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The influence of lexical characteristics of words in to-be-attended and to-be-ignored speech streams
was examined in a competing speech task. Older, middle-aged, and younger adults heard pairs of
low-cloze probability sentences in which the frequency or neighborhood density of words was
manipulated in either the target speech stream or the masking speech stream. All participants also
completed a battery of cognitive measures. As expected, for all groups, target words that occur fre-
quently or that are from sparse lexical neighborhoods were easier to recognize than words that are
infrequent or from dense neighborhoods. Compared to other groups, these neighborhood density
effects were largest for older adults; the frequency effect was largest for middle-aged adults.
Lexical characteristics of words in the to-be-ignored speech stream also affected recognition of to-
be-attended words, but only when overall performance was relatively good (that is, when younger
participants listened to the speech streams at a more advantageous signal-to-noise ratio). For these
listeners, to-be-ignored masker words from sparse neighborhoods interfered with recognition of
target speech more than masker words from dense neighborhoods. Amount of hearing loss and
cognitive abilities relating to attentional control modulated overall performance as well as the

strength of lexical influences. © 2015 Acoustical Society of America.

[http://dx.doi.org/10.1121/1.4923155]
[MSS]

I. INTRODUCTION

When we hear a spoken word, words stored in the men-
tal lexicon are considered as viable target words relative to
the degree to which they match the incoming information.
Models of spoken-word recognition assume this activation
of multiple lexical candidates, although the models differ in
the exact implementation of the nature of lexical competition
(e.g., Gaskell and Marslen-Wilson, 1997; Luce and Pisoni,
1998; McClelland and Elman, 1986; Norris and McQueen,
2008). The ease of recognizing a spoken word thus depends,
among other factors, on its similarity to the words stored in
the lexicon. A spoken word that is highly similar in its pho-
nological form to many other words (i.e., a word that comes
from a dense lexical neighborhood) activates more potential
candidates, and is therefore more difficult to recognize (e.g.,
Dirks et al., 2001; Luce, 1986; Luce and Pisoni, 1998), than
a spoken word that is phonologically similar to only a few
other words (i.e., a word that comes from a sparse neighbor-
hood). The frequency of occurrence of a spoken word also
influences its recognition, as words that people encounter
more often in their daily lives are recognized more easily
than those that occur less frequently (e.g., Dahan et al.,
2001; Goldinger et al., 1989; Howes, 1957).
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The purpose of this study was to examine how neighbor-
hood density and word frequency affect spoken-word recog-
nition by younger, middle-aged, and older adults in complex
listening situations with two audible speakers. Results of a
number of studies of word recognition suggest that lexical
factors play a more important role for older individuals than
for younger adults (Dirks et al., 2001; Lash et al., 2013;
Revill and Spieler, 2012; Spieler and Balota, 2000; Sommers
and Danielson, 1999; Taler et al., 2010). Age-related hearing
loss likely underlies some of these age differences (Taler
et al., 2010), as degradation of sensory input appears to
increase lexical effects (Janse and Newman, 2013; Luce and
Pisoni, 1998; Norris and McQueen, 2008). However, cogni-
tive functioning (especially inhibitory ability) might also
come into play, as performance on cognitive tasks capturing
the ability to ignore irrelevant information (as measured by
the Stroop task) and short term memory (measured by the
digit span task) are correlated with frequency and/or density
effects (Sommers and Danielson, 1999; Taler et al., 2010).

Within a theoretical framework of spoken-word recogni-
tion in which words are assumed to actively compete for rec-
ognition by inhibiting each other, age-related problems
identifying words with many lexical neighbors (Sommers
and Danielson, 1999) could be explained by assuming that
older listeners would be less able to inhibit competing neigh-
bors. However, other studies have not found an association
between inhibitory ability and neighborhood effects in older
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adults (Ben-David et al., 2011; Revill and Spieler, 2012). In
the present study, we investigate the extent to which age-
related high-frequency hearing loss and decline in cognitive
functions can explain individual differences across younger,
middle-aged, and older listeners in the sensitivity to lexical
properties of words. Including middle-aged listeners should
allow us to determine when and how this increased sensitiv-
ity emerges.

Another primary goal was to determine whether lexical
factors in fo-be-ignored speech influence the processing of
to-be-attended speech, and whether and how these influences
vary with aging. Although the influence of lexical character-
istics on word recognition is well established, little is known
about how neighborhood density and word frequency in to-
be-ignored speech streams affect performance. There is evi-
dence that unattended speech is processed at least to some
extent linguistically (e.g., Cherry, 1953). This linguistic
processing of unattended speech impacts the processing of
the to-be-attended speech stream (e.g., Brungart et al., 2001;
Carhart et al., 1969; Freyman et al., 1999), as understandable
maskers influence the recognition of to-be-attended speech
more than speech maskers that are not understandable (e.g.,
Calandruccio et al., 2010; Freyman et al., 1999; Van Engen
and Bradlow, 2007). This raises the possibility that to-be-
ignored (i.e., masker) words could compete for recognition
with the words in the to-be-attended (i.e., target) speech
stream, therefore interfering with their recognition. To our
knowledge there has been only one study that considered
how competing speech might interfere with lexical activa-
tion and competition. Boulenger et al. (2010) asked partici-
pants for lexical decisions on items in a target speech stream
while manipulating the lexical frequency of stimuli in an
accompanying masker speech stream (which consisted of
lists of words spoken by 2, 4, 6, or 8 talkers). Their results
suggest that words in the masker can interfere with the proc-
essing of target words, as reaction times to words in the tar-
get stream were longer when the to-be-ignored speech
stream contained higher frequency words. This masker fre-
quency effect was, however, limited to listening situations
with a two-talker masker, suggesting that word frequency is
only relevant when maskers are understandable. Hence, the
results of Boulenger et al. suggest that the presence of com-
prehensible competing speech messages can alter how a to-
be-attended signal is processed.

Here, we investigated the effect of two lexical properties
of words from a single-talker masker on target recognition:
word frequency and neighborhood density. Neighbors were
defined as all words that can be formed by adding, deleting,
or substituting one phoneme. We were particularly interested
in how these lexical properties of to-be-ignored words affect
target word recognition and how this changes with aging.
Results of previous studies have demonstrated that under-
standable competing speech messages are particularly diffi-
cult for older adult listeners (e.g., Helfer and Freyman, 2008;
Humes and Coughlin, 2009; Rossi-Katz and Arehart, 2009;
Tun et al., 2002). This suggests that older individuals might
be especially susceptible to lexical properties of words in a
to-be-ignored speech stream. If words in the masker are
being processed at some level, lexically easy masker words
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(those from sparse lexical neighborhoods, or those that occur
frequently) might be expected to interfere with the lexical
processing of words in the target speech stream. If problems
ignoring speech maskers are more of a factor for older than
younger listeners, we would expect to find greater effects of
lexical properties of to-be-ignored words with age.

This study extends previous research in four important
ways: by testing whether lexical properties of the target words
affect their recognition in a listening situation with a single-
talker speech masker; by determining whether lexical proper-
ties of the masker influence target recognition; by adding a
group of middle-aged participants to determine the onset of
aging effects; and by examining what perceptual and cogni-
tive skills predict individual differences in these listening sit-
uations. We tested two hypotheses: first, that lexical
characteristics of to-be-ignored words influence performance
on a competing speech task; and second, that age-related
changes in hearing and cognition lead to greater susceptibility
to lexical characteristics of words in both speech streams in a
competing speech task. We tested these hypotheses by manip-
ulating lexical characteristics of both to-be-attended speech
and to-be-ignored speech streams in a single-talker competing
speech task. We included groups of younger, middle-aged,
and older listeners, from whom both pure-tone thresholds and
selected cognitive abilities also were measured. An additional
group of younger listeners was tested at a more difficult sig-
nal-to-noise ratio (SNR) of —4 dB in order to assess effects of
the degradation of sensory input, independent of aging.

Il. METHODS
A. Participants

A total of 60 individuals with English as their native
language participated in this study: Fifteen older (60-83 yrs,
M =68 yrs, 12 women); 15 middle-aged (45-59 yrs, M =51
yrs, 11 women), and 30 younger, normally-hearing adults
(1924 yrs, M =21 yrs, 29 women). All participants reported
having normal or corrected-to-normal vision. None of the
participants had a self-reported history of neurologic or oto-
logic disorder or had reported experiencing substantial occu-
pational or recreational noise exposure. Degree of hearing
loss was restricted in the older and middle-age listeners in
order to minimize the influence of audibility: the high-
frequency pure-tone average (HFPTA) (average of 2—-6 kHz
thresholds) in each ear for each participant could be no more
than 65dB hearing level (HL). Younger participants had
pure-tone thresholds no higher than 25dB HL in each ear
throughout the standard audiometric range of frequencies
(0.25-8 kHz). In order to rule out a conductive component to
the hearing loss, all participants were required to have nor-
mal tympanograms on the test days. Older and middle-aged
participants needed to score at least 26 on the Mini Mental
Status Exam (Folstein et al., 1975) in order to participate in
this study.

B. Stimulus materials

Stimuli for the present study were pairs of target and
masker sentences that were modifications of the TVM
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sentence corpus (Helfer and Freyman, 2009). Target senten-
ces always began with the cue name Theo, whereas half of
all masker sentences began with Victor and half began with
Michael. All sentences had the same syntactic structure:
“Cue name discussed the ___ and the ___ today,” where
underlines represent one-syllable key words used for scoring.
The frequency and neighborhood density of both key words
in the sentences were manipulated to create four types of
sentences: both key words occurring rarely (according to the
Hoosier Mental Lexicon; Nusbaum et al., 1984), both key
words occurring frequently, both coming from dense neigh-
borhoods, or both coming from sparse neighborhoods. To
manipulate frequency and neighborhood density in both the
target and masker streams, half of the sentences of each type
were used as target sentences and half as masker sentences.
Sentences for the frequency manipulation were paired with
sentences containing words from a mid-frequency range (see
Table I). Sentences for neighborhood manipulation were
paired with sentences having key words from the mid-range
of density. Hence 8 sets of sentence pairs (with 26 pairs per
set) were created: frequent targets and rare targets with mid-
frequency maskers; dense targets and sparse targets with
mid-density maskers; mid-frequency targets with frequent
and rare maskers; and mid-density targets with dense and
sparse maskers. Two additional sets of target sentences were
developed for use with a steady-state noise masker: one list
of sentences contained key words that were lexically easy
(being both frequent and from sparse neighborhoods) and
one list of sentences had lexically difficult key words (being
both rare and from dense neighborhoods).

Table I shows the characteristics of the stimuli used in
this study. Care was taken to assure that all four key words
within a pair of sentences were not semantically related and
did not rhyme or begin with the same phoneme.
Neighborhood density and frequency values of monosyllabic
words were taken from the on-line Washington University
Neighborhood Activation Model database (Sommers, 2000).
Lists were equated for density and frequency within and
across type: sentences in each of the “dense” lists had
approximately the same density and frequency among lists,
as did all “sparse” lists, “rare” lists, “frequent” lists, etc. All
mid-density and mid-frequency sentences were matched on
both density and frequency. One-tailed #-tests (with correc-
tions for unequal variances) comparing pairs of lists on the

critical measure (either neighborhood density or frequency)
indicated statistically significant comparisons in all cases
(p <0.001). Moreover, pairs of lists did not differ signifi-
cantly from each other on the non-critical lexical property
(p > 0.08 in all cases).

Each sentence was audio recorded from two female talk-
ers who were instructed to speak in a conversational manner
but to attempt to put equal emphasis on each of the two scor-
ing words. Recordings were made in a sound-treated audio-
metric chamber. Individual sentences were excised from the
original recordings and then were equalized for root-mean-
square amplitude. The speech-shaped noise masker was cre-
ated by concatenating sentences from a different female
talker and creating a custom fast-Fourier-transform filter
from the envelope of these sentences. This filter was used to
shape wide-band steady-state noise.

C. Procedure

Each participant completed standard pure-tone audio-
metric testing, tympanometry, and a battery of tests that
measured cognitive skills that may play a role in speech
understanding (e.g., Akeroyd, 2008; Anderson et al., 2013;
Helfer et al., 2013; Helfer and Freyman, 2014; Humes et al.,
2006; Tun and Wingfield, 1999; Tun et al., 2002; Desjardins
and Dougherty 2013; Woods et al., 2013). The older and
middle-aged participants completed these initial tests in one
visit and the speech recognition assessment in a second visit.
Younger participants completed all tests in one session.

1. Cognitive tests

a. Letter-number sequencing. The control portion of
the Letter-Number Sequence (LNS) test (Gold et al., 1997)
was administered to measure auditory short-term memory
load. In this “LNS Forward” condition, sequences of letters
and numbers (e.g., “3C9B4”) were read to participants at a
rate of approximately one item/s. The participant had to
repeat back the sequence in the order heard. Sequence length
ranged from two to seven items, with four trials per sequence
length. Starting with two-item sequences, all four sequences
of the same length were presented before increasing the
number of items. Testing ended when a participant missed
all four trials at a given sequence length. The score on this
test was the total number of sequences recalled correctly.

TABLE I. Mean word frequency and neighborhood density (V) for key words in target-masker sentence pairs within each data set.

Manipulations in data sets Target category Target frequency Target N Masker category Masker frequency Masker N
Target N Sparse 15.92 5.21 Mid-density 17.31 12.94
Dense 14.50 24.33 Mid-density 12.08 13.21
Target frequency Rare 2.54 14.21 Mid-frequency 14.21 13.06
Frequent 181.67 15.02 Mid-frequency 14.79 13.10
Masker N Mid-density 14.56 13.15 Sparse 18.33 5.42
Mid-density 14.27 12.60 Dense 11.67 24.48
Masker frequency Mid-frequency 13.85 12.37 Rare 2.44 13.85
Mid-frequency 13.92 12.42 Frequent 171.82 14.90
Lexical difficulty Hard 21.17 23.38 Steady-state noise — —
Easy 64.75 11.38 Steady-state noise — —
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b. SICSPAN. Working memory was measured using the
size-comparison span task (SICSPAN; Sorqvist et al., 2010).
Participants were shown size-comparison sentences on a
computer monitor (e.g., “Is a cow larger than an elephant?”)
and clicked on “yes” or “no” in response. After each sen-
tence, participants were shown a word that was in the same
semantic category as those in the size comparison sentences
and were instructed to remember these words. Words from
the size comparison sentences can hence lead to possible
intrusion errors. Participants completed ten lists, with
between two and six words per list. Each list consisted of
words from a different semantic category. At the end of each
list of sentences participants were prompted to recall the to-
be-remembered words in the order they were shown. For the
current study, the metric for analyzing the SICSPAN was the
number of words recalled in the correct order.

c. Stroop task. A computerized version of a Stroop task
(Jesse and Janse, 2012) was used to measure inhibitory abil-
ity. Colored rectangles displayed on a computer monitor
contained, in a neutral condition, the symbol string “###”
and in the incongruent condition, a color name (red, blue, or
green) that was not the color of the rectangle. Participants
named the color of the rectangle as quickly as possible.
Verbal response times (the interval between the onset of pre-
sentation of the rectangle and the onset of the subject’s
verbal response) were analyzed off-line for each partici-
pant’s 50 neutral and 50 incongruent trials. Responses that
were incorrect or that contained non-word utterances at the
onset (e.g., “uh...”) were not scored. A normalized Stroop
metric was used in the present study, which was the differ-
ence in mean response time for each subject’s neutral vs
incongruent trials, divided by the mean response time in the
neutral condition.

d. Connections test. Executive function and cognitive
processing speed were measured using The Connections
Test (Salthouse et al., 2000; Salthouse, 2011), a modification
of a trail-making task. Participants were given forms that
contained numbers and/or letters encased in circles. In the
simple version (Test A) participants connected either letters
or numbers in sequence (e.g., A-B-C-D... or 1-2-3-4...). In
the alternating version (Test B), participants connected let-
ters and numbers in an alternating sequence (e.g., A-1-B-2-
C-3...). Participants had 20s to work on each of 4 simple
forms and 4 alternating forms and were told to work as
quickly as possible. The score for this task was mean per-
formance in the alternating version (Test B) divided by the
mean performance in the simple version (Test A).

e. Visual elevator task. The final cognitive test admin-
istered was the Visual Elevator task from the Test of
Everyday Attention (Robertson et al., 1996). On each trial of
this self-paced test of attention switching, participants were
shown figures containing a series of elevator doors, repre-
senting an elevator that moves from floor to floor. In
between these pictures of elevators, a large vertical arrow
was sometimes shown to indicate that the elevator switched
direction. Participants were instructed to keep track of the
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floor of the elevator as it “moved.” At the end of each trial,
participants reported the floor on which this imaginary eleva-
tor stopped. Ten trials were completed, each having between
two and six direction switches. The metric used for the cur-
rent study was the time needed to complete each trial divided
by the number of direction switches, averaged across all cor-
rect trials.

2. Speech recognition

Each participant heard a total of 260 target sentences in
the presence of a masker. Target sentences were either pre-
sented with speech from a single competing talker or with
steady-state noise. Both targets and maskers were routed to a
single front loudspeaker located 1.3 m from the listener at a
height approximating that of a seated adult (1.2 m). Stimuli
were presented at —1 dB SNR for the older and middle-aged
participants. Half of the younger participants heard the stim-
uli at this SNR; the SNR for the other 15 younger partici-
pants was —4 dB. This allowed for age group comparisons
with younger adults tested at the same SNR as the other par-
ticipants, as well as with younger adults tested in a more dif-
ficult listening condition.

For target sentences presented with a speech masker,
two cues were available to help listeners distinguish the to-
be-attended sentence from the to-be-ignored sentence: voice
information and cue name. All target sentences were
recorded by the same female talker and all masking senten-
ces were utterances from another female talker. Hence, par-
ticipants could use this consistent voice information to help
delineate the to-be-attended speech stream from the to-be-
ignored speech stream. Listeners also could use the first
word of each sentence: target utterances always began with
“Theo” while the masker began with “Victor” or “Michael.”

Participants were instructed to repeat back the two key
words in the sentence beginning with “Theo” as quickly as
possible. An experimenter (who was blind to condition)
scored these verbal responses in real-time and recorded par-
ticipants’ actual incorrect responses, which allowed for off-
line analysis of error patterns. Participants were given a 15-
item practice set of trials before data collection began.

Ten types of 26-item target-masker pairs were pre-
sented: frequent or rare target sentences with mid-frequency
masking sentences; dense or sparse target sentences with
mid-density masking sentences; mid-frequency target sen-
tences with rare or frequent masking sentences; mid-density
target sentences with dense or sparse masking sentences; and
hard or easy target sentences presented in steady-state
speech-shaped noise. Half of the target-masker pairs for
each of these types of stimuli were presented with an unlim-
ited response time; for the other half, participants needed to
complete their response by 4 s after the end of the stimulus
(this value was based on pilot testing that suggested a reduc-
tion in performance with this time limitation). Sentence pair
type and limited/unlimited response time were randomized
from trial to trial. Response-time limited trials were signaled
with a blinking icon on the computer screen during the trial;
responses made after 4 s were scored as missing. This manip-
ulation was included to examine the effect of forcing
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individuals to respond in a limited amount of time, as occurs
during conversation. However, since there was no significant
effect of response time limitation, data from the time-limited
and unlimited trials were pooled for all analyses.

lll. RESULTS
A. Audiometric and cognitive tests

Table II displays descriptive statistics for cognitive test
performance and high-frequency pure-tone thresholds for
participants in this study. Analyses of variance (ANOVA)
with subject group as a between-subjects variable showed
significant differences for the following measures: HFPTA
[F(3,56) =21.73, p<0.001]; Stroop interference [F(3,56)
=4.48, p=0.007]; Connections [F(3,56) =4.11, p=0.011];
and SICSPAN [F(3,56)=9.51, p<0.001]. Post hoc
Bonferroni-corrected #-tests demonstrated significant differ-
ences between the older and younger groups for all of these
measures. In addition, the middle-aged participants had sig-
nificantly higher pure-tone thresholds, as compared to the
younger listeners, and SICSPAN (working memory) scores
that were significantly better than those of the older partici-
pants. Group differences for the LNS (short-term memory)
and Visual Elevator (attention switching) tasks did not reach
statistical significance [LNS: F(3,56)=2.19, p=0.099;
Visual elevator: F(3,56) = 1.43, p =0.245].

B. Speech recognition

Responses given for each trial were scored as correct if
they matched one of the two presented key words in the tar-
get stream. Trials with no response given (3% of all trials)
were excluded. The proportion of the number of correct
answers (0, 1, or 2) for each trial was calculated and trans-
formed into empirical logits. Similarly, we calculated the
logit-transformed proportion of masker responses out of all
responses given for each trial. Masker responses were those
incorrect responses that matched a key word from the
masker speech stream. All statistical analyses on these two
dependent variables used logit mixed effect modeling

TABLE II. Participant characteristics for each listener group. Hearing acui-
ty = average of thresholds at 2, 3, 4, and 6 kHz in the better ear (in dB HL);
Stroop =normalized Stroop effect, defined as the difference in mean
response time in the incongruent and neutral condition divided by the mean
response time in the neutral condition; SICSPAN =number of items
recalled in the correct order; LNS=number of correct trials;
Connections =ratio of mean performance (number of correct connections
on the alternating trials divided by mean performance on simple trials);
Visual Elevator = average time per direction switch (in seconds). Standard
deviations are given in parentheses.

Characteristic Younger (—1 SNR) Middle-aged Older
Age 20.87 (0.92) 50.93 (4.59) 67.60 (6.06)
Hearing acuity 3.93 (3.20) 17.27 (7.65) 24.13 (14.34)
Stroop —0.14 (0.12) —0.19 (0.12) —0.29 (0.17)
SICSPAN 30.67 (4.51) 30.40 (4.15) 21.93(7.51)
LNS 20.40 (2.30) 20.33 (2.97) 18.27 (3.61)
Connections 0.55 (0.05) 0.57 (0.07) 0.64 (0.10)
Visual elevator 3.84 (0.86) 3.64 (0.80) 4.27 (1.39)
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(Dixon, 2008; Jaeger, 2008), as implemented in the Imer
functions (Ime4 package, Bates and Sarkar, 2009) of the R
statistical program (Version 2.8.1; R Development Core
Team, 2007). Analyses were conducted separately on these
two dependent variables for data sets manipulating fre-
quency and neighborhood density, respectively, in the target
and in the speech masker streams. Another set of analyses
evaluated the effect of lexical difficulty (low-frequency
words from dense neighborhoods vs high-frequency words
from sparse neighborhoods) on target recognition in the pres-
ence of the steady-state noise masker. In all of these analy-
ses, the listener group as well as frequency, neighborhood
density, and lexical difficulty were evaluated as fixed cate-
gorical factors. Regression weights of categorical factors
reflect the adjustment to the intercept across conditions. For
example, the estimate for frequency indicates how the inter-
cept of a model fit to data from trials with lower frequency
words is adjusted to fit data from trials with higher frequency
words. Frequency (—0.5 for rare and +0.5 for frequent),
neighborhood density (—0.5 for sparse and +0.5 for dense),
and lexical difficulty (—0.5 for easy and +0.5 for hard) were
contrast coded. Group (older adults, middle-aged adults,
younger adults tested at —1 dB SNR, younger adults tested
at —4 SNR) was a treatment-coded fixed factor, with the
middle-aged group as the reference group mapped onto the
intercept. Further planned tests were used to compare other
listener groups. In particular, one planned comparison was
between younger listeners tested at —4 dB SNR and those
tested at the more favorable SNR of —1 dB. All models con-
tained both subjects and items as random effects. P-values
were estimated with Markov chain Monte Carlo simulations
(n=10000).

1. Target word recognition accuracy

Figure 1 shows the mean proportion of correct target
recognition in listening situations with a single-talker speech
masker as a function of listener group, separately for the
manipulation of frequency and neighborhood density of tar-
get and masker words. In general, performance decreased as
listener age increased. The recognition of target words was
modulated by both their lexical characteristics as well as (to
a smaller extent) by the neighborhood density of the accom-
panying masker words. These effects seem to vary with age,
such that older listeners were, compared to middle-aged lis-
teners, less sensitive to the target word frequency but more
sensitive to target neighborhood density. The neighborhood
density of the masker words also affected performance for
some listeners, in that target recognition suffered when
maskers came from sparse rather than dense neighborhoods.

A first set of statistical analyses examined, separately,
the effect of frequency and neighborhood density of words
in the target stream on their recognition by different listener
groups. A second set of analyses examined how frequency
and neighborhood density of masker words affected recogni-
tion of words in the target stream by different listener
groups. Table IIT shows the results of these statistical analy-
ses. Only the results of additional planned tests are reported
in the text. In general, older listeners performed overall
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FIG. 1. Proportion of correct target recognition across listener groups as a function of manipulating frequency and neighborhood density (N) in target and

masker words in listening situations with a single-talker masker.

worse than middle-aged listeners, who, in turn, performed
worse than the younger listener group tested at —1 dB SNR.
Middle-aged adults performed similarly to younger adults
tested at —4 dB SNR, with the exception of the masker fre-
quency data set.

Lexical characteristics of the target words affected their
recognition in situations where a second speaker was also
audible. Words in the target stream were more often accu-
rately recognized when they were frequent rather than rare
and when they came from sparse rather than dense neighbor-
hoods. Planned further tests showed these effects for all

listener groups, except for a lack of a neighborhood density
effect for younger listeners tested at —4dB SNR (p =0.3).
The size of these effects varied, however, across groups. In
terms of the frequency effect, middle-aged adults and
younger adults tested at —4 dB SNR showed a similar-sized
effect, as did older adults and younger adults tested at —1 dB
SNR [f=0.10, standard error (SE)=0.06, p=0.20]. The
latter two groups showed a smaller frequency effect com-
pared to the middle-aged group. A different pattern emerged
for the effect of target words’ neighborhood density. The
size of the neighborhood density effect for any listener group

TABLE III. Linear mixed-effect models for accuracy of target word recognition in the speech-masker condition.

Target frequency Target density
Estimate SE p Estimate SE P
Lexical property 0.436 0.09 <0.0001 —0.207 0.09 0.02
Older adults —0.317 0.1 0.002 —0.395 0.09 <0.0001
Younger adults (—1 dB SNR) 0.246 0.1 0.02 0.221 0.09 0.02
Younger adults (—4 dB SNR) 0.172 0.1 0.09 0.202 0.09 0.03
Lexical property * older adults —0.165 0.06 0.007 —0.112 0.06 0.08
Lexical property * younger adults (—1dB SNR) —0.242 0.06 <0.0001 —0.012 0.06 0.8
Lexical property * younger adults (—4 dB SNR) —0.065 0.06 0.28 0.1 0.06 0.1
Masker frequency Masker density
Estimate SE P Estimate SE P
Lexical property —0.154 0.1 0.14 0.189 0.1 0.07
Older adults —0.332 0.1 0.0004 —0.331 0.1 0.001
Younger adults (—1 dB SNR) 0.252 0.09 0.008 0.206 0.1 0.04
Younger adults (—4 dB SNR) 0.159 0.09 0.09 0.089 0.1 0.37
Lexical property * older adults 0.012 0.06 0.19 —0.087 0.06 0.16
Lexical property * younger adults (—1 dB SNR) 0.166 0.06 0.007 0.04 0.06 0.51
Lexical property * younger adults (—4 dB SNR) 0.219 0.06 0.0004 —0.055 0.06 0.37
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was the same as for the middle-aged adults. Older listeners
did not differ in the size of the neighborhood density effect
from that of younger listeners tested at —1dB SNR (f=0.1,
SE=0.06, p=0.1), but showed a significantly larger
neighborhood density effect when compared to the younger
listener group tested at —4dB SNR (ff=0.213, SE=0.06,
p <0.00001), as the latter group was the only one that did not
show a significant neighborhood density effect. Within the
younger listeners, SNR did not modulate the size of the neigh-
borhood density effect (= 0.11, SE = 0.06, p = 0.057), but the
size of the frequency effect was larger at the less favorable SNR
of —4dB than at —1dB (f =0.179, SE =0.06, p = 0.002).

Lexical characteristics of the masker words also affected
target word recognition. Target words were somewhat more
reliably recognized in the target stream when the masker
word was more difficult to recognize due to the density of its
neighborhood. However, this effect was only significant for
younger listeners when tested at —1dB SNR (f=0.227,
SE=0.12, p=0.03). Overall, the neighborhood density of
the masker words had only a marginally significant effect on
the recognition of words in the target stream (p =0.07). In
contrast, the recognition of target words was not affected by
the frequency of the masker words. Even though this non-
significant trend was larger for middle-aged adults than for
younger adults, planned tests showed that the trend never
became significant for any listener group (p > 0.05).

A third set of analyses examined the joint effect of
neighborhood density and frequency of target words in a lis-
tening situation with a steady-state noise masker. These
results are provided in Table IV. Figure 2 shows the data for
this condition as a function of lexical difficulty and listener
group. In steady-state noise, older listeners and younger lis-
teners tested at —4dB SNR recognized fewer target words
than middle-aged adults. Younger listeners tested at —1dB
SNR and middle-aged adults performed similarly overall.
The effect of target word difficulty was not significant over-
all. Compared to the middle-aged group, older adults and
younger adults tested at —4dB SNR were, however, more
affected by lexical difficulty. Indeed, planned tests showed
that this effect was only significant for these two listener
groups (older adults; f=—0.188, SE=0.09, p=0.04;
younger adults tested at —4 dB SNR: = —0.251, SE=0.12,
p=0.04). That is, listeners who had more overall difficulty
recognizing words in this listening situation were sensitive
to target word difficulty.

In summary, older participants performed, as expected,
generally poorer than middle-aged listeners, who, in turn,

TABLE IV. Linear mixed-effect models for accuracy of target word recog-
nition in the steady-state-noise masker condition.

Estimate SE P
Lexical difficulty —-0.076  0.09  0.42
Older adults —0.163 0.05 0.003

-0.019 0.05 0.72
—0.388 0.05 <0.0001

Younger adults (—1 dB SNR)
Younger adults (—4 dB SNR)

Lexical property * older adults —0.11 0.06  0.047
Lexical property * younger adults (—1dB SNR) —0.162 0.06 0.77
Lexical property * younger adults (—4dB SNR) —0.178 0.06 0.0013
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FIG. 2. Proportion of correct target recognition across listener groups as a
function of lexical difficulty of target words in listening situations with a
steady-state noise masker.

performed worse than younger adults tested at the same
SNR. It should be noted that in some listening conditions,
speech recognition ability by middle-aged adults was even
poorer than that of younger participants listening at a 3dB
more disadvantageous SNR. In the presence of a single com-
peting speech message, frequency and neighborhood density
of target words affected word recognition by younger,
middle-aged, and older listeners. The importance of neigh-
borhood density of target words was modulated by partici-
pant age, as older listeners were more affected by this factor
than younger adults tested in the same listening condition.
This was probably not due to reduced audibility of the stim-
uli, since only younger adults who listened at the more
favorable —1 dB SNR but not those who listened in the more
difficult —4 dB SNR condition showed a neighborhood den-
sity effect. The effect of target word frequency was most
pronounced in middle-aged adults, compared to older and
younger listeners tested at —1dB SNR. Younger adults
tested at the less favorable SNR showed larger frequency
effects than younger listeners tested at a better SNR. Most
interestingly, when the masker was speech from a second
talker, lexical properties of masker words, more precisely
their neighborhood density, affected the recognition of
words in the target stream. Recognition of the target words
was poorer when words in the masker were easier to under-
stand (that is, when they were from sparse lexical neighbor-
hoods), but only for listeners with better overall speech
recognition ability; that is, younger listeners tested at a more
favorable SNR. In the steady-state noise masker, an effect of
lexical difficulty of the target word was found for listeners
with overall poorer performance in this condition (older lis-
teners and younger listeners tested at the more difficult SNR
of —4dB).

2. Masker word response errors

When listeners made mistakes, they often responded with
a word from the to-be-ignored masker stream (23.94% of all
errors, 7.47% of all responses). We analyzed how the proba-
bility of responding with a masker word varied as a function
of listener group and lexical properties of the target and
masker words. Figure 3 shows the data for these analyses.
Older listeners gave more masker responses than middle-aged
and younger listeners. Lexical properties of the target words
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FIG. 3. Proportion of masker responses (calculated out of all responses given) across listener groups as a function of manipulating frequency and neighbor-
hood density (V) in target and masker words, respectively, in listening situations with a single-talker masker.

seemed not to affect the overall probability of responding
with a to-be-ignored masker word. Lexical properties of the
masker words, however, did modulate the likelihood of giving
a masker response. Specifically, masker frequency affected
the probability of these responses in older listeners (but less
so in middle-aged and younger listeners). Masker density
seemed to matter less than masker frequency.

Formal statistical analyses confirmed these observations,
as summarized in Table V. In all analyses, older listeners
gave more masker responses than middle-aged participants.
Middle-aged and younger listener groups performed the same

(all p > 0.05), with the exception of younger listeners tested at
—4dB SNR, who gave fewer masker responses than middle-
aged participants for the data sets testing the effect of masker
frequency.

The lexical properties of the words in the target streams,
i.e., their frequency and neighborhood density, did not deter-
mine the probability of erroneously responding with a
masker word in the overall analyses (all p > 0.05). Planned
tests for each listener group individually showed only a sig-
nificant target frequency effect for younger listeners tested at
—4dB SNR (f=-0.105, SE=0.03, p=0.002). These

TABLE V. Linear mixed-effect models for masker word responses in the speech-masker condition.

Target frequency

Target density

Estimate SE P Estimate SE p
Lexical property —0.46 0.05 0.33 0.064 0.05 0.19
Older adults 0.334 0.08 <0.0001 0.326 0.07 <0.0001
Younger adults (—1 dB SNR) —0.073 0.08 0.39 —0.042 0.07 0.56
Younger adults (—4 dB SNR) —0.123 0.08 0.15 —-0.075 0.07 0.29
Lexical property * older adults —0.036 0.05 0.43 0.049 0.05 0.31
Lexical property * younger adults (—1 dB SNR) —-0.013 0.05 0.77 —0.008 0.05 0.87
Lexical property * younger adults (—4 dB SNR) —0.061 0.05 0.18 —0.018 0.05 0.70
Masker frequency Masker density

Estimate SE P Estimate SE P
Lexical property 0.1667 0.07 0.02 —0.093 0.07 0.08
Older adults 0.265 0.09 0.002 0.272 0.09 0.002
Younger adults (—1 dB SNR) —0.119 0.09 0.16 —0.05 0.09 0.57
Younger adults (—4 dB SNR) —0.194 0.09 0.03 —0.106 0.09 0.23
Lexical property * older adults 0.052 0.05 0.30 0.122 0.05 0.01
Lexical property * younger adults (—1 dB SNR) —0.058 0.05 0.24 —0.01 0.05 0.84
Lexical property * younger adults (—4 dB SNR) —0.086 0.05 0.09 0.036 0.05 0.44
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participants gave fewer masker responses when trying to rec-
ognize more-frequent rather than less-frequent target words.
This trend was marginally significant for older listeners
(p=-0.08, SE=0.05, p=0.09).

The lexical properties of the words in the masker stream
influenced their likelihood of becoming the response.
Masker words were more likely to become the response
when they were more frequent rather than less frequent.
There was no difference in the size of this effect for any
group compared to the middle-aged group (all p > 0.05).
Further analyses showed a significant masker frequency
effect for older adults (f=0.218, SE=0.09, p=0.01) and
marginally significant effects for middle-aged adults
(p=0.167, SE=0.09, p=0.07) and for younger adults
tested at —1dB SNR (f=0.106, SE=0.06, p=0.07). The
effect was not significant for younger adults tested at —4 dB
SNR (f=0.078, SE=0.05, p=0.14). SNR did not modu-
late any trend of an effect within younger listeners
(p > 0.05). Masker words were also somewhat more likely to
become the response when they came from sparse rather
than dense neighborhoods, although this effect failed to
reach the significance level (p =0.08). Planned further anal-
yses showed that this effect was only marginally significant
for younger listeners tested at —1dB SNR (ff=—0.103,
SE =0.06, p=0.08) and was not significant for any other
group (all p > 0.05). Even though the effect was not signifi-
cant for either group by itself, middle-aged adults were more
affected by masker neighborhood density than older adults.

In summary, on average listeners responded about 25%
of the time with masker words. These erroneous masker
responses were made more often by older participants com-
pared to middle-aged and younger individuals, but were pro-
duced to some extent by all listeners. Lexical properties of
the masker word modulated the probability of responding
with the masker: these errors were made more often when
the to-be-ignored word was frequent vs rare. This effect of
masker frequency increased with age and reached signifi-
cance for older adults. Younger adults were affected by the
frequency of the target words in their likelihood of respond-
ing with a masker, but only when tested at a more difficult
SNR. The neighborhood density of target and masker words,
however, did not have a significant effect on the likelihood
of responding with a word from the masker.

3. Individual differences

We also evaluated to what extent hearing and cognitive
abilities explained individual differences in overall

TABLE VI Pearson coefficients of correlations between participant
characteristics.

AgeRresid Hearing acuity Stroop Connections
Ageresia”
Hearing acuity 0.00
Stroop 0.16 0.33
Connections 0.33 0.20 0.01
Visual elevator —0.11 0.30 0.22 0.23

“Hearing acuity was partialled out of Age.
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performance as well as listeners’ sensitivity to lexical prop-
erties of the words in the streams. Only data on target recog-
nition accuracy from groups tested at —1dB SNR in
conditions with speech maskers were included. We first
checked for intercorrelations between the background meas-
ures we evaluated, namely, hearing acuity and performance
on the Stroop task, the Connections test, and on the Visual
Elevator test. LNS and SICSPAN were not included in the
analyses, since both measures were correlated highly with
several other cognitive measures upon initial analysis. Given
a Bonferroni-corrected alpha level of 0.005, only the correla-
tion between hearing acuity and age was significant
(r=0.76, p=0.013). We assigned the shared variance
between these two background variables to hearing acuity by
residualizing age (Ageesiq). Table VI shows the Pearson cor-
relation coefficients for the participant characteristics. None
of these measures correlated with each other (all p > 0.05).

Systematic stepwise model comparisons based on likeli-
hood ratio tests established the best fitting model for each
dataset. The starting models included the background meas-
ures described above and their interactions with frequency or
neighborhood density. As age was evaluated as a continuous
measure, group was no longer included as a factor. From
these full models, we removed all effects in a stepwise fash-
ion that did not contribute to a better fit. We first removed
any non-significant interactions, before also removing any
non-significant main effects. The main effects of factors that
were part of a significant higher-order interaction were not
removed. We always tested first the effect with the largest p
value for possible removal. The best-fitting models are
reported in Table VII. Below we only report significant
results. All models included subject and items as random
factors.

First, we evaluated what factors predicted the overall
recognition of words in a target stream in the presence of a
speech masker. For this analysis, we pooled the data across
all conditions with speech maskers and did not include fre-
quency or neighborhood density as factors. Listeners were
less likely to recognize words in the target stream correctly
if they were older (Age.sq; f=-—0.122, SE=0.003,
p =0.0038), had more difficulty ignoring irrelevant informa-
tion (Stroop; f=—0.947, SE=0.3, p=0.0017), and were
worse at attention switching (Visual Elevator; f=—0.092,
SE=0.04, p=0.03).

Next, we evaluated what predicted individual differen-
ces in participants’ susceptibility to the target words’ fre-
quency and neighborhood density. Just as in the overall
pooled analyses, overall target word recognition accuracy
decreased in these subset analyses with decline in the ability
to ignore irrelevant information (Stroop; frequency data sets:
p=-0.934, SE=0.32, p=0.0036; neighborhood density
data sets: f=—0.957, SE=0.3, p=0.0014) and with age
(Ageresia; frequency data sets: f=—0.014, SE=0.004,
p=0.001; neighborhood density data sets: f=—0.012,
SE =0.004, p=0.0012). The effect of attention switching
was only marginally significant for the frequency subset of
the data (Visual Elevator; = —0.079, SE =0.05, p =0.09).
Hearing acuity modulated performance only in the neighbor-
hood density data sets (f =—0.008, SE=0.004, p=0.03).
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TABLE VII. Estimates of best-fitting models for the individual differences analyses, split by data sets manipulating frequency and neighborhood density of

target and masker words.

Target manipulation

Masker manipulation

Effects Frequency Neighborhood density Frequency Neighborhood density
Lexical characteristic 0.301%%%* —0.246%* —0.093 0.175#
AgeResid —0.014%%* —0.012%* —0.012%* —0.014%%*
Hearing acuity —0.004 —0.008* —0.008* —0.006
Stroop —0.934%* —0.957%* —0.853%* —0.915%*
Connections 0.693 — 0.600 1.162%*
Visual elevator —0.08# — —0.067 —0.087*
Lexical characteristic x Hearing acuity 0.007%* — —0.008#** —0.009%%#*
Lexical characteristic x Stroop —0.58%#%** —0.362%* — —
Lexical characteristic x Connections 0.761* — —0.594# —
Lexical characteristic x Visual elevator —0.087%%** — 0.047# —

w3k p < 0.001, #* p < 0.01, * p < 0.05, #p < 0.1.

In line with the results of the main analyses above, words
were more reliably recognized when they were frequent
rather than rare (f=0.3, SE=0.09, p=0.0007) and when
they came from sparse rather than dense neighborhoods
(p=-0.246, SE=0.08, p=0.0029). The frequency effect
became larger for those listeners with worse hearing
(f=0.007, SE=0.002, p=0.005) and worse executive
function abilities/processing speed, as measured by the
Connections test (Connections; f=0.76, SE=0.32,
p=0.017). The frequency effect was also larger for listeners
with better attention switching skills (Visual Elevator;
f=-0.087, SE=0.03, p=0.0006) but disappeared for
those participants with reduced ability to ignore irrelevant
information (Stroop; f=-0.58, SE=0.18, p=0.001).
Listeners with poorer ability to ignore irrelevant information
showed, however, a larger neighborhood density effect
(Stroop; f=—-0.36, SE=0.17, p =0.04).

In another set of analyses, we evaluated predictors of
susceptibility to masker word properties. Overall perform-
ance in these subsets was lower for individuals with poorer
ability to ignore irrelevant information (Stroop; frequency
data sets: f=—0.853, SE=0.3, p=0.005; neighborhood
density data sets: f=—0.915, SE=0.29, p=0.0015) and
with advanced age (Age.sq; frequency data sets:
p=-0.012, SE=0.004, p=0.0025; neighborhood density
data sets: f=—0.014, SE=0.004, p =0.0002). In addition,
overall performance in the frequency data set was lower for
listeners with worse hearing; this was not the case for the
neighborhood data set (frequency data sets: 5= —0.008,
SE=0.004, p=0.045; neighborhood density data set:
f=-0.006, SE=0.004, p=0.11). Overall performance for
the neighborhood density data set was also lower for individ-
uals with worse attention switching skills (Visual Elevator;
f=-0.09, SE=0.04, p=0.04) and with better Connections
test performance (ff=1.161, SE=0.55, p=0.04). As found
in the main analyses reported above, masker words’ fre-
quency did not exert a significant effect on overall perform-
ance (f=-0.093, SE=0.1, p=0.33), but the trend of
poorer target recognition in the presence of higher vs lower
frequency masker words became larger for participants with
worse hearing (f = —0.0075, SE =0.004, p =0.0009). There
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was also marginally significant evidence that the masker fre-
quency effect went away for those with reduced attention
switching skills (Visual Elevator; f§=0.0474, SE=0.04,
p=0.07) and was larger for listeners with worse executive
function and slower processing speed, as indexed by the
Connections test performance (Connections; ff=—0.594,
SE =0.58, p =0.07). Target recognition was marginally sig-
nificantly better when masker words came from dense than
from sparse neighborhoods (f=0.175, SE=0.1, p =0.08).
This effect was stronger for listeners with better hearing
(p=—-0.009, SE =0.002, p =0.0001).

In summary, words in a target speech stream presented in
a listening situation with a single-talker speech masker were
more accurately recognized when listeners were younger, bet-
ter at ignoring irrelevant information, and could more effec-
tively switch attention. Hearing acuity modulated lexical
effects on target word recognition. Specifically, the poorer the
hearing acuity of listeners, the more they were influenced by
the frequency of the target and masker words and the less they
were influenced by neighborhood density of the maskers.
Individuals with poorer executive control skills and slower
processing speed (as measured jointly by the Connections
Test) and participants with better attention-switching ability
were more strongly influenced by target word frequency.
Moreover, reduced ability to ignore irrelevant information was
associated with decreased impact of target word frequency but
increased influence of target word neighborhood density.

IV. DISCUSSION

The present study tested two hypotheses: that lexical
characteristics of to-be-ignored words influence performance
on a competing speech task; and that age-related changes in
hearing and cognition lead to greater susceptibility to lexical
characteristics of words in both speech streams in this type
of paradigm. As we discuss below, data support the first hy-
pothesis as we found a clear influence of lexical characteris-
tics of the to-be-ignored speech stream on recognition of
target words. The second hypothesis was partially supported;
both hearing loss and selected cognitive abilities were
related to the influence of lexical information, but older
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adults were not invariably more affected by lexical proper-
ties of the stimuli.

Overall, we found, as expected, that target speech recog-
nition declines and responses with words from the masker
stream become more likely as listener age increases. Data
from the middle-aged participants in this study support the
idea that substantial changes in speech perception can occur
in this age group. In most competing speech conditions, our
middle-aged participants’ performance was poorer than that
obtained by younger adult participants, even those who lis-
tened at a 3 dB poorer SNR. Of note is that speech recogni-
tion ability in steady-state noise was comparable between
our middle-aged participants and younger individuals tested
at the same SNR.

A. Lexical properties of to-be-attended words

A novel finding in the present study is that lexical proper-
ties of the target words affected their recognition in a listening
situation with a single-talker speech masker. These effects
were found for all listener groups, but to different extents.
Middle-aged listeners appeared to be particularly affected by
manipulations involving target word frequency, compared to
other listener groups. However, it should be noted that
younger adults tested at an SNR that caused them to perform
at a similar overall level as the middle-aged participants
showed frequency effects of the same size, suggesting that
these effects are the largest for a middle range of overall per-
formance. Thus, the advantage of using frequently-occurring
words appears to be most substantial when the words are suffi-
ciently (but not necessarily entirely) audible.

Older adults (as compared to younger participants tested
at a poorer SNR) were more influenced by the density of a
target word’s neighborhood, that is, by the amount of lexical
competition that the target words received. This is in line
with the previously proposed idea of reduced inhibitory con-
trol in older adults (e.g., Hasher et al., 1991; Lash et al.,
2013; Sommers and Danielson, 1999; Taler et al., 2010).
Our results further show that this increased sensitivity to lex-
ical competition seems to become significant some time
beyond mid-life, as middle-aged listeners were no more sen-
sitive to lexical competition than were younger adults. The
present results support previous reports of an increased sen-
sitivity of older adults compared to younger adults to lexical
difficulty of target words (Sommers, 1996), in that they sug-
gest that these effects are primarily driven by neighborhood
density. Our results are at odds with those of others who
have found larger age-related differences for frequency than
for neighborhood density (e.g., Dirks et al., 2001; Revill and
Spieler, 2012; Spieler and Balota, 2000), as lexical fre-
quency in the to-be-attended stream was equally important
for the older listeners in the present study as for younger lis-
teners. This apparent disconnect in findings is likely due, at
least in part, to differences in stimuli and procedures.

B. Lexical properties of to-be-ignored words and
masker error responses

Perhaps the most compelling finding in the current study
is that manipulating neighborhood density and word
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frequency in a to-be-ignored speech stream affected identifi-
cation of the to-be-attended words. However, although we
had anticipated that our older participants might be most
heavily affected by characteristics of the masking words due
to a decline in inhibitory ability, this was not the case.
Instead, only listeners who performed at relatively high lev-
els of accuracy (i.e., younger adults tested at the more favor-
able —1 dB SNR) were influenced by the ease at which the
masker word was recognized. The finding that only young
participants tested in a relatively easy listening condition
were affected by lexical properties of the masker could
potentially be explained by cognitive load. According to the
load theory of attention (e.g., Francis, 2010; Lavie et al.,
2004) if one task is very difficult, there will be little interfer-
ence from a second task because all of the available resour-
ces are directed toward resolving the first task. In the present
study, individuals who had to devote more of their available
resources to segregating the to-be-attended from the to-be-
ignored messages and focusing attention on the target stream
(whether from increased age, reduced audibility, or poorer
cognitive abilities) would have fewer resources left to pro-
cess the to-be-ignored speech stream. Therefore, manipula-
tions in the to-be-ignored stream would have less of an
effect for these individuals, as compared to the younger par-
ticipants tested in the easier listening condition, who needed
to devote fewer resources to segregation and attentional con-
trol. Consistent with load theory, the effect of manipulating
lexical factors in the masker went away for younger adults
when target processing was made more difficult by changing
the SNR.

The nature of the masker effects was such that the more
similar-sounding words that were activated by a masker
word (i.e., the more global activation there was in the lexical
neighborhood of the masker word), the greater the likelihood
of correctly recognizing the target word. It seems, however,
that this effect was driven by the additional activation of
more of the surrounding words, rather than by the activation
level of the masker word itself, since frequency of the
masker had no effect on target recognition. Masker words
and their neighbors should receive greater activation when
the masker is more rather than less frequent. Yet, the lexical
frequency of masker words did not affect target recognition.
It seems that the number of strongly competing lexical can-
didates matters more than the activation level.

The frequency of words in the masker, more so than the
density of their neighborhoods, modulated the probability of
erroneously responding with a masker word. Specifically,
masker words that were frequent were more likely to be
reported erroneously than were masker words that occurred
infrequently. Only older participants, however, were influ-
enced by the frequency of masker words in giving masker
responses, even though all listener groups produced masker
errors. Younger participants were influenced by the fre-
quency of the target words in their likelihood of erroneously
responding with the masker word, but only when tested in
the more difficult SNR. Overall, our results support the prop-
osition that difficulty suppressing lexical competitors could
contribute to age-related changes in speech perception (Lash
et al.,2013; Sommers, 1996; Sommers and Danielson, 1999)
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and could even lead to a greater incidence of “false hearing”
in older adults, in which they are highly confident that their
incorrect responses are, in fact, correct (Rogers et al., 2012).
It should be noted, however, that older adults’ propensity for
reporting masker words could also reflect a guessing strat-
egy—when faced with the task of repeating back what they
heard, it is possible that older adults, when uncertain of
whether a word was from the to-be-attended or to-be-ignored
stream, responded with the more frequent item. This expla-
nation could account for the fact that although older adults
produced more masker errors, it was the younger adults lis-
tening at a more favorable SNR for whom lexical factors in
the masker influenced target word recognition. The effect of
lexical factors on word recognition thus may emerge at dif-
ferent points during recognition for these two age groups,
that is, during perception for younger adults and at a later,
post-perceptual stage for older adults.

In contrast to our results, Boulenger et al. (2010) found
that lexical frequency of masker words influenced target
word recognition. In that study, young adults performed an
auditory lexical decision task on words and non-words in a
target stream presented in multitalker babble noise. Listeners
were slower at correctly recognizing tokens in the target
stream as words when two-talker babble contained frequent
rather than less-frequent words. Numerous differences
between the two studies exist that make direct comparison
difficult [e.g., SNR, type of task (identification vs lexical de-
cision, and accuracy vs reaction times), and nature of the
masker (single- vs two-talker competing speech)]. The
results of these two studies converge, however, on what they
tell us about spoken word recognition in the presence of
competing speech: The easier it is to recognize the masker
word (either because it has less competition from lexical
neighbors or because it is more frequent), the more target
recognition suffers, both in terms of accuracy (as shown
here) and in terms of speed of recognition (as shown by
Boulenger et al., 2010).

C. Accounting for individual differences

Last, we asked what perceptual and cognitive abilities
of the listeners might explain their susceptibility to the lexi-
cal properties of target and masker words. As expected,
high-frequency hearing was one factor that explained indi-
vidual differences in the influence of lexical properties on
speech recognition in our listeners, who ranged in age from
young adults to older adults. Target and masker frequency
effects in the present study were greater for those with more
hearing loss, supporting the idea that sensory degradation
increases the effects of word frequency (e.g., Norris and
McQueen, 2008). Our results further specified that this
increased reliance on word frequency with sensory degrada-
tion holds for words in both to-be-attended and to-be-ignored
streams. The influence of neighborhood density effects in
the masking stream was in the opposite direction: the worse
the hearing, the less the influence of the masker’s neighbors.
Hence, poorer hearing acuity actually provided, in one sense,
an advantage in this listening task. If listeners have difficulty
accessing acoustic information in the masker, then there is
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also less global activation in the neighborhood of the
masker. In the present study, only young listeners run at a
more advantageous SNR (for whom the masker words were
more audible than was the case for the other participants)
were affected by masker neighborhood density. So although,
as discussed above, cognitive load might explain younger
participants’ susceptibility to masker characteristics, audibil-
ity of the masker also could contribute to this finding.

Our results clearly support a view that attentional con-
trol skills also matter in the recognition of speech in the pres-
ence of a single competing message. In particular, target
recognition suffered for participants with reduced ability to
ignore irrelevant information (as measured with the Stroop
task) and with poorer attention-switching capability (as
measured with the Visual Elevator task). Hence, listeners
who could ignore the masker speech stream or re-direct their
attention back to the target speech if distracted by the masker
coped better in this single-talker competing speech situation.
This strongly supports the contention that while age-related
hearing loss undoubtedly limits speech recognition, changes
in higher-level abilities also contribute, as found in a grow-
ing body of previous work (e.g., Anderson et al., 2013;
Desjardins and Dougherty 2013; Helfer et al., 2013; Humes
et al., 2006; Jesse and Janse, 2012; Tun and Wingfield,
1999; Tun et al., 2002).

Cognitive abilities also mediated susceptibility to lexical
effects in target speech streams. Reduced inhibitory ability
was associated with less susceptibility to target word fre-
quency, but with higher susceptibility to target word neigh-
borhood density. This supports the idea that the ability to
inhibit modulates the influence of lexical competitors (Lash
et al., 2013; Sommers, 1996; Sommers and Danielson,
1999). In line with this, participants who were most influ-
enced by frequency of the to-be-attended words also had
reduced executive control/processing speed (as measured
with the Connections test). Somewhat surprising is the find-
ing that participants with better ability to switch attention
were actually more influenced by the word frequency. This
association was significant for frequency effects elicited
from target words but there was only a marginally significant
trend for frequency effects elicited from masker words. One
possible explanation for this result could be that listeners
who are better able to switch attention used this ability to
alternatively sample the target and masking streams, and
thus were better able to separately activate target and masker
words. This benefitted overall target recognition, but also
made these individuals more susceptible to the frequency in-
formation stored in the representations of target and masker
words. Future research should be directed toward identifying
how precisely these cognitive abilities meditate performance
in competing speech situations.

D. Summary

In summary, the results of this study suggest that a sin-
gle competing speech message may be especially disruptive
because it activates lexical competitors, which interferes
with the phonological processing of words in the to-be-
attended message. Hence, listeners process to-be-ignored

Karen S. Helfer and Alexandra Jesse



speech streams to an extent that lexical characteristics of
words in those streams can influence performance. Our
results also support the idea that the relative importance of
word frequency and neighborhood density changes across
the adult lifespan, which likely is due to both age-related
hearing loss and degradation of abilities that mediate atten-
tional control.
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