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Listeners with sensorineural hearing loss are poorer than listeners with normal hearing at under-
standing one talker in the presence of another. This deficit is more pronounced when competing
talkers are spatially separated, implying a reduced “spatial benefit” in hearing-impaired listeners.
This study tested the hypothesis that this deficit is due to increased masking specifically during the
simultaneous portions of competing speech signals. Monosyllabic words were compressed to a uni-
form duration and concatenated to create target and masker sentences with three levels of temporal
overlap: 0% (non-overlapping in time), 50% (partially overlapping), or 100% (completely overlap-
ping). Listeners with hearing loss performed particularly poorly in the 100% overlap condition,
consistent with the idea that simultaneous speech sounds are most problematic for these listeners.
However, spatial release from masking was reduced in all overlap conditions, suggesting that
increased masking during periods of temporal overlap is only one factor limiting spatial unmasking

in hearing-impaired listeners. © 2011 Acoustical Society of America. [DOI: 10.1121/1.3533733]

PACS number(s): 43.71.Ky, 43.66.Dc, 43.66.Pn [MAA]

. INTRODUCTION

Understanding what someone is saying in the presence
of a competing talker can be difficult as a result of at least
two distinct kinds of masking. Energetic masking (EM)
describes the reduction in the audibility of a target signal
that occurs when the target and masking signals compete for
representation in the same peripheral neural units. Peripheral
overlap occurs for signals that overlap in time and fre-
quency, as well as for those that are proximal in time or
frequency (e.g., in the case of forward masking and upward
spread of masking). Informational masking (IM, also called
perceptual or central masking; cf. Kidd et al., 2008b)
describes the interference that cannot be explained easily by
interactions in the auditory periphery. It is generally associ-
ated with confusion between the target and masker(s) or an
inability to focus attention on the target. In the case of
speech mixtures, the extent of each kind of masking can
vary. The competing signals are typically broadband but
vary in the degree to which they overlap in time and
frequency and thus in the amount of EM that is present. Fur-
thermore, a variety of more complex factors may influence
the amount of IM, including the similarity of competing voi-
ces (Brungart, 2001), and uncertainty about where and when
to direct attention (Kidd er al., 2005; Best et al., 2007; Brun-
gart and Simpson, 2007; Kitterick et al., 2010).

The spatial separation of competing speech sources is
known to improve the intelligibility of a target talker. While
this “spatial release from masking” (SRM) likely reflects a

YPortions of this work were presented at the 32nd MidWinter meeting of the
Association for Research in Otolaryngology. Baltimore, MD, 2009.

®Author to whom correspondence should be addressed. Electronic mail:
ginbest@bu.edu

1616  J. Acoust. Soc. Am. 129 (3), March 2011

0001-4966/2011/129(3)/1616/10/$30.00

Pages: 16161625

release from both EM and IM, it is often difficult to deter-
mine the contributions of the two kinds of masking to the
SRM observed in a specific listening situation. One estimate
of the amount of SRM that is attributable to a reduction in
EM comes from studies that have measured SRM for a
speech target presented against a speech-shaped (and often
speech-envelope-modulated) noise. The SRM observed in
this stimulus configuration results from improvements in the
target-to-masker ratio at one ear caused by the acoustic shad-
owing of the head as well as by improvements in audibility
due to binaural processing of differences in interaural delays.
The SRM afforded by these cues is typically on the order of
5-10 dB (Zurek, 1993; Yost, 1997; Bronkhorst, 2000).
Stimulus configurations that are dominated by IM (e.g.,
two or three simultaneous, similar talkers) may produce an
SRM that is considerably larger than that found in cor-
responding conditions for EM (e.g., Allen et al., 2008;
Marrone et al., 2008b). Arbogast et al. (2002) created an ex-
perimental stimulus in which two competing speech signals
contained minimal spectral overlap and hence minimal EM.
They did this by filtering the target and masker sentences
into narrow frequency bands and then presenting mutually
exclusive sets of bands for each. This listening situation was
thought to comprise predominantly IM, and thus the SRM
observed when the sources were spatially separated was
taken to be primarily a release from IM (around 18 dB in
that study). Freyman et al. (1999, 2001) also found a large
release from IM (6-10 dB) using a stimulus paradigm in
which the perception of spatial separation between a target
talker and a masker talker was induced using the precedence
effect. This release occurred despite a small increase in EM
resulting from the addition of a delayed masker. When a
noise masker was used instead of the speech masker in the
same paradigm, the resulting SRM was negligible. These
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findings support the idea that SRM is related to the EM/IM
content of the listening situation (see also Kidd et al., 1998
for a similar finding in a nonspeech task).

It is well known that listeners with sensorineural hearing
impairment (HI) have trouble understanding one talker in the
presence of noise or competing talkers (Carhart and Tillman,
1970; Festen and Plomp, 1990; Bronkhorst and Plomp, 1992;
Bronkhorst, 2000). For a talker presented against broadband
noise, hearing loss (HL) raises speech reception thresholds
relative to those seen in normally hearing (NH) listeners. This
appears to be both due to the reduced audibility and the
reduced frequency resolution that accompanies sensorineural
HL (Moore, 1985, 2007). In temporally fluctuating maskers,
recent evidence has suggested that the deficit may also
be related to an inability to use temporal fine structure cues
(Lorenzi et al., 2006; Hopkins et al., 2008). These effects are
consistent with increased EM in HI listeners, which may
explain part of the difficulty in competing talker situations.
Whether HL also influences IM, however, is unclear.

Only a handful of studies have attempted to explicitly sep-
arate the effects of HL. on EM and IM in the context of speech
segregation. Arbogast et al. (2005) measured masked speech
reception thresholds in NH and HI listeners but used spectrally
interleaved target and masker bands in an attempt to reduce
EM (as described above). HI listeners showed poorer thresh-
olds than NH listeners for a co-located target and masker, with
a deficit of 13 dB in noise and 4 dB in competing speech. They
suggested that spectral smearing of the acoustically narrow
speech and noise bands had the effect of producing more EM
in the HI listeners. In a recent study, Agus et al. (2009) used a
similar approach in conjunction with a “speech-in-speech-in-
noise” design to reduce EM and isolate IM in younger listeners
and older listeners with various degrees of HL. They reported
similar estimates of IM in younger and older listeners, suggest-
ing that the critical difference between these groups for speech
tasks is the amount of EM. Helfer and Freyman (2008) came
to a similar conclusion based on the finding that young listen-
ers and older listeners with HL showed the same drop in per-
formance when a low-IM masker (noise) was replaced with a
relatively high-IM masker (speech).

For a variety of tasks, HI listeners show reduced SRM
compared to listeners with normal hearing (e.g., Duquesnoy,
1983; Bronkhorst and Plomp, 1992; Marrone et al., 2008a).
One factor that may limit SRM in HI listeners is a reduced
ability to use high-frequency head shadow cues because of
elevated high-frequency thresholds (Dubno et al., 2002).
However, there may be other factors that contribute as well.
For example, as described above, situations that are domi-
nated by EM tend to exhibit less SRM than situations domi-
nated by IM. Given the evidence that HI listeners are more
susceptible to EM than NH listeners, it is plausible that this
is a factor in their reduced SRM.

This experiment tested two related hypotheses. First, we
hypothesized that it is the simultaneous portions of competing
speech waveforms that give rise to the deficits seen in HI lis-
teners, probably as a result of increased EM. Second, we
hypothesized that the reduced spatial release from speech-on-
speech masking seen in HI listeners is due to this increased
EM during the simultaneous portions of the speech. These

J. Acoust. Soc. Am., Vol. 129, No. 3, March 2011

hypotheses were tested using an approach in which the tempo-
ral overlap of a pair of competing sentences was systematically
varied. While previous studies have removed temporal overlap
by presenting entire messages sequentially (e.g., Webster and
Thompson, 1954), we varied overlap on a word by word basis
such that the competing messages were still temporally coinci-
dent at the sentence level. To enable precise control over the
amount of overlap, all words were compressed to the same du-
ration and the gaps between the target and masker words were
held constant." If these hypotheses proved true, then it follows
that both overall performance and SRM should be compro-
mised the most in HI listeners relative to NH listeners in the
case of complete temporal overlap, where the potential for EM
is maximized. Moreover, we expected that performance and
SRM would not be compromised at all in the case of zero over-
lap, because EM should not be a significant factor.

The current experiments were conducted in young listen-
ers to avoid the difficulties associated with disentangling the
effects of HL from possible effects of aging as addressed in
many of the studies mentioned above (e.g., Helfer and Frey-
man, 2008; Marrone et al., 2008a; Agus et al., 2009). In addi-
tion, a control experiment was conducted to ensure that any
differences observed between the listener groups could not be
attributed to simple differences in audibility, especially in the
high frequencies where the groups differed most in terms of
their audiometric thresholds. A subset of the NH listeners
repeated the experiment with the stimuli spectrally shaped to
approximate the audibility curve of the HI group. This condi-
tion was not designed to simulate HL, but rather to eliminate
one factor, reduced sensation level, from the list of factors
that might disrupt performance in the HI group. The remain-
ing deficits in performance in the HI group, beyond those
exhibited by this control group, could then be attributed to
suprathreshold aspects of HL, such as reduced frequency re-
solution that might increase susceptibility to EM.

Il. METHODS
A. Participants

Nine NH listeners (18-25 years of age, mean 21) and
nine HI listeners (18—44 years of age, mean 26) participated.
The NH listeners were screened to ensure that their pure-
tone thresholds were in the normal range (no greater than 20
dB HL) for octave frequencies from 250 to 8000 Hz. The HI
listeners had mild to moderately severe, bilateral, symmetric,
sloping, sensorineural HLs. Six of the nine HI listeners had
losses of unknown etiology, two were associated with hered-
itary syndromes and one was hereditary but non-syndromic.
Audiograms for each HI listener are shown in Fig. 1. Seven
of the nine HI listeners were regular bilateral hearing aid
users but their aids were removed for testing. Six listeners
from the NH group participated in a control study, in which
the experiment was repeated under a condition simulating
the audibility experienced by the HI group. All listeners
were paid for their participation.

B. Stimuli

A corpus of monosyllabic words recorded at Boston Uni-
versity’s Hearing Research Center (for details see Kidd et al.,
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FIG. 1. Left- and right-ear audiograms (crosses and circles, respectively)
for each listener in the HI group.

2008a) was modified for use in the experiment. This corpus
comprises 40 words organized into five different categories
(names, verbs, numbers, adjectives, and nouns) spoken by
eight male and eight female talkers. Each word in the corpus
was temporally compressed to have a duration of exactly 200
ms using PRAAT software (Boersma and Weenink, 2009). The
compression algorithm uses a pitch-synchronous overlap and
add (PSOLA) algorithm that maintains the voice pitch infor-
mation. Note that the unprocessed stimuli had durations rang-
ing between 385 and 1051 ms, so in proportional terms, the
compression ranged from 19% to 52%.

A target sentence was created by concatenating five words
from the same talker with 200-ms intervening silent gaps (see
Fig. 2). A masker sentence was created in the same way using
a different talker of the same gender. The first word of the tar-
get was always the name BOB to identify it as the target sen-
tence, but the other four target words and all five of the masker

quiet
| BOB | [Tovs]| | PAT | | RED | [ NEW |
PN

200 ms
0% overlap
| BOB TOYS PAT RED NEW

CcoLD TWO BAGS LOST JANE |
50% overlap
| BOB | [ToYs| | PAT | | RED | [ NEW |
lcolp | [Two | [BaGs | |LOST] [JANE |

100% overlap

BOB TOYS PAT RED NEW
coLD TWO BAGS LOST JANE

FIG. 2. Schematic illustration showing the temporal structure of the target
(white) and masker (gray) sentences in the quiet training condition (top) as
well as in the masked conditions with 0%, 50%, and 100% overlap.
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words were randomly chosen without replacement from the
remaining 39 words in the corpus with no attempt to use cor-
rect syntax. For example, target and masker sentences could be
BOB TOYS PAT RED NEW and COLD TWO BAGS LOST
JANE. All words were scaled to equal root-mean-square before
concatenating, and the target and masker sentences were pre-
sented at the same level, chosen separately for each of the two
listener groups to be comfortably loud [NH: 76 dB, HI: 96 dB
sound pressure level (SPL)].

For the control study, an attempt was made to simulate
in NH listeners the overall audibility of the speech stimuli in
the HI group. The stimuli were filtered using a custom filter
that had attenuation characteristics matching the mean
audiogram of the HI group. Although this filter introduced
attenuation across the spectrum, the attenuation was greatest
in the high-frequency region and thus is referred to through-
out the text as a “low-pass filter” and the control group as
the normally hearing low-pass (“NHLP”) group. The stimu-
lus level was set to 96 dB SPL before filtering such that the
resulting sensation level in the NHLP group would be simi-
lar to that of a listener with the average HI audiogram.

C. Procedures

Digital stimuli were generated on a personal computer
(PC) using maTLAB software (MathWorks Inc, Natick, MA).
The stimuli were digital-to-analog (D/A) converted and attenu-
ated using System II hardware (Tucker-Davis Technologies,
Alachua, FL) and presented over HD580 headphones (Sennhe-
iser, Wedemark, Germany). Listeners were seated in a sound-
treated booth fitted with a monitor and mouse and indicated
their responses by clicking with the mouse on a graphical user
interface. The interface contained a 5 x 8 grid of buttons,
where each button was labeled with one word from the corpus.
To assist with navigation around the grid, the five columns rep-
resented the five word categories, and the eight options in each
category were arranged alphabetically within a column (except
for the numbers, where numerals were used and arranged in
order from lowest to highest).

Listeners responded to the five target words by clicking
five different buttons on the interface (in the order in which
they heard the words, or remembered hearing the words).2
Each word in the response was scored separately and was
only judged correct if it was the correct word in the correct
position. Incorrect words were classified into one of three
error categories. “Masker errors” were errors in which
the response word corresponded to any of the words in the
masker sentence. “Order errors” were errors in which the
response word corresponded to one of the other target words
in the sentence. “Random errors” were the remaining errors,
in which the response word did not correspond to any of the
presented words. Take the example used above, where
the target sentence was BOB TOYS PAT RED NEW and
the masker was COLD TWO BAGS LOST JANE. If the
response was BOB TOYS FOUND NEW JANE, the words
BOB and TOYS would be scored as correct, FOUND would
be classified as a random error, NEW as an order error, and
JANE as a masker error. Because the first word was always
the same, performance was essentially perfect and was not
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included in the presented results. For the remaining words,
listeners showed some evidence of a serial order position
effect with performance being superior at either end. This
effect did not interact with any of the manipulations of inter-
est in the study, and thus performance is presented as a mean
score across the last four words in a response.

D. Conditions

Before commencing the main experiment, listeners com-
pleted one or more training blocks in which the target was
presented diotically with no masker sentence present. These
blocks gave listeners a chance to learn the response grid and
also provided baseline intelligibility measures for the com-
pressed words. Each listener completed between one and six
blocks of 30 trials, depending on previous experience with the
stimuli and response grid and how quickly they felt confident
about using the response grid effectively. In cases where
more than one block was completed, only the score for the
final block is reported.

In the main experiment, target and masker sentences
were presented with one of three levels of temporal overlap
(see Fig. 2). Temporal overlap was either 0% (target and
masker were perfectly interleaved and did not overlap at all),
50% (target and masker overlapped for half of the word du-
ration), or 100% (target and masker were simultaneous and
overlapped completely). In the 0% and 50% conditions, the
temporally leading sentence was randomly the target or
masker sentence, with equal numbers of trials of each over
the course of a block.

While the target sentence was always presented dioti-
cally, the masker sentence was presented with one of two
spatial configurations. In the “co-located” configuration, the
masker sentence was also diotic. In the “separated” configu-
ration, the masker sentence was lateralized to the right side
by introducing an interaural time difference of 0.6 ms.

An experimental session consisted of six 30-trial blocks,
one in each of the six conditions (two spatial configurations
and three levels of temporal overlap). Each listener completed
four such sessions, and the order of the blocks was randomized
within each session. Because there were four words scored per
trial and 120 trials per condition, percent correct scores for
each listener were based on 480 response words in total.

Ill. RESULTS
A. Individual results

The percent correct scores for the nine NH listeners are
shown in Fig. 3. The dashed lines at the top of each panel
show quiet performance. The three lines in each panel show
performance for the three overlap conditions in the co-located
(left) and separated (right) configurations. All listeners per-
formed well in quiet, with scores between 82% and 97% cor-
rect. Most listeners performed poorly (50% or below) in the
co-located configuration for all overlap conditions. An excep-
tion to this is listener NH1 who performed relatively well in
the 0% and 50% overlap conditions. In all cases, there was a
clear benefit of spatial separation. For each individual listener,
performance in the separated configuration was similar across
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FIG. 3. Individual data for the nine listeners in the NH group. Each panel
shows performance (in percent correct) for a different listener as a function
of spatial configuration. The three lines in each panel represent the three
overlap conditions (0%, black circles; 50%, gray squares; 100%, white trian-
gles). Dashed lines at the top of each panel show quiet performance.

the three overlap conditions and either approached quiet per-
formance (e.g., NH3 and NH9) or was somewhat poorer than
the quiet performance (e.g., NH2 and NHS).

The percent correct scores for the nine HI listeners are
shown in Fig. 4. Again the dashed lines at the top of each
panel show quiet performance, and it is clear that some

100 e

& 75 7‘ - AR :
8

2 / | / _ _
E D/‘>
€25 T —" 1 .
o ol HI ‘ HI2 . HI3
& 75 %I 1 oo ;
g 50 1 1 y
£

e 25 1 . é .
[0

L HI4 HI5| ©  HIB
g 750 T 1 1
(0]

(8]

5 50 l/ 1 ] 1
2 2 o= | & |
. oL HI7 | HI8 | HI9

Col Sep Col Sep Col Sep

FIG. 4. Individual data for the nine listeners in the HI group. Other details
as per Fig. 3.
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listeners had trouble identifying these words even in quiet
(e.g., HI3 and HI8 with scores around 75%). Most listeners
performed poorly (50% or below) in the co-located configu-
ration for all overlap conditions. Two exceptions are listen-
ers HI1 and HI4 who performed relatively well in the 0%
and 50% overlap conditions. Again, in all cases, there was a
benefit of spatial separation. For some listeners (e.g., HI1
and HI3), performance in the separated configuration for 0%
and 50% overlap approached performance in quiet, but
100% overlap scores were substantially worse. For other
listeners (e.g., HI8 and HI9) scores in the separated configu-
ration were poor in all overlap conditions.

The percent correct scores for the six NH listeners in the
control experiment are shown in Fig. 5. These panels can be
compared to the corresponding panels in Fig. 3, which show
data from the same listeners. Quiet scores with low-pass fil-
tered stimuli were similar to scores with unfiltered stimuli.
Moreover, in the masked conditions, each listener showed
similar performance across the two experiments. One excep-
tion is NH6, who showed some drop in performance with
low-pass filtering in the 100% overlap condition.

B. Mean results

Figure 6 shows group mean scores for the co-located
(top row) and separated (middle row) configurations. The
bottom row shows the subtraction of these scores (SRM),
which will be discussed below. The left column compares
results for the NH and HI groups. The right column com-
pares results for the NH subgroup who participated in the
main experiment as well as in the control experiment (NH
and NHLP). The three clusters of bars in each panel show
the three overlap conditions as labeled.

The first comparison of interest is between the NH and
HI groups. In the co-located configuration (top left panel),
NH listeners achieved scores of 40%, 46%, and 34% in the
0%, 50%, and 100% overlap conditions, respectively. The HI
group performed similarly, with scores of 42%, 43%, and
28%. Separation of the masker (middle left panel) provided a
benefit in all overlap conditions for the NH group and the HI
group. However, the separated scores were poorer in the HI
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FIG. 5. Individual data for the six listeners in the NHLP group. Other
details as per Fig. 3.
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FIG. 6. Mean performance and SRM for the NH and HI groups (left col-
umn) and the NH subgroup without and with low-pass filtering (right col-
umn). The top and middle panels show performance (in percent correct) for
the co-located and separated configurations, respectively. The bottom panel
shows SRM (in percentage points—note the ordinate scale is different to
upper panels). The three clusters of bars show results for the three overlap
conditions. Bars represent mean results pooled across listeners and the error
bars show *1 standard deviation of the mean.

group than in the NH group, particularly for the 100% overlap
condition (57%, 61%, and 45% vs 69%, 72%, and 69%). A
three-way analysis of variance (ANOVA) (Table I) showed
significant main effects of spatial configuration and overlap
condition, but no significant main effect of listener group.’
Listener group interacted significantly with spatial configura-
tion and with overlap condition, but the interaction between
spatial configuration and overlap condition was not significant
nor was the three-way interaction. Planned comparisons
(t-tests, p < 0.05) indicated that scores in the HI group were
significantly poorer than those in the NH group in the 100%
overlap condition for both co-located and separated configura-
tions, but did not differ significantly in any other condition.
The second comparison of interest is between the broad-
band and low-pass filtered conditions for the subset of six
NH listeners who completed both. The black bars in the right
column of Fig. 6 show mean performance for this subset in
the main experiment. Comparison to mean performance for
the full group of nine listeners (black bars in the left column
of Fig. 6) indicates that this subset was a good representative
sample of the larger group. In the co-located configuration
(top right panel), these subjects performed slightly better in
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TABLE I. ANOVA results and effect sizes (partial #-squared) for analysis
of overall performance. The top half of the table compares NH and HI
groups. A three-way ANOVA was conducted with spatial configuration and
overlap condition as within-subjects factors, and listener group as a
between-subjects factor. The bottom half of the table compares NH and
NHLP groups. A three-way ANOVA was conducted with spatial configura-
tion, overlap condition, and filtering as within-subjects factors.

Groups Factor df F p Effect size
NH vs HI Spatial 1,16 328.6 0.000" 0.95
Overlap 2,32 16.8 0.000" 0.51
Group 1,16 2.8 0.12 0.15
Spatial x overlap 2,32 2.1 0.14 0.11
Spatial x group 1,16 26.8 0.000" 0.63
Overlap x group 2,32 3.5 0.042° 0.18
Spatial x overlap x group 2,32 20 0.15 0.11
NH vs NHLP Spatial 1,5 1343 0.000 0.96
Overlap 2,10 6.1 0018 055
Filter 1,5 2.0 0.22 0.28
Spatial x overlap 2,10 0.6 0.56 0.11
Spatial x filter 1,5 2.1 021 0.29
Overlap x filter 2,10 4.8 0.035° 049
Spatial x overlap x filter 2, 10 1.0 042 0.16

“Significant at p < 0.005.
“Significant at p < 0.05.

the control experiment than in the main experiment for all
overlap conditions (scores of 50%, 49%, 36%). In the sepa-
rated configuration (middle right panel), scores were again
slightly higher in the NHLP group for 0% and 50% overlap
but slightly worse for 100% overlap (scores of 75%, 76%,
and 66%). A three-way ANOVA (Table I) showed signifi-
cant main effects of spatial configuration and overlap condi-
tion, but no significant main effect of filtering. Listener
group interacted significantly with overlap condition, but the
other two-way interactions and the three-way interactions
were not significant. Planned comparisons (paired t-tests,
p <0.05) found a significant effect of filtering only for the
co-located configuration with 0% overlap, where listeners
performed slightly better with low-pass filtered stimuli. This
may reflect a small learning effect, as the low-pass filtered
experiment was completed after the broadband experiment.

The results reported here confirm that the HI group per-
formed more poorly than the NH group for completely overlap-
ping stimuli. Low-pass filtering the stimuli for the NH group
did not reduce performance under any condition, suggesting
that the deficit in the HI group relative to the NH group cannot
be attributed primarily to reduced high-frequency audibility.

C. SRM

The bottom panels of Fig. 6 show the SRM (difference in
percentage points between performance in the separated and
co-located configurations) for the different listener groups and
overlap conditions. Taking first the NH and HI comparison
(bottom left panel), the NH group obtained benefits of 29, 26,
and 35 percentage points for the 0%, 50%, and 100% overlap
conditions. The HI group showed less SRM (15, 18, and 17
percentage points). A two-way ANOVA (Table II) conducted
on the benefits revealed a significant main effect of group but
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no significant main effect of overlap and no interaction.*
Planned comparisons (#-test, p < 0.05) confirmed that the effect
of HL was significant in each of the three overlap conditions.
Comparison of the NH and NHLP groups (bottom right panel)
reveals similar amounts of SRM in the three overlap conditions
(NH: 30, 26, and 34 percentage points; NHLP: 26, 27, and 29
percentage points). A two-way ANOVA (Table II) found no
significant main effect of filtering or overlap and no significant
interaction. In sum, these analyses confirm that SRM was sig-
nificantly reduced by HL in all overlap conditions but was not
significantly reduced by low-pass filtering.

D. Error patterns

To explore the basis of the differences between the NH
and HI groups further, incorrect responses for each listener
were classified into the three different error types as
described in Sec. II C. The types of errors made by listeners
can often be revealing as to the nature of the interference
they experience under different listening conditions. For
example, in closed-set speech identification experiments, the
occurrence of errors in which listeners report words from the
competing sentences is often interpreted as evidence for IM
(Brungart, 2001; Kidd et al., 2005). Conversely, responses
that are not present in the stimulus are associated with EM.

Masker errors were the most common error type overall,
occurring on 23% of all trials (pooled across overlap condi-
tions, spatial configurations, and listeners). Order errors
occurred on 12% of trials and random errors on 15% of tri-
als. Note that masker errors were much more frequent than
would be expected if listeners chose from the grid randomly
when they erred. Random guessing predicts that masker/
order/random errors should occur in proportions of 0.13/
0.08/0.79, respectively. Instead, the observed proportions
were 0.48/0.24/0.28.

Figure 7 illustrates the frequency of the different error
types with a breakdown by overlap condition and listener
group. The left and right columns show the co-located and
separated configurations, and the top, middle, and bottom
panels in each column show rates of masker errors, order
errors, and random errors. In each panel, the bars represent
mean error rates as a percentage of total trials for the NH
and HI groups in the different overlap conditions.

TABLE II. ANOVA results and effect sizes (partial #-squared) for analysis
of SRM. The top half of the table compares NH and HI groups. A two-way
ANOVA was conducted with listener group as a between-subjects factor
and overlap condition as a within-subjects factor. The bottom half of the ta-
ble compares NH and NHLP groups. A two-way ANOVA was conducted
with filtering and overlap condition as within-subjects factors.

Groups Factor df F p Effect size
NH vs HI Overlap 2,32 2.1 0.14 0.11
Group 1,16 267  0.000 0.63
Overlap x group 2,32 2.1 0.15 0.11
NH vs NHLP Overlap 1,5 2.1 0.21 0.29
Filter 2,10 0.6 0.56 0.11
Overlap x filter 2, 10 1.0 042 0.16

“Significant at p < 0.005.

Best et al.: Spatial release and temporal overlap 1621



Co-located Separated
50
I \H

< 40 [__IH
[2]
5 30
@
g 20 1
[%]
©
= 10 ]

0

40
S
® 30
e
®
5 20 1
e
o ﬁ iL‘ il‘ ﬂ

0
® 40
®
o 30 1
@
§ 20 _
©
C
©

0

0%  50% 100% 0%  50% 100%

FIG. 7. Error rates for the NH and HI groups. The left and right columns
show data for the co-located and separated configurations, and the three
rows show masker errors, order errors, and random errors. The three clusters
of bars in each panel show the three overlap conditions. Bars show the mean
error rates in percent of total trials, such that the different error rates add up
to the total percentage of incorrect trials. The error bars show *1 standard
deviation of the mean.

In the co-located configuration, masker errors increased
with increasing temporal overlap and were slightly more
common in the NH group (top left panel). In the separated
configuration, masker errors were reduced in all conditions
and groups, the effect of overlap was not apparent, and
masker errors were slightly more common in the HI group
(top right panel). A three-way ANOVA (Table III) showed a
significant main effect of spatial configuration and overlap
condition but no significant main effect of group. Spatial
location interacted significantly with overlap condition and
with group, and the three-way interaction was also signifi-
cant. Planned comparisons (#-tests, p < 0.05) suggested that
the NH group made more masker errors in the co-located
configuration for 100% overlap, and the HI group made
more masker errors in the separated configuration for 100%
overlap.

Order errors decreased with increasing temporal overlap
in both co-located and separated configurations and were
similar across the two listener groups (middle row). A three-
way ANOVA (Table III) revealed significant main effects of
spatial configuration and overlap condition but no significant
main effect of group. Spatial configuration interacted signifi-
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TABLE III. ANOVA results and effect sizes (partial #-squared) for analysis
of error rates in NH and HI listener groups. The top third of the table shows
results for masker errors, the middle third shows results for order errors, and
the bottom third shows results for random errors. For each error type, a
three-way ANOVA was conducted with spatial configuration and overlap
condition as within-subjects factors and listener group as a between-subjects
factor.

Error type Factor df F 14 Effect size
Masker Spatial 1,16 399.4 0.000 0.96
Overlap 2,32 49 0.014° 0.23
Group 1,16 0.0 0.95 0.00
Spatial x overlap 2,32 135 0.000° 0.46
Spatial x group 1,16  20.1 0.000° 0.56
Overlap x group 2,32 0.8 045 0.05
Spatial x overlap x group 2, 32 43 0.023° 0.21
Order Spatial 1,16  32.6 0.000* 0.67
Overlap 2,32 334 0.000" 0.68
Group 1, 16 04 0.54 0.02
Spatial x overlap 2,32 8.5 0.001* 0.35
Spatial x group 1,16 135 0.002* 0.46
Overlap x group 2,32 0.0 0.96 0.00
Spatial x overlap x group 2, 32 0.7 0.49 0.04
Random Spatial 1,16  34.0 0.000* 0.68
Overlap 2,32 76.8 0.000" 0.83
Group 1,16 18.0 0.001" 0.53
Spatial x overlap 2,32 1.7 0.20 0.10
Spatial x group 1,16 4.3 0.056 0.21
Overlap x group 2,32 9.4 0.001* 0.37
Spatial x overlap x group 2, 32 0.8 045 0.05
“Significant at p < 0.005.

"Significant at p < 0.05.

cantly with overlap condition and with group but the three-
way interaction was not significant. Planned comparisons (-
tests, p <0.05) revealed no difference between listener
groups in any condition.

As expected, random errors were most frequent in the
100% overlap condition. Moreover, the HI group consis-
tently made more random errors than the NH group. A three-
way ANOVA (Table III) showed significant main effects of
spatial configuration, overlap condition, and listener group,
as well as a significant interaction between overlap and
group. The three-way interaction was not significant.
Planned comparisons (z-tests, p < 0.05) indicated that the HI
group made more random errors in the 50% and 100% over-
lap conditions for both spatial configurations and in the 0%
overlap condition for the separated configuration only.

IV. DISCUSSION

This study tested the hypothesis that the increased
speech-on-speech masking seen in HI listeners and the
reduced spatial release from such masking are due to
increased EM in the simultaneous portions of the speech
waveforms. A novel two-talker paradigm was used that gave
rise to a large amount of IM. By varying the temporal over-
lap of the competing talkers, the amount of EM was system-
atically varied. We predicted that HI listeners would show
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the largest deficit relative to NH listeners in the case of com-
plete temporal overlap (where EM was maximized) with lit-
tle or no deficit in the case of zero overlap (where EM was
negligible). It was also hypothesized that increased EM
would lead to reduced SRM in HI listeners under conditions
involving temporal overlap, but that zero overlap would give
rise to comparable SRM in NH and HI groups. While the
first hypothesis was confirmed, the second hypothesis was
not.

Both NH and HI groups performed most poorly in the
100% overlap condition, reflecting the fact that temporal
overlap in the competing sentences caused detrimental EM
(or “mutual masking,” Darwin, 2007) in addition to the
strong IM caused by the presence of masking words from
the same set as the target words. It was interesting to find
that scores in the 50% overlap condition tended to follow
scores in the 0% overlap condition rather than representing
an intermediate case. It seems that these word tokens were
redundant enough that presenting half of a word in isolation
was similar to presenting the whole word in isolation with
respect to conveying word identity. The deficit for the 100%
overlap condition was larger in the HI group than in the NH
group, supporting our hypothesis that it is the simultaneous
portions of competing speech mixtures that pose the most
difficulty for listeners with HL.

Our finding implies that the primary factor reducing per-
formance in HI listeners for competing speech tasks is
increased EM and not increased IM. This complements pre-
vious studies that have reported similar amounts of IM in
younger and older listeners despite differences in the amount
of EM (Li et al., 2004; Helfer and Freyman, 2008; Agus et
al., 2009). Together these results indicate that HL in younger
and older listeners increases EM and reduces performance in
realistic listening situations.

In another related study, Arehart and colleagues showed
that increased masking between concurrent vowel stimuli in
listeners with HL degraded the individual representation of
the vowels (Arehart et al., 2005; Rossi-Katz and Arehart,
2005). They also showed that presenting the vowel pair to
different ears, and thus removing the peripheral overlap,
remediated this deficit to some extent (Arehart et al., 2005).
Presenting the simultaneous talkers with different ITDs did
not provide a comparable release given that the scores for
the HI group remained low (and in particular random errors
remained high) in the ITD-separated configuration. It seems
likely that the separation by ITD was less effective than sep-
aration by ear because of the peripheral overlap (and EM)
that remained.

The prediction that removing temporal overlap in the
competing sentences would allow HI listeners to achieve
SRM equivalent to that seen in NH listeners was not borne
out. Rather, spatial release was reduced in HI listeners in all
overlap conditions. This arose because scores in the sepa-
rated configuration were worse in the HI group (although not
significantly) even for the 0% overlap condition. Despite this
group result, there were some listeners for whom perform-
ance in the separated configuration for 0% and 50% overlap
approached quiet levels (e.g., HI1 and HI3), and overall the
recovery toward quiet performance in those conditions was
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better than in the 100% overlap condition. This suggests
that, at least in some listeners, there is no deficit in spatial
perception per se but only in the ability to use perceived
location to separate simultaneous signals.

For the listeners who did show a deficit in all masked
conditions, regardless of temporal overlap, there are several
possible explanations. One explanation is that HI listeners
cannot use spatial separation to perceptually segregate sound
sources—and therefore reduce IM—to the same extent that
NH listeners can. This seems unlikely given the large and sa-
lient ITD difference that was used in the current study; past
studies have found that HI listeners are often able to use
much subtler spatial cues to discriminate sound source loca-
tions than those employed here (Colburn, 1982; Héausler et
al., 1983; Smith-Olinde et al., 1998). Another possibility is
that distortions of the stimulus related to HL caused
increased confusions between the target and the masker that
persisted in the HI group even with the aid of spatial separa-
tion. Both of these explanations, suggesting that IM is not
released as effectively in HI listeners, would predict an
increase in masker errors in the separated configuration.
However, this was not observed. A third explanation is that
EM is increased in HI listeners even in cases of temporally
non-overlapping sounds, perhaps due to increased forward
masking (Nelson and Freyman, 1987; Festen, 1993; Jin and
Nelson, 2006). This explanation receives some indirect sup-
port from the error analysis, which indicated that the deficit
in the HI group relative to the NH group in the 0% overlap
condition was driven by increased random errors. An experi-
ment that delivered target and masker sentences to the two
ears separately (as per Arehart er al., 2005) might help to
test this possibility. Finally, a fourth possible explanation is
that the degraded representation of speech caused by HL
interacts with task difficulty, impairing performance on chal-
lenging speech tasks even when the signals are acoustically
perfectly segregated as in the non-overlapping condition of
this study. It has been shown previously, for example, that
simulated HL exacerbates the effects of time compression of
words such as that used in this study (Stuart and Phillips,
1998), and that HL increases the processing load during lis-
tening such that the subsequent recall of speech is adversely
affected (see for e.g., McCoy et al., 2005). These additional
costs in HI listeners under such conditions may place a hard
“limit” on performance so that the full benefit of manipula-
tions like spatial separation cannot be achieved.

V. CONCLUSIONS

This experiment examined performance in a speech-on-
speech task as a function of the temporal overlap of the com-
peting signals. Listeners with HL performed particularly
poorly relative to listeners with normal hearing in the 100%
overlap condition, consistent with the idea that simultaneous
speech sounds are most problematic for these listeners. How-
ever, their SRM was reduced in a// overlap conditions, sug-
gesting that increased masking during periods of temporal
overlap is only one factor limiting spatial unmasking in HI
listeners for competing speech situations. Reduced audibility
did not appear to account for the current results.
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