al. (2017)

investigated speech intelligibility performance in noise in a

group of subjects with a wide range of hearing losses (and

age) using speech stimuli that were normalized in sensation

level across frequency using seven (overlapping) two-octave

wide frequency bands. Their data not only revealed a

remaining (significant) decrease in performance with

increasing 4-FAHL, but also showed a substantial variance

in performance within subjects with equal 4-FAHL.

However, it is unclear how far the latter can be explained by

the test-retest variability of their speech test. Moreover, the

4-FAHL does not take into account the shape of the audio-

gram, which may significantly influence performance. More

appropriate measures may be provided by the SII (ANSI

S3.5, 1997) or related speech intelligibility models (e.g.,

Beutelmann and Brand, 2006; Rhebergen et al., 2010).

Best et al. (2017) applied a very different approach as

the above studies to investigate the effect of spatial auditory

processing on speech intelligibility in noise. They applied a

bilateral glimpsing model to isolate target speech from noise

and then provided the processed speech to their NH and HI

subjects. In this way the subjects were not required to per-

form any stream segregation or spatial processing. The

results were in agreement with the assumption that the per-

formance of the HI (as well as NH) subjects was limited by
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their performance to identify the target speech within the

available glimpses, which was most likely limited by audi-

bility, and not by a deficit in spatial processing. Finally, Best

et al. (2015) investigated BEG in a cohort of rather young

HI listeners and found that even though speech intelligibility

was significantly reduced in their HI subjects when com-

pared to NH performance, the spatial benefit provided by

BEG was not affected by hearing loss. The latter observation

is in agreement with the present findings.

A number of studies have demonstrated that other fac-

tors than audibility play an important role in speech intelligi-

bility in noise, including spectro-temporal resolution, the

ability to process temporal fine-structure, cognitive abilities

(e.g., selective attention), and age (e.g., Singh et al., 2008;

Ahlstrom et al., 2009; Neher et al., 2012; Gallun et al.,
2013; Glyde et al., 2013c; Besser et al., 2015). Glyde et al.
(2013c), for instance, used a correlation analysis to investi-

gate the factors affecting speech intelligibility in noise for a

cohort of 65 HI adults with a wide range of hearing loss and

age. They applied linear amplification according to the

NAL-RP prescription formula (Dillon, 2012, pp. 290–297)

to partially restore audibility and showed that the 4-FAHL

was still the main predictor for speech intelligibility as well

as SRM. However, they also showed that age and cognitive

abilities played a significant (though minor) role. Marrone

et al. (2008b) as well as Gallun et al. (2013) measured

speech intelligibility in noise as well as SRM in HI subjects

and reported that performance was mainly related to hearing

loss but also found age an important factor. However, even

though they presented their speech stimuli at a rather high

sensation level, relative to SRTs in quiet, such approach did

not ensure audibility at mid to high frequencies where most

hearing losses are strongest, and speech has the least energy.

Hence, audibility may have played a stronger role than antic-

ipated and the observed effect of age may have been partly

due to its correlation with hearing loss. Age may have also

played a stronger role in Marrone et al. (2008b) and Gallun

et al. (2013) due to the type of distractors that they used,

which will have exhibited a substantial amount of informa-

tional masking.

It is in no way suggested here that reduced audibility is

the only factor that influences speech intelligibility in HI lis-

teners in general. The stimuli used in this study were opti-

mized in a rather specific way to focus on the effect of BEG

in HI listeners, and the conclusions may well be different if

other (maybe more realistic) stimuli were applied. The

applied noise-vocoded speech distractors, for instance, mini-

mized the influence of informational masking, which will

have reduced the overall difference in SRM between HI and

NH listeners (e.g., Best et al., 2012; Best et al., 2015).

Moreover, stimuli were spatialized using artificial (infinite)

ILDs and no ITDs, whereas most other studies used either

loudspeakers for playback or head-related transfer-functions

(HRTFs) that contained natural ILDs as well as ITDs. Even

though the methodical details are different, the spatial bene-

fit provided by infinite ILDs over natural HRTFs is dis-

cussed, for instance, in Rana and Buchholz (2016) or Ewert

et al. (2017). Finally, the fact that no significant differences

were found between groups may be partly due to the limited

statistical power provided by the data, which was limited by

the number of subjects as well as the variance (or test-retest

variability) of the SRTs, in particular within the HI group.

Even though an increased number of subjects may have

revealed a significant difference between groups, it should

be highlighted that, when audibility is carefully controlled

(i.e., more carefully than done in most studies), then reduced

audibility may play an even more important role in speech

intelligibility in noise than generally anticipated.

B. Effect of sensation level

The results presented in Sec. III revealed that the SRTs

increased monotonically in all conditions when the sensation

level was increased, i.e., when the overall audibility was

improved. For both groups and for all frequency regions, the

SRT decreased (performance improved) in the co-located

condition by about 4 dB with each 10 dB increase in sensa-

tion level and by about 6 dB in the spatially separated condi-

tion. As a result of these different growth-rates, the SRM

increased in average by about 2 dB per 10 dB increase in

sensation level. Considering the results as a function of

frequency, it can be observed that the increase in both co-

located and spatially separated SRTs was slightly steeper in

the broadband condition than in the three narrowband condi-

tions. Since the SRTs in all frequency regions were sepa-

rately normalized to their corresponding SRT in quiet, the

behaviour of the broadband SRTs suggest that the integra-

tion of speech information across frequency is improved

with increasing audibility. This effect seems to be indepen-

dent of the spatial configuration of the target and distractor

signal. Finally, the increase in SRT with increasing sensation

level was slightly shallower in the low-frequency region

than in the other frequency regions, which was more pro-

nounced in the co-located condition. As a consequence, the

SRM in the low-frequency region increased slightly faster

with increasing sensation level than in the other frequency

regions. This observation, together with the fact that audibil-

ity plays only a minor role at low frequencies (see Sec. I),

may suggest that HI listeners may benefit even more from

BEG at low frequencies than at mid or high frequencies

where the underlying ILD cues are naturally available.

However, as shown in Figs. 3 and 4, it is important to note

that only a limited number of HI listeners could perform at

all four sensation levels and across all frequencies.

The improvement in speech intelligibility observed in

the HI (as well as NH) subjects when the overall (sensation)

level is increased, is in general agreement with the relevant

literature on speech intelligibility in noise (e.g., Moore et al.,
1985; Ahlstrom et al., 2009; Kuk et al., 2015; Woods et al.,
2015) and is one of the main reasons for why amplification

(with hearing aids) is prescribed as the main remediation for

hearing loss. However, only a few studies have systemati-

cally investigated the effect of increasing sensation level in

HI subjects with distractors that also allowed conclusions on

the effect of sensation level on SRM. Glyde et al. (2015), for

instance, provided different levels of linear, frequency-

dependent amplification to their HI subjects, with the lowest

amplification level equal to the gain prescribed by NAL-RP
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and the highest amplification level providing an additional

gain of about 10 to 20 dB (depending on frequency).

Whereas the increase in amplification had no effect on the

co-located SRTs, the spatially separated SRTs (and thus also

the SRM) improved by about 5 dB over the range amplifica-

tion was varied. Hence, the general behaviour of both the

spatially separated SRTs and SRM was similar to the present

study, which was not the case for the co-located SRTs. The

difference may be explained by the significant involvement

of informational masking in Glyde et al. due to the applica-

tion of the same female talker as target and distractor signals.

This may have elevated the co-located SRTs and thereby

reduced the influence of audibility. Moreover, it shifted the

listener’s task more from a speech identification task to a

speech discrimination task, since informational masking is

typically due to the subject confusing target speech with

masking speech and not due to problems understanding the

target speech.

Similar to the present study, Jakien et al. (2017)

reported on an experiment (their experiment II) in which

they first normalized audibility of their speech stimuli as a

function of frequency and then varied the overall sensation

level (either 19.5 or 39.5 dB SL). They observed no signifi-

cant change in average SRTs in the co-located condition and

only a small improvement of about 1 dB in the spatially sep-

arated condition (and thus, in SRM). It is unclear why they

found much smaller (or even negligible) effects of sensation

level, but this is most likely explained by the difference in

methods that they applied. In contrast to the present study,

informational masking will have played a significant role,

their audibility normalization was not as frequency specific

as realized in the present study, and they spatialized their

stimuli using natural ILDs and ITDs instead of using infinite

ILDs (and no ITDs).

Finally, it should be mentioned that Rana and Buchholz

(2016, experiment 2) followed a very similar approach to the

present study, except that they only considered a single sensa-

tion level, which was 10 dB SL for HI subjects and 35 dB SL

for NH subjects. Even though they used the individual audio-

grams (averaged over left and right ear) to normalize audibil-

ity across frequency as well as to derive sensation levels,

which is different to the ear-specific, measurement-based

approach followed here (see Sec. II), their stimuli and sensa-

tion levels are still more or less comparable to the ones

applied here. Hence, their HI data can be compared to the pre-

sent HI data at 10 dB SL and their NH data to the present NH

data at 30 dB SL. Following such comparison, the SRTs as

well as SRM measured in the two studies are in a very similar

range, except for the SRM in the HI listeners which was

slightly lower in the present study. This was due to slightly

lower co-located SRTs (about 1 dB) and slightly higher spa-

tially separated SRTs (about 1–2 dB). Nevertheless, this com-

parison provides at least some confirmation of the

reproducibility of the present data and given that HI and NH

subjects in Rana and Buchholz were tested at very different

sensation levels, this comparison provides also some confir-

mation of the sensation level dependency observed in the pre-

sent study.

C. Implications for hearing aids

As described in Sec. II, the audibility of the present

stimuli was normalized across both subjects and frequency

and adjusted relative to individual SRTs in quiet. This makes

it difficult to relate the stimuli to natural speech as well as to

interpret the applied level modifications in terms of hearing

aid gain. Hence, in order to better relate the results to hearing

aid applications (or gain), the average spectrum in dB SPL

of the stimuli presented to the HI group, as measured at the

ear drum of a Head and Torso Simulator (HATS) and ana-

lysed within two critical-band wide frequency bands (see

Table I), is shown in the left panel of Fig. 5 for all four sen-

sation levels (grey lines and filled circles). Here, only the

spectra for the narrowband conditions are shown, but the

spectra for the broadband condition are very similar, except

that they are lower by about 11–14 dB. It should be noted

that the shown spectra represent the target speech as well as

the distractor signals, because the long-term spectrum of the

distractors was adjusted to the average spectrum of the target

speech (see Sec. II B). For reference purposes the average

(ear drum) spectrum of speech for “normal” vocal effort (see

ANSI S3.5, 1997, Table I), with an unweighted free-field

level of 62.4 dB SPL, is also shown in Fig. 5 (left panel) by

the solid line with stars. The same speech spectrum after

amplification according to NAL-RP is shown by the solid

line with diamonds, whereby the average pure tone thresh-

olds shown in Fig. 1 (dashed line and squares) were consid-

ered in the gain calculations. The ULC for the (ongoing)

distractor is shown by the light-grey area, and for the target

sentences by the dark-grey area. The right panel of Fig. 5

shows the same information, except that all the spectra

shown in the left panel (in dB SPL) were mapped into linear

(hearing aid) gains by subtracting the (unaided) speech spec-

trum for normal vocal effort from all spectra (i.e., turning

the solid line with stars shown in the left panel to a straight

line at 0 dB gain).

Comparing the spectra of the stimuli that were applied

throughout this study (grey lines) with the spectrum of natu-

ral speech (solid line and stars), it can be deduced that the

applied spectra were strongly amplified towards higher fre-

quencies. This increase in gain with increasing frequency

was even stronger as provided by NAL-RP, and directly

reflects the sloping hearing loss of the HI subjects (see Fig.

1), which is very representative for HI listeners and is only

partially compensated for by NAL-RP (Glyde et al., 2015).

The partial restoration of audibility has also been supported

by Marrone et al. (2008a) using the real-ear measures.

Moreover, it can be seen in Fig. 5 that most stimuli at low

and mid frequencies were softer than normal speech, even at

the highest considered sensation levels. However, this was

not the case at high frequencies, where most of the stimuli

reached (or even exceeded) the ULC. In this regard it should

be highlighted that all the curves shown in Fig. 5 reflect data

averaged across all HI subjects, and individual spectra (or

gains) varied substantially across subjects. Moreover, sub-

jects were only tested in a given condition if the correspond-

ing stimulus level was within their individual ULC (see Sec.

II D). As a consequence, only very few subjects were tested
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at the highest sensation levels, in particular in the high fre-

quency region. Hence, any sensation level that in Fig. 5 is

within the shaded areas indicates that a substantial part of

the subjects could not be tested at that level due to loudness

discomfort.

With respect to the right panel of Fig. 5, it can be

deduced that the (average) gain provided here in the low and

mid frequency region was always below (or just below) the

gain provided by NAL-RP. This suggests that with standard

amplification, prescribed by formulas such as NAL-RP, a

SRM due to better-ear glimpsing of more than 8 dB (see Fig.

4) can be achieved (or even exceeded) in many HI listeners.

However, natural ILDs, in particular at low frequencies, are

rather small (or even absent), and thus will not provide the

observed spatial advantage. This highlights the potential

advantage of extending ILDs towards low frequencies in

hearing aids as done in this study. Within the high frequency

region (Fig. 5, left panel), any gain above about 15–20 dB

already reached the ULC for the ongoing distractor in a sig-

nificant number of subjects, which is also about the gain pro-

vided by NAL-RP. Since such gain corresponds to a

sensation level of about 10–15 dB SL (see grey lines in Fig.

5), it can be deduced from Fig. 4 that better-ear glimpsing at

high frequencies can only provide a spatial benefit of up to

about 2 dB, at least in subjects with similar hearing loss as

considered here. Considering that natural ILDs are smaller

than the applied infinite ILDs, it is expected that BEG with

natural ILDs may even be smaller than 2 dB at high frequen-

cies. Hence, it is rather unlikely that hearing aids can provide

a gain at high frequencies that is sufficient to restore a signif-

icant spatial advantage from better-ear glimpsing without

incurring loudness discomfort.

It should be highlighted that the above considerations

are valid for any reference speech signal, since the gain

shown in the right panel is always relative to that speech

level. If the reference level is increased the gains are auto-

matically decreased and vice versa. This general applicabil-

ity of the results was one of the main reasons for why

(individual) sensation levels were considered here rather

than absolute speech levels. This also highlights that for soft

speech a stronger amplification should be provided than for

louder speech to maximise (or to keep constant) the spatial

benefit provided by BEG; which is also true for speech intel-

ligibility in general (see SRTs in Fig. 3). Not surprisingly,

this is exactly the behavior of the gain provided by WDRC

in hearing aids. However, here only linear level manipula-

tions (or gains) were considered, and it is unclear if the

behaviour seen in Figs. 3–5 would still apply if non-linear

amplification were provided using WDRC.

D. Further considerations

Even though this study demonstrated that HI listeners

can take advantage of (artificially generated) low- and mid-

frequency ILDs in BEG to achieve a significant improvement

in speech intelligibility in spatially separated and fluctuating

distractors, there are a number of factors that may impede on

the benefit that can be achieved in the real world:

(1) The present stimuli did not include any ITDs, but the

auditory system utilizes ITDs, in particular at low fre-

quencies (i.e., below about 1.5 kHz), to improve speech

intelligibility in noise (e.g., Bronkhorst and Plomp,

1988). The spatial benefit provided by ITDs may par-

tially offset the observed benefit provided by low-

frequency ILDs.

(2) The considered spatially symmetric condition with two

(noise-vocoded) speech distractors is known to provide

rather large spatial benefits from BEG. In the real world,

often more than two (dominant) sound sources may be

present that are very differently located (Lingner et al.,
2016), and room reverberation may further deteriorate

the benefit achieved by BEG (e.g., Marrone et al.,
2008b).

(3) Speech at frequencies below about 500 Hz contributes

less to overall speech intelligibility than higher frequen-

cies, which is reflected in the reduced weighting in the

SII (ANSI S3.5, 1997). This effect is qualitatively con-

firmed in Fig. 3, in which the SRTs are generally higher

in the low frequency region than in the mid or high fre-

quency region. Hence, it may be speculated that even if

a substantial SRM is provided at (very) low frequencies,

this benefit may contribute little to overall speech

intelligibility.

FIG. 5. Illustration of the stimulus

spectra that were applied throughout the

present study as measured at the ears of

a dummy head (left panel). The corre-

sponding gains are shown in the right

panel. The grey lines refer to the stimuli

at the four considered sensation levels.

The solid lines with stars refers to natu-

ral speech for normal vocal effort

according to ANSI S3.5 (1997) and the

solid lines with diamonds to the same

speech but after linear amplification

according to NAL-RP. The dark grey

area indicates the ULC for the target

sentences and the light grey area the

ULC for the ongoing distractor.
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(4) The SRM measured in this study used linear signal proc-

essing to normalize the audibility of the stimuli as a

function of frequency as well as to adjust sensation level.

Since hearing aids need to ensure loudness comfort, they

typically apply non-linear amplification using WDRC.

Depending on the implementation of WDRC, the tempo-

ral and spectral behavior of the signals arriving at the lis-

tener’s ears is modified and thereby reduce speech

intelligibility (e.g., Plomp, 1988; Boike et al., 2000; Bor

et al., 2008; Dillon, 2012, pp. 170–197), and, for binau-

rally unlinked hearing aids, distort ILDs (e.g., Wiggins

and Seebeer, 2013).

(5) The HI listeners tested in this study had mild to moder-

ately severe, high frequency hearing loss, and it is

unclear how far the results apply to listeners with more

severe hearing loss. Since already in this group, a signifi-

cant number of subjects could not be tested at high sen-

sation levels with high frequency stimuli due to loudness

tolerance issues, it is expected that this issue will get

even worse for listeners with more severe hearing loss.

Moreover, additional auditory processing deficits, such

as reduced temporal and spectral resolution, temporal

fine structure processing; dead regions, may become

more prevalent with increasing degree of hearing loss,

which cannot be compensated by restoring audibility.

(6) Even though there are a number of approaches that may

be used in hearing aids to enhance ILDs at low frequen-

cies, they are not expected to provide ILDs as large as

the infinite ILDs applied throughout this study. As a con-

sequence, the provided SRM may be smaller than

observed here. Potential candidates for realizing low-

frequency ILDs are directional processing with multiple

microphones (e.g., Kates, 2008, pp. 93–98) or frequency

transposition of natural ILDs at mid and high frequencies

to low frequencies (e.g., Robinson et al., 2007). Either

way, such processing requires that the signal provided

by the hearing aid dominates the acoustic signal circum-

venting the hearing aid, which may require fitting of a

tight ear mold and thereby create other problems such as

occlusion. However, details are out of the scope of the

present study.

Future studies will need to address the impact of these

potentially detrimental effects on the spatial advantage pro-

vided by better-ear glimpsing before adequate ILD enhance-

ment methods as well as improved amplification schemes

can be successfully implemented in hearing aids.

V. CONCLUSIONS

Results indicate that if audibility is compensated in lis-

teners with mild to moderate-severe, high frequency hearing

loss then they can utilize ILDs to a similar degree as NH lis-

teners to improve speech intelligibility in noise. However,

due to the limitations in user acceptance (or loudness toler-

ance) as well as available hearing aid technology, it is not

possible to provide the gain that is required to provide signif-

icant SRM at high frequencies. Nevertheless, it is possible to

introduce substantial SRM at low and mid frequencies by

artificially enhancing ILDs, which may be achieved by using

either multiple microphones or signal processing strategies

similar to frequency transposition. The present results will

help developing future hearing aid technologies as well as

amplification strategies that can improve speech intelligibil-

ity in noise by maximizing SRM. Further, overall results

also highlight the important role of audibility in utilizing

ILD cues as well as to understand speech in noise in general.
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