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Summary
The ability to intentionally control attention based on task goals and stimulus properties is critical to communica-
tion in many environments. However, when a person has a damaged auditory system, such as with hearing loss,
perceptual organization may also be impaired, making it more difficult to direct attention to different auditory
objects in the environment. Here we examined the behavioral cost associated with maintaining and switching at-
tention in people with hearing loss compared to the normal hearing population, and found a cost associated with
attending to a target stream in a multi-talker environment that cannot solely be attributed to audibility issues.

© 2018 The Author(s). Published by S. Hirzel Verlag · EAA. This is an open access article under the terms of the
Creative Commons Attribution (CC BY 4.0) license (https://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Listeners with sensorineural hearing loss (HL) often ex-
perience difficulty understanding speech in the presence
of competing talkers [1]. This observation has been well
documented clinically [2] and is supported by both sub-
jective ratings [3] and by empirical studies in laboratory
settings [4]. Yet, uncovering the root cause of this listen-
ing difficulty in everyday settings has been elusive. Un-
doubtedly, audibility plays an important role in determin-
ing speech recognition ability [5]; but when audibility has
been statistically accounted for [6], the influence of other
cognitive factors on listeners’ performance emerges (e.g.,
working memory [7]). A meta-analysis of twenty studies
investigating the relationship between speech recognition
in noise and cognitive abilities concluded that while there
is some link between cognitive performance and speech
reception, its exact nature is unclear [8]. This is perhaps
complicated by the fact that the relationship of speech in-
telligibility to hearing and cognition varies for different
speech perception tests [9], and thus disentangling the im-
pact of HL from age-related cognitive factors is challeng-
ing [10]. Here, by only incorporating over-learned stimu-
lus tokens in an established dual-stream paradigm [11, 12]
that has previously been used to study maintaining and
switching attention in listeners with normal hearing (NH),
we investigated whether there is a HL-related behavioral
cost associated with attention deployment.
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2. Methods

2.1. Subjects and inclusion criteria

Subjects were required to speak English fluently, have no
active otologic disorders, and have symmetrical hearing
with no conductive involvement (i.e., interaural hearing
threshold levels within 15 dB and air-bone gaps within
10 dB). All subjects also underwent a cognitive screening,
and they had to score 26 or better on the Montreal Cogni-
tive Assessment [13] for inclusion to reduce the likelihood
of including subjects ranging from mild to severe cogni-
tive impairment.

Inclusion criteria for the NH group included hearing
threshold levels of 25 dB HL or better from 250-8000 Hz.
Inclusion criteria for the HL group included hearing
threshold levels of 55 dB HL or better from 250–2000 Hz,
70 dB HL or better from 2000-4000 Hz, and unrestricted
from 4000–8000 Hz. Ten subjects with sensorineural HL
and 10 age-matched (±2 years) NH listeners participated,
between the ages of 18 and 64 years. All subjects gave in-
formed consent to participate in the study as approved by
the University of Washington Institutional Review Board.

2.2. Dual-stream task

Subjects performed a task where they pressed a response
button as quickly as possible whenever the target (one of
two simultaneous talkers) said the letter “O” (Figure 1).
Each talker spoke streams of four consecutive letters, with
a 200, 400, or 600 ms silent gap (δ) separating the first two
from the last two letters. One talker was male, the other fe-
male (see 2.4 for more information). Subjects were cued
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Figure 1. The dual-stream paradigm, with correct example main-
tain and switch attention responses below. The gap duration (δ)
can be 200, 400, or 600 ms.

at the start of each trial by the initial target talker saying
“AA” or “AU.” “AA” indicated to attend to that talker for
the entire trial (maintain-attention), and “AU” to switch at-
tention to the other talker after the gap (switch-attention).
An auditory cue was used in order to keep the visual field
constant (fixation dot).

2.2.1. Training
Three training block types ensured that subjects un-
derstood and could perform 1) maintain-attention trials
(only), 2) switch-attention trials (only), and 3) a mixture
of maintain- and switch-attention trials. Each block type
was repeated until the subjects were able to perform the
task with a 100% hit rate and 0% false alarm rate on 6/10,
6/10, and 4/10 trials, respectively. The time for this task
varied across participants depending on their performance.

2.3. Single-stream control task

Prior to performing the training and dual-stream task, sub-
jects performed a single-stream control task. Individual
letters (0.5-1.5 sec random inter-stimulus interval, inter-
mixed male and female talkers) were presented, and sub-
jects were instructed to press a button as soon as possible
following any “O”. The randomized stream consisted of 96
“O” and 155 non-target letters (see 2.4 below). This task
served three purposes: 1) ensure task-specific audibility,
i.e., ability for all our subjects to identify the target letter
presented in isolation, 2) familiarize each subject with the
stimuli and response interface, and 3) provide an individ-
ualized (baseline) single-stream reaction-time.

2.4. Stimuli

Stimuli were generated using tokens from one male and
one female talker in the ISOLET v1.3 corpus [14], cho-
sen such that all letters are as close as possible to, but no
longer than, 500 ms in duration (trimmed of leading and
trailing silence, and downsampled to 24414 Hz, 16 bits).
Each letter was matched in intensity. The subset of letters
used were {A, U} (cue); {O} (target); and {D, E, G, P, V}
(non-target), with the mean pitch for each letter ranging
from 108–131 Hz (male) and 180–202 Hz (female).

The stimulus for each dual-stream trial was comprised
of a 2-letter cue, 500 ms of silence, then two simultaneous

sequences of four letters each. A silent gap of 200, 400,
or 600 ms was inserted between the first two and last two
simultaneously spoken letters. “O” stimulus onsets were
spaced by at least 1000 ms to ensure that reaction times
could be disambiguated. There were 228 dual-stream tri-
als and 38 trials per condition (maintain/switch x 3 gaps).
In each trial, the probability of an “O” in each stimulus
slot was 0.6, 0.4, 0.59, and 0.41, and non-target letters
were randomly chosen. The 228 trials were broken into
10 blocks (24 trials for each block except blocks 9 and
10, which had 18 trials) such that each block contained an
even distribution of trials from each condition. This took
roughly 24 minutes independent of breaks.

Stimuli were presented diotically through Etymotic ER-
2 insert earphones via a TDT RP2 real-time processor
(Tucker Davis Technologies, Alachula, FL) to subjects
seated in a sound-treated room. For NH listeners, we pre-
sented stimuli at 65 dB SPL (resulting in 39 to 52 dB SL).
For HL listeners, we used an audible and comfortable lis-
tening level, aiming for a 20-30 dB SL referenced to their
500-4000 Hz pure tone average. Stimuli were presented at
65 dB SPL if the resulting SL was at least 20 dB, other-
wise the level was increased to 75 dB SPL. For 6 listeners,
20 dB SL was not comfortably loud enough, so 75 dB SPL
was used (yielding 32-43 dB SL). For 1 listener, 20 dB SL
was too loud, so 10 dB SL (90 dB SPL) was used.

2.5. Behavioral measures

To compute d� and reaction times, responses between 100
and 1000 ms after the onset of a target “O” were consid-
ered “hits” (and for a masker “O,” as false alarms). By this
definition, false alarms are taken to be when a listener as-
signs a letter to the incorrect stream (i.e., presses to an “O”
in the masker stream) rather than when they fail to identify
a letter in the target stream (e.g., press to the occurrence of
an “E” in the target stream that they thought was an “O”).
Only button presses in response to target “O” stimuli were
used to compute reaction times. Normalized dual-stream
values (here called ΔRT) were computed by subtracting
the one single-stream (control) task reaction time value for
each subject from all of their dual-stream reaction times.

2.6. Clinical measures

We performed a battery of clinically-validated tests related
to listening in crowded environments, including the Multi-
modal Lexical Sentence Test in 4-talker babble (MLST;
[15]), the short form of the Speech, Spatial and Qualities
questionnaire (SSQ-12; [3, 16]), the Abbreviated Profile
of Hearing Aid Benefit (APHAB; [2]), and pure-tone av-
erage (PTA).

3. Results

3.1. Single-stream (control) task

In single-stream (control) task, there was no significant
difference between the NH and HL groups in error rate
(two-sample t-test p = 0.800) – which was < 6% for all
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subjects – or RT (p = 0.733), and no significant correla-
tion between age and RT (p = 0.239).

3.2. Dual-stream task

In training, all subjects successfully learned the dual-
stream task, taking at most 5 total blocks to pass the crite-
ria for all 3 types of training blocks. There was no signifi-
cant difference between NH vs. HL in the total number of
training blocks, or number of training blocks of each type
(t-test p > 0.05).

To evaluate task performance, we used a 4-way ANOVA
(within factors: attention condition, gap duration, response
slot; between factor: NH vs. HL) on both d� and ΔRT.
We found significant main effects on d� and ΔRT of at-
tention (p < 0.001 and p = 0.002, respectively), gap
(p ≤ 0.001 both), and slot (p < 0.001 both). We also
found a significant main effect of NH vs. HL for ΔRT
(p = 0.005). There were significant interactions for d�

and ΔRT of slot×attention (p < 0.001 both), slot×gap
(p < 0.001 both), and slot×attention×gap (p = 0.010 and
p = 0.007), but none involving NH vs. HL (p > 0.05 all).

Due to the significant main effect of gap duration, post-
hoc paired t-tests were performed between each gap du-
ration (collapsing across the other three dimensions). We
found that 200 ms was significantly greater than 400 and
600 ms for ΔRT (p < 0.005 each, Bonferroni corrected),
and that 200 and 400 were significantly less than 600 ms
for d� (p < 0.001 and p = 0.015 respectively). Be-
cause this was largely consistent with our previous re-
sults [11, 12], performance is shown in Figure 2 collapsed
across gap durations.

Due to the significant main effect of slot, post-hoc
paired t-tests were performed between all response slots
(collapsing across the other three dimensions). There were
significant (Bonferroni corrected p < 0.05) differences be-
tween all pairs of slots for d� and ΔRT, except for d� slot 3
vs 4 and ΔRT slot 2 vs 4.

To compare the dual- and single-stream tasks, we tested
whether the reaction times were significantly different—
i.e., whether ΔRT was significantly different from zero—
as a function of slot, attention condition, and NH/HL while
collapsing across gap durations. For NH, only slot 1 in
the switch-attention condition was significant at the p <
0.05 level (Bonferroni corrected); for HL listeners, both
attention conditions were significantly different for slots 1
and 3 (Figure 2).

We examined speed-accuracy trade-offs by correlating
d� withΔRT and with single-stream (control) reaction time
across subjects (collapsing attention and gap; using slot 3
as it was the most relevant for the switch condition), but
these were not significant.

3.3. Exploratory correlations

We computed Pearson correlation coefficients for ΔRT (in
slot 3, collapsed across gaps) in maintain and switch con-
ditions as well as single-stream (control) RT with four
clinical measures: PTA, SSQ, APHAB, and MLST. The

Figure 2. NH and HL dual-stream task performance for maintain-
and switch-attention trials (dark solid and light hatched bars)
in each response slot (abscissa). ΔRT asterisks indicate signifi-
cant differences between the dual- and the single-stream reaction
times. Although we measured responses for three gap durations,
these have been collapsed here as the trends followed our previ-
ously published results [11].

only significant (uncorrected) correlations were PTA with
ΔRTmaintain (r = 0.525, p = 0.017) and ΔRTswitch (r =
0.609, p = 0.004), and MLST in the auditory-only con-
dition presented at 8 dB target-to-masker ratio (r = 0.502,
p = 0.024), but these were not significant for the HL group
by itself (p > 0.7, all).

In a post-hoc exploration, we created an index to quan-
tify the difficulty of selecting a talker relative to follow-
ing a talker in the attended stream by computing an in-
dex over ΔRT values in the switch-attention condition:
index = (slot1 + slot3) − (slot2 + slot4). This index was
not correlated with the single-stream (control) RT (p =
0.321). For clinical measures, this index was not corre-
lated with MLST (p > 0.297 for all four conditions),
but was correlated with PTA (r = 0.603, p = 0.005)
and SSQ (r = −0.479, p = 0.033). This index was
also correlated with the APHAB (unaided) global score
(r = 0.595, p = 0.006) and its sub-scales for ease of com-
munication (EC; r = 0.587, p = 0.006), reverberation
(RV; r = 0.579, p = 0.007), and background noise (BN;
r = 0.518, p = 0.019). Performing correlations for only
the HL group, significant correlations remained between
this index and PTA (r = −0.798, p = 0.006), APHAB-
EC (r = 0.699, p = 0.024), and APHAB-RV (r = 0.639,
p = 0.047).

4. Discussion

The observed behavioral difference in ΔRT between NH
and HL listeners suggests a greater cognitive effort is as-
sociated with the HL listeners attending to an auditory
stream in a multi-talker environment. The comparable er-
ror rates in the single-stream (control) task and compa-
rable sensitivity in the dual-stream task (d� > 2.5 in both
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groups) together suggest that audibility is not the main fac-
tor contributing to the group difference.

Our post-hoc analysis of the ΔRT versus single-stream
control RT suggests that NH and HL listeners take longer
to respond when they are first exposed to an auditory scene
with competition (slot 1) but quickly adapt (slot 2). How-
ever, HL listeners struggle again after a silent gap (slot 3)
while both groups adapt to the task again in slot 4. In both
listening groups, there is a robust behavioral cost associ-
ated with switching attention, being particularly salient in
the decreased d� after the silent gap, replicating previous
findings [11, 12, 17]. Together, this suggests that HL lis-
teners have a similar switch cost compared to NH listeners,
but there is an additional HL-related cost even when just
maintaining attention.

Interestingly, none of our clinical test measures mean-
ingfully correlated with the dual-stream ΔRT (i.e., where
we observe a behavioral difference between groups). How-
ever, a derivative index for the difficulty of selecting a
talker (relative to following a talker in an attended stream)
did correlate most strongly with APHAB, in particular
the ease-of-communication and reverberation sub-scores.
These correlations were exploratory and not corrected for
multiple comparisons; in future work, a larger sample size
would help determine if these correlations persist in the
general population.

This pattern of results is most consistent with the idea
that listeners with HL experience degradation at the stage
of perceptual organization [18, 19]. Future neuroimaging
studies may illuminate neural correlates of this observed
reaction-time difference, possibly pointing to neurobiolog-
ical causes of the struggle and fatigue experienced by lis-
teners with HL in these active listening situations. Future
studies using letter stimuli could also be designed to use
only vowel stimuli to relate more closely to nonlinguistic
measures of spectral resolution, such as the one proposed
in [20].

5. Conclusion

Using a dual-stream paradigm, we found a behavioral cost
associated with HL listeners attending to a target stream in
a multi-talker environment that cannot solely be attributed
to audibility issues. The neural correlate of this behavioral
cost is currently unknown, and may require future neu-
roimaging studies to illuminate the cortical circuitry in-
volved in attention deployment to compensate for periph-
eral degradation due to hearing loss. Finally, exploratory
correlations suggest that reaction-time measurements in
this paradigm should be further investigated in future stud-
ies to tease apart aspects of clinical measurements that are
potentially related to deficits realted to auditory attention
deployment in these listeners.
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