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This study investigated the benefits of differences between sentences in fundamental frequency (F0)
and temporal onset for sentence pairs among listener groups differing in age and hearing sensitivity.
Two experiments were completed with the primary difference between experiments being the way
in which the stimuli were presented. Experiment 1 used blocked stimulus presentation, which
ultimately provided redundant acoustic cues to mark the target sentence in each pair, whereas
Experiment 2 sampled a slightly more restricted stimulus space, but in a completely randomized
presentation order. For both experiments, listeners were required to detect a cue word (“Baron”) for
the target sentence in each pair and to then identify the target words (color, number) that appeared
later in the target sentence. Results of Experiment 1 showed that FO or onset separation cues were
beneficial to both cue-word detection and color-number identification performance. There were no
significant differences across groups in the ability to detect the cue word, but groups differed in their
ability to identify the correct color-number words. Elderly adults with impaired hearing had the
greatest difficulty with the identification task despite the application of spectral shaping to restore
the audibility of the speech stimuli. For the most part, the primary results of Experiment 1 were
replicated in Experiment 2, although, in the latter experiment, all older adults, whether they had
normal or impaired hearing, performed worse than young adults with normal hearing. From
Experiment 2, the benefits received for a difference in FO between talkers of 6 semitones were
equivalent to those received for an onset asynchrony of 300 ms between sentences and, for such

conditions, the combination of both sound-segregation cues resulted in an additive benefit.
© 2012 Acoustical Society of America. [http://dx.doi.org/10.1121/1.4740482]
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I. INTRODUCTION

For multi-talker conversations in which the target and the
interfering messages are presented concurrently, listeners are
required to encode and contrast spectral and temporal features
of both competing speech signals, segregate the target from
the competing source, and use a cognitive strategy to selec-
tively attend to the target message while inhibiting the com-
peting information. The processes involved in segregating
competing speech signals may be peripheral, central-auditory,
or cognitive in nature [see Shinn—Cunningham and Best
(2008) for a review]. Age-related changes can negatively
affect both the hearing sensitivity responsible for the periph-
eral encoding of input signals and the processing of speech by
the central-auditory or cognitive systems (CHABA, 1988)
and, as a result, age-related deficits in multi-talker speech per-
ception have been documented in numerous studies (Helfer
et al., 2010; Helfer and Freyman, 2008; Humes and Coughlin,
2009; Humes et al., 2006; Rossi—Katz and Arehart, 2009; Tun
et al.,2002; Tun and Wingfield, 1999).
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To improve intelligibility in multi-talker speech communi-
cation, acoustical features of the competing speech messages,
such as fundamental frequency and corresponding harmonics,
onset time, intensity, frequency, total duration, and spatial loca-
tion, can facilitate the segregation of competing speech signals.
Differences in fundamental frequency (AF0) and onset are two
different and potentially powerful temporal segregation cues
when processing monaurally presented competing speech sig-
nals (Bregman, 1990; Darwin, 2001; Hedrick and Madix, 2009;
Lentz and Marsh, 2006). Information from AFO is mainly car-
ried by the temporal fine structure and this information is pre-
served in the temporal pattern of auditory nerve firings. The
temporal onset asynchrony between two signals is an important
gross temporal cue extracted by the temporal onset disparity in
the envelopes of two sounds. Because two different speakers
usually have different FO values and often do not start speaking
at the same time both FO and onset segregation cues are often
likely to occur in our everyday listening. As a result, it is impor-
tant to examine the role of AFO and onset asynchrony between
two competing speech signals and any negative impact of aging
on the use of these two sound-segregation cues.

A. Perceptual benefit from FO differences between
competing speech signals

The fundamental frequency, FO, is defined as the fre-
quency at which the vocal folds vibrate when voiced speech
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sounds are made. The FO value conveys various cues at sub-
segmental, segmental, and suprasegmental levels, such as
acoustic cues to vowel identity (different 0 and formant fre-
quencies across vowels), gender (lower FO in men), age (a
decrease in mean F0 with age, more pronounced in women),
intonation (greater FO fluctuations for a greater change in
intonation), and the speaker’s emotional state (higher FO in
“happy” or lower FO in “sad” emotional state) (e.g., Cooper
and Sorensen, 1981; Gelfer and Mikos, 2005; Harrington
et al., 2007; Murray and Arnott, 1993; Peterson and Barney,
1952).

A review of the literature on the effects of AF0 can be
summarized briefly as follows. First, AF0 significantly bene-
fited identification performance whether the competing
speech signals are steady-state synthesized vowel pairs
(Alain et al., 2005; Arehart et al.et al., 1997, 2005; Assmann
and Summerfield, 1990, 1994; Chalikia and Bregman, 1989;
Culling and Darwin, 1993, 1994; de Cheveigné, 1997; Med-
dis and Hewitt, 1992; Rossi—Katz and Arehart, 2005; Stubbs
and Summerfield, 1988; Summerfield and Assmann, 1989,
1991; Summers and Leek, 1998; Vongpaisal and Pichora—
Fuller, 2007), nonsense syllables (Vestergaard et al., 2009),
sentence pairs without natural F0 variation (Assmann, 1999;
Bird and Darwin, 1998; Brokx and Nooteboom, 1982), or
with natural F0O variation preserved (Assmann, 1999; Darwin
et al., 2003; Oxenham and Simonson, 2009; Summers and
Leek, 1998). However, the pattern of improvement was
observed to be gradual over a greater range of AFOs [up to
AFO0 of 8 or 9 semitones (STs)] for sentence-identification
whereas the vowel-identification performance at AF0Q of >2
ST reached asymptote apparently due to the pattern of beat-
ing between double vowels (Culling and Darwin, 1994).
These findings suggest a lack of a strong relation between
double-vowel and double-sentence identification perform-
ance, partially related to the ceiling performance in double-
vowel paradigm.

Second, listeners with impaired hearing received per-
ceptual benefits for AFO0, but often showed less of a AFOQ
benefit in the double-vowel and double-sentence tasks com-
pared to normal-hearing (NH) listeners (Arehart, 1998; Are-
hart et al., 1997, 2005; Mackersie et al., 2011; Rossi—Katz
and Arehart, 2005; Stubbs and Summerfield, 1988; Summers
and Leek, 1998). Summers and Leek (1998) found less of a
benefit from AFO (4 ST) in some hearing-impaired (HI) par-
ticipants, and reported a significant relation between the AFQ
benefits and the high-frequency hearing thresholds of indi-
viduals. Rossi—Katz and Arehart (2005) showed that coch-
lear hearing loss negatively influenced listeners’ ability to
use AFQ for within-formant grouping in the high-frequency
region. However, Arehart (1998) found no additional AFOQ
benefit to vowel-identification performance when compen-
sating for the reduced audibility of vowels at high frequen-
cies. Mackersie et al. (2011) also reported less of an
improvement from 9 ST of AFO0 (high-FO0 target) in HI listen-
ers (age range: 45 to 76 yr) than in NH listeners (age range:
25 to 69 yr), even with individually amplified stimuli. How-
ever, high-frequency hearing thresholds from 1 to 3kHz
could not predict the magnitude of benefit from 9 ST of
AFO.
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Third, age effects have been examined less frequently
but there is increasing evidence that an age-related loss of
neural synchrony may occur, increasing temporal jitter and
degrading benefit from FO differences for concurrent speech
signals (Grose and Mamo, 2010; Vongpaisal and Pichora—
Fuller, 2007). Age-related reduction in the synchrony of au-
ditory nerve fiber responses has also been found in various
animal studies (Backoff and Caspary, 1994; Boettcher et al.,
1996; Mills et al., 2006; Raza et al., 1994). Previous behav-
ioral studies have found that older individuals with NH were
less accurate at identifying concurrent vowels as a function
of AF0, with 0—4 ST between vowel pairs, compared to the
young normal hearers (Arehart et al., 2011; Summers and
Leek, 1998; Vongpaisal and Pichora—Fuller, 2007).

In order to examine any negative effects of hearing loss
or other age-related declines on the use of AF0, the current
study carried out between-group comparisons among four lis-
tener groups differing in hearing status and age. Although the
AFQ cue per se is a low-level physical segregation cue
encoded in the periphery, the processing of the FO-guided
competing speech signals needs to go through all the periph-
eral, central, and cognitive mechanisms. The present study
compensated for the reduced audibility of the elderly hearing-
impaired (EHI) listeners by introducing amplitude adjust-
ments to the spectra of speech materials, similar to the role of
clinical amplification. If age-related processing deficits exist
in the ability to use AFO0, regardless of the compensation for
age-related peripheral hearing loss, we would still expect to
observe a diminished AF0 benefit. Also, young adults with ei-
ther NH or hearing loss simulated by masking noise allow a
comparative evaluation of the roles of peripheral inaudibility
and higher level processing with regard to AF0 benefit.

B. Perceptual benefit from onset asynchrony
between competing speech signals

Onset asynchrony between competing signals is one of
the powerful sound segregation cues, especially when FO,
amplitude, or spatial cues between competing signals are
unavailable (Bregman, 1990; Darwin, 1981, 2001, 2008).
The ability of listeners to use onset asynchrony between
speech signals is undoubtedly important since multiple talk-
ers are unlikely to speak with exactly the same onset in a re-
alistic communication situation.

The advantage from temporal onset asynchrony between
competing speech signals has been investigated in only a
few studies using synthesized competing vowels (Hedrick
and Madix, 2009; Lentz and Marsh, 2006; Summerfield and
Assmann, 1989; Summerfield and Culling, 1992). No studies
of an onset asynchrony benefit have been conducted with
competing sentences.

Using two synthesized vowels with durations of 400 ms,
Summerfield and Culling (1992) measured the minimal sig-
nal-to-noise ratio at which listeners could just identify a tar-
get vowel against a masking vowel. When the double vowels
have the same FO, but the masker vowel started 200 ms
before the target vowel, the 200-ms onset asynchrony signifi-
cantly reduced (improved) masked threshold by approxi-
mately 5-6 dB.
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Summerfield and Assmann (1989) introduced a 1-s pre-
cursor, specifying one of two subsequent concurrent vowels
within the precursor, presented either auditorily (ipsilaterally
or contralaterally) or visually. Only the ipsilateral acoustic
precursor significantly improved vowel-identification accu-
racy compared to the conditions without a precursor, sug-
gesting a similar positive role of either the precursor or the
leading segment corresponding to the asynchrony.

Hedrick and Madix (2009) investigated the ability of
young normal hearers in identifying synthetic double vowels
with various onset separations from 0 to 150ms (in 25-ms
steps). Consistent with other studies, a robust onset-
separation benefit was observed when vowel identification
was measured with the same-F0 vowels. Despite the use of
relatively difficult vowel pairs in their study, some vowel
pairs revealed a significant onset effect or a vowel domi-
nance pattern while others did not. Moreover, the harmonic
structures of vowels could not account for the differential
vowel dominance. Considering the perceptual onset benefit
and the vowel dominance pattern together, the authors con-
cluded that the process of onset asynchrony between double
vowels would involve a schema-based categorical process
beyond the auditory peripheral level, at least for the young
normal-hearing (YNH) population.

Besides data from normal hearers noted above, Lentz
and Marsh (2006) measured the ability of both NH (age
range: 18-51, M =31 yrs) and HI participants (age range:
25-61, M =45.5 yrs) to utilize onset asynchrony as a segre-
gation cue.

The synthesized competing vowels were separated by
various onset asynchronies but shared the same offset. In
their double-vowel paradigm, the masker vowel, which
came first, had different durations from 350 to 550 ms while
the target vowel, which always came later, had a duration
fixed at 250 ms. As a result, the duration of temporal overlap
was always 250 ms, with onset asynchrony ranging from 100
to 300 ms. Both groups’ identification accuracy of the lag-
ging target vowel continued to improve as a function of
onset separations from 100 to 300 ms, regardless of whether
the double vowels were of the same or different FO. Between
groups, the HI group received a slightly less perceptual bene-
fit from 100-300 ms onset separations relative to the NH
group (13 percentage points and 9 percentage points of per-
ceptual benefit in the NH and HI groups, respectively). In
contrast, the AF0 cue (4 ST) yielded a similar benefit in both
groups (about 11 percentage points).

Given that the amount of onset benefit was slightly
smaller in the HI group than in the NH group and that spec-
tral shaping was not applied to the vowels to compensate
for hearing loss, Lentz and Marsh (2006) further examined
the relation between the audibility of the speech and the
onset asynchrony benefit using an excitation-pattern analy-
sis. The results showed that both the excitation pattern and
the audible speech frequency range failed to predict the
onset separation benefits of HI individuals, arguing that the
use of onset asynchrony would be associated with the pres-
ence of suprathreshold deficits similar to the suprathreshold
deficits suggested for diminished AFO benefit (Arehart,
1998).
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It is somewhat surprising that no studies have yet inves-
tigated the perceptual benefit of onset asynchrony between
competing messages for sentences and the effect of aging on
such benefit. Although both AF0 and onset asynchronies are
often occurring in common multi-talker listening environ-
ments and aging could potentially diminish the benefits from
each cue, previous research has seldom focused on the
FO-guided or onset-guided segregation strategy of the old
listeners for the concurrent messages. Clearly, some form of
temporal comparison between stimuli would be required to
make use of onset asynchrony.

C. Purpose of the study

This study was designed to compare the performance of
the four groups of adults, differing in age and hearing sensi-
tivity, when they were asked to detect and identify double
sentences separated by AF0, onset asynchrony, or a combi-
nation of each. Specifically, as described in more detail
below, the four groups were YNH adults, elderly normal-
hearing (ENH) adults, EHI adults, and YNH adults with
noise masking (YNM) designed to create the same inaudibil-
ity as that experienced by the EHI listeners.

The present study goes beyond previous research in
three ways. First, the present study systematically manipu-
lated differences in both AF0 and temporal onset asyn-
chrony, allowing us to compare the AF0 and onset benefits
across the four groups, as well as to evaluate any interactive
effects between the F0O and onset separations in each group.
By comparing the performance across various pairs of the
four groups included in this study, the relative importance of
inaudibility, peripheral cochlear pathology, and aging was
examined. For example, comparisons between the perform-
ance of YNH and YNM groups enable the evaluation of a
relative role of a sensitivity loss on performance. Similarly,
a comparison of ENH and EHI allows an examination of
sensitivity loss and cochlear pathology on performance. In a
similar fashion, a comparison of the performance of the
YNH and ENH groups presents an examination of the effects
of age on performance. Finally, the pattern of group results
for all these experimental groups relative to the YNH refer-
ence group may also shed light on the interactions between
inaudibility/pathology and age.

Second, using the coordinate response measure (CRM)
corpus (Bolia et al., 2000), a stimulus corpus frequently used
for investigating competing speech perception, we measured
both the speech-detection and identification performance
when two sound-segregation cues (F0 and onset differences)
were available to the listeners. Although various studies
have measured the performance of young (Brungart et al.,
2006; Brungart and Simpson, 2007) and older listeners
(Humes and Coughlin, 2009, Humes et al., 2006) on
competing-speech tasks using the CRM, the focus of those
studies was mostly on the identification of target color-
number (CN) words near the end of each sentence. In a
multi-talker conversation simulated by competing CRM sen-
tences, the target CN words have most often been cued by
the cue-word “Baron” appearing early in the target sentence.
Thus, to correctly identify the CN words in the target
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sentence, the listeners must first be able to detect the cue
word identifying the target message. As a result, if one sub-
ject group performs worse than another in terms of correct
CN identification, there are at least two plausible explana-
tions. First, difficulty in detecting the cue word could result
in poor identification of color and number words spoken by
the target voice. Second, listeners may be able to identify the
correct cue word and know which sentence is the target sen-
tence but may still not be able to identify the correct CN
words that appear later in the mixture of target and compet-
ing sentences. To sort these two possibilities out, Shafiro and
Gygi (2007) first measured detection sensitivity (d') to the
cue word Baron in YNH listeners and found that d' was
strongly correlated with the identification accuracy of the
CN words in the target message. As noted, age-group differ-
ences in CN identification have been observed previously
(Humes and Coughlin, 2009; Humes et al., 2006) but it is
unclear whether such performance decrements are due to dif-
ficulty in identifying the initial cue word marking the target
message. As a result, this issue is explored further in this
study.

Third, two experiments were conducted in the present
study in order to determine the effect of uncertainty on the
use of O and onset segregation cues for detection and iden-
tification performance. This was motivated given the contra-
dictory findings on the contribution of uncertainty to speech
recognition between young and old listener groups (Brungart
and Simpson, 2004; Freyman et al., 2007; Humes and
Coughlin, 2009; Humes et al., 2006; Mackersie et al., 2011;
Sommers, 1997). For the competing speech environment, it
is well known that target-masker similarity and stimulus
uncertainty are associated with informational masking (Dur-
lach et al., 2003; Freyman et al., 2007).

Freyman et al. (2007) varied the amount of masker
uncertainty for a speech-recognition task and expected to
observe more informational masking with increasing uncer-
tainty of the masker. Unexpectedly, they found a relatively
small effect of masker uncertainty on nonsense sentence
identification for YNH listeners. Brungart and Simpson
(2004), using the CRM corpus, also found very little effect
of talker uncertainty on speech-identification for young
adults. However, Mackersie et al. (2011), also using the
CRM, found that, when the trial- to-trial target uncertainty
was removed, both NH (mean age: 48 yr, range: 25-69 yr)
and generally older HI listeners (mean age: 61 yr, range: 45—
76 yr) better identified the target CN words, especially for
the target talker having a lower FO value. This suggested
that the target uncertainty affected listeners’ focusing on the
lower pitch of the target voice in the presence of the higher-
FO competition, regardless of hearing status. Similarly,
Humes and Coughlin (2009) and Humes et al. (2006), both
using the CRM, observed a significant effect of talker uncer-
tainty in both young and older adults.

In the current study, Experiment 1 examined the contri-
butions of F0 and onset segregation cues using finer steps
along each cue continuum and using minimum or low-
uncertainty test conditions. Experiment 2 was essentially a
replication of much of Experiment 1, but with completely
randomized (maximum uncertainty) stimulus conditions.
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D. Hypotheses tested

Based on the literature reviewed above, the following
hypotheses have been developed and will be evaluated in the
first experiment: (1) FO differences will improve perform-
ance of the four listener groups on the detection and identifi-
cation of the target words, and the improvement will be
gradual from O to 6 ST rather than asymptotic; (2) onset
asynchrony will also significantly enhance the ability of all
the groups to detect and identify the target words, with per-
formance progressively increasing from 0 to 600 ms asyn-
chrony; (3) combinations of AF0 and onset asynchrony cues
will result in a higher performance than either AF0 or onset-
asynchrony alone; (4) the overall identification performance
of the EHI group will be significantly poorer than that of the
YNH group, despite audible sentence pairs, with the per-
formance of the other groups (YNM and ENH) somewhere
in between these two groups; and (5) the ability of the EHI
group to use AF0 and onset asynchrony cues will be poorer
than that of the YNH group. The methods used to examine
these hypotheses follow.

Il. EXPERIMENT 1: METHODS
A. Participants

Sixty listeners, consisting of 4 groups of 15 listeners,
participated in the first experiment. The four groups were as
follows: (1) 15 YNH adults with ages ranging from 19 to
32yr (M =23.5, SE=1 yrs); (2) 15 ENH adults between the
ages of 63 and 79 yrs (M =70.3, standard error (SE)=1.4
yrs); (3) 15 EHI adults between the ages of 61 and 81 yrs
(M =713, SE=1.8 yrs); and (4) 15 YNM listeners (YNH
listeners with noise masking) to simulate the average audi-
bility of the EHI listeners with ages ranging from 19 to 26
yrs (M=21.8, SE=0.5 yrs). All the participants were
required to have normal middle-ear status (normal tympano-
gram), a score of at least 25 out of 30 on the Mini-Mental
Status Exam (MMSE, Folstein et al., 1975) for cognitive sta-
tus, and a score of 9 or greater when summed from the audi-
tory forward and backward digit-span test for memory from
the Wechsler Adult Intelligence Scale (Wechsler, 1997).

The YNH and YNM listener groups were screened to
ensure that their air conduction thresholds were equal to or
better than 20 dB hearing level (HL) (ANSI, 2004) at octave
frequencies from 250 through 8000 Hz. The mean thresholds
of the 15 ENH participants were equal to or better than
20 dB HL at octave frequencies from 250 through 4000 Hz.
Table I shows ages, MMSE scores, digit spans, and air-
conduction audiometric thresholds of the test ear for the
ENH and EHI individuals. Pair-wise independent sample
t-tests indicated that the two groups of young adults did not
differ in age, the two groups of older adults did not differ in
age, but each group of older adults was significantly older
than each of the younger groups. Results of a one-way analy-
sis of variance (ANOVA) showed that the four listener
groups did not differ in MMSE [F(3,56)=1.5, p=0.23] or
digit-span scores [F(3,56) = 1.8, p=0.16].

To examine the effect of hearing loss among the elderly
listeners, an overlap in the range of air-conduction thresholds
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TABLE I. Demographic information (i.e., age, scores of MMSE and digit-span, and air-conducted audiometric thresholds) of individual ENH and EHI listen-
ers (ENH =the elderly normal-hearing; EHI =the elderly hearing-impaired; MMSE = Mini-Mental Status Exam; PTA 1,2,4 or PTA 0.5,1,2 = Pure-tone

thresholds averaged across 1, 2, 4kHz or across 0.5, 1, 2kHz).

Frequency
Digit PTA PTA
Age MMSE spans 250Hz 500Hz 1000Hz 1500Hz 2000Hz 3000Hz 4000Hz 6000Hz 8000Hz 124 05,12
ENH 1 65 29 21 15 15 15 15 20 15 10 15 40 15 17
ENH 2 79 30 18 25 20 15 10 10 15 15 35 12 13
ENH 3 72 28 20 10 5 10 10 5 5 10 15 0 8 7
ENH 4 69 30 14 20 25 20 20 20 20 25 25 40 22 22
ENH 5 69 29 17 15 15 10 13 15 15 30 35 25 18 13
ENH 6 66 30 16 10 15 5 15 10 25 35 35 30 17 10
ENH 7 63 30 17 20 20 20 20 20 25 25 35 30 22 20
ENH 8 64 29 18 15 10 10 5 5 10 5 5 5 7 8
ENH 9 69 30 16 20 20 20 10 15 15 10 15 25 15 18
ENH10 79 29 13 5 5 10 15 15 10 15 15 40 13 10
ENH 11 72 28 17 20 20 15 15 10 15 20 5 5 15 15
ENH 12 67 25 17 15 10 10 10 20 30 30 25 17 10
ENH 13 67 30 20 5 5 5 10 20 20 10 20 12 7
ENH 14 79 28 17 10 25 20 10 20 15 35 15 15 18
ENH 15 75 29 16 0 5 5 10 10 25 30 20 15 15 7
mean 70 29 17 14 14 13 12 12 17 20 21 23 15 13
EHI 1 61 30 12 20 20 25 35 35 60 65 65 65 42 27
EHI 2 80 29 21 20 25 30 35 40 45 65 65 75 45 32
EHI 3 63 30 22 40 40 40 35 50 65 65 60 65 52 43
EHI 4 67 29 13 20 30 40 42 45 55 50 55 75 45 38
EHI 5 78 29 18 40 35 35 45 55 60 65 55 65 52 42
EHI 6 63 30 14 30 35 45 50 50 50 60 60 60 52 43
EHI 7 75 28 13 20 25 25 40 45 50 55 65 75 42 32
EHI 8 81 29 13 40 35 30 35 40 45 60 70 75 43 35
EHI 9 71 29 19 25 25 30 35 35 45 60 50 60 42 30
EHI 10 81 29 13 20 25 35 45 55 55 60 65 75 50 38
EHI 11 71 29 10 15 25 25 35 45 45 50 50 60 40 32
EHI 12 76 28 14 20 35 45 55 60 50 55 60 70 53 47
EHI 13 68 29 14 20 25 35 40 45 45 55 60 60 45 35
EHI 14 64 29 9 20 30 40 45 50 55 60 65 60 50 40
EHI 15 70 29 16 15 20 45 45 60 65 65 70 70 57 42
mean 71 29 15 24 29 35 41 47 53 59 61 67 47 37

between the ENH and EHI individuals at frequencies from
1000 to 8000 Hz was avoided. As shown in Table I, individ-
ual audiometric thresholds of the ENH subjects ranged from
5-20dB HL across frequencies of 1000, 1500, and 2000 Hz
in contrast to the range of 25-60dB HL for EHI subjects.
The individual audiometric thresholds of the ENH individu-
als ranged from 5-25dB HL at 3000 Hz and 0-40dB HL
from 4000-8000 Hz, whereas the corresponding thresholds
for the EHI subjects ranged from 45-65dB HL at 3000 Hz
and 50-75dB HL from 4000-8000 Hz. Given the monaural
presentation condition in this study, if hearing was asymmet-
rical, the ear that matched best with the range of hearing
thresholds for the respective group of older adults was
selected for testing. If both ears were eligible as a test ear,
then the right ear was selected as the test ear. The right ear
was the test ear for all YNH and YNM subjects, for nine
ENH subjects, and for eight EHI subjects.

A brief survey of their highest level of education was
also completed. Responses for the highest grade of education
were coded as follows: 12 for the completion of high school,
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16 for Bachelor’s degree, 18 for Master’s degree, and 23 for
a Doctoral degree. The result of univariate ANOVA revealed
that the years of education did not differ (p > 0.05) across
the four groups (the mean years of education for the YNH,
ENH, EHI, and YNM groups were 17.3, 16.1, 16.4, and
16.4, respectively).

A spectrally shaped masking noise was created to simu-
late the average of the EHI listeners’ quiet thresholds and this
background noise was introduced only to the YNM listeners.
The masking noise was produced and shaped by a one-third
octave band graphic equalizer within Adobe Audition (Adobe
Systems Incorporated, San Jose, CA, version 1.5), using criti-
cal ratio estimation (Humes et al., 1987). Specifically, each
mean pure-tone threshold of the EHI group was converted
from dB HL to dB sound pressure level (SPL) in a 2-cm’ cou-
pler using ANSI (2004). Next, the critical ratio at each fre-
quency was subtracted to estimate the noise spectrum level in
dB SPL/Hz at each frequency that would produce a masked
threshold equivalent to the mean quiet thresholds of the EHI
group. The spectrum of the masking noise was then adjusted
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via Adobe Audition to produce a noise with the desired spec-
tral shape. In the pilot testing, masked pure-tone thresholds
from three additional young normal hearers were measured to
verify a close match (within =3 dB at octave intervals from
125 to 8000 Hz) between the individual masked thresholds of
the three normal hearers and the mean quiet thresholds of the
EHI group. This goal was achieved for the three listeners
when the intensity of masking noise was increased by 5dB
from the initial estimate and this adjusted level was used for
all the YNM listeners during the testing.

All the participants were native English speakers,
recruited from Indiana University and the local community
in Bloomington, Indiana. All were paid for their participa-
tion in this study.

B. Stimuli

The speech materials used in this study were sentences
from the CRM corpus (Bolia et al., 2000). Each CRM sen-
tence has the constrained form “Ready (call sign), go to
(color) (number) now.” In the corpus, 8 different talkers
(talker 0-3 for four males, and talker 4-7 for four females)
produced 256 CRM sentences resulting from the combina-
tion of 8 call signs (Arrow, Baron, Charlie, Eagle, Hopper,
Laker, Ringo, Tiger), 4 colors (Blue, Green, Red, White),
and 8 numbers (1-8).

To select the male target voice among the available talk-
ers of CRM corpus, the averaged FO value of each talker
speaking the same six CRM sentences was determined by
COLEA wmaTLAB code (Loizou, 2000) using an autocorrela-
tion approach. The male talker #0 was found to have a mo-
notonous characteristic in voice pitch (Mean FO0=099,
SD =1.48) among talkers and talker #0 was eliminated.
Because male talker #3 was reported to yield higher per-
formance compared to other talkers (Brungart, 2001), talker
#3 was eliminated. This left male talkers #1 and #2, with
male talker #1 (7T'1) chosen as the target voice in our study.
The mean FO values of all 256 sentences (8 call signs x 4
colors x 8 numbers) spoken by T1 were then measured.
Results from COLEA analysis showed that the mean FO
value was 115.8Hz ranging from 101.7 to 147.9Hz
(SD=6.4Hz). This value was comparable to the mean FO
value of T1 of 118.3 Hz estimated for these same materials
and talker by Allen et al. (2008) using Kay Elemetrics Com-
puterized Speech Lab version 4500.

Listeners were monaurally presented pairs of CRM sen-
tences spoken by T1, differing in FO and temporal onset.
First, the AFO between sentences was manipulated using a
high-quality speech analysis-synthesis system, STRAIGHT
(Kawahara et al., 1999). The STRAIGHT program estimated
the 0O contour of each of the 256 sentences spoken by 71 in
a 1-ms frame and then resynthesized the FO contour to be
shifted corresponding to the target amount of AFOQ. The
STRAIGHT wmaTLAB code has been used to modify the aver-
age F0 of sentences in recent studies because STRAIGHT is
known to successfully shift FO while preserving the natural
pattern of the FO contour in the target sentence without
evoking much change in the formants (Carroll and Zeng,
2007; Stickney et al., 2007). For conditions with a AF0 of 0
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ST, the FO contours of both target and competing sentences
were not processed. To provide AFO of 3 or 6 ST between
two sentences, the FO of one sentence was scaled upwards
along the ST scale (3 or 6 ST) with the natural FO variation
unchanged. This up-shift of FO was applied half to the target
sentences and the other half to the masker sentences. Given
the mean FO value of 115.8 Hz (range: 101.7-147.9 Hz) for
the 256 unprocessed sentences, the average FO was shifted
to 137.7 and 163.8 Hz after introducing FO shifts of 3 and 6
ST, respectively.

Second, when the pair of sentences differed in onset
asynchrony, the target sentence arrived first and then the
masker sentence was presented after an onset asynchrony of
0, 50, 150, 300, or 600 ms. In other words, the target sen-
tence always preceded the competing sentence by the
amount of temporal onset asynchrony, resulting in some ini-
tial portion of the target sentence being presented in isola-
tion. Because each CRM sentence had the same structure
which resulted in similar overall sentence durations, the
onset asynchrony naturally led to a difference in stimulus
offset. Especially, the maximum value of 600-ms asyn-
chrony among the five onset asynchronies enabled the listen-
ers to hear “Ready Baron” from the target sentence in
isolation before the competing sentence began and to hear
“(number) now” within the competing sentence after the end
of the target-sentence presentation.

C. Spectral shaping

All the unprocessed and FO raised sentences were spec-
trally shaped in this study. The purpose of the spectral shap-
ing was to provide speech audibility of at least a 10dB
sensation level (SL) from 200 to 4000 Hz for all EHI individ-
uals. In order to achieve this goal without peak clipping, the
overall level of the CRM sentences was reduced by 7 dB and
then spectrally shaped using a one-third octave band graphic
equalizer within Adobe Audition. Figure 1 shows the relative
differences in amplitude spectra of the concatenated wave
files (without the 7-dB overall amplitude reduction) from all
the CRM sentences before and after the spectral shaping. Af-
ter the shaping was applied, all the sentences were equated
to have the same root-mean-squared (rms) amplitude (within
*1dB). The experimenter verified the absence of peak clip-
ping for all sentences using Adobe Audition, as well as the
absence of distorted sound quality by informal listening. The
identical spectral shaping was applied to all stimuli in this
study, rather than individually tailoring the spectral shaping
to the hearing thresholds of the listeners.

To verify that the rms long-term spectrum of the speech
(and calibration noise) was at least 10 dB above every listen-
er’s thresholds from 200 to 4000 Hz, especially for the 15
EHI individuals, the pure-tone hearing thresholds of each
EHI listener in dB HL were converted to dB SPL based
using the correction factors from ANSI (2004) and the
thresholds in dB SPL at octave intervals from 250 to
8000Hz were interpolated to values at one-third-octave
intervals. The speech audibility was then calculated by sub-
tracting individual pure-tone hearing thresholds in dB SPL
(re: 2-cm” coupler at one-third-octave bands) from the rms
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FIG. 1. Relative amplitude spectra of concatenated CRM wave files with or
without spectral shaping.

spectrum of calibration noise at one-third-octave bands from
100 to 8000 Hz. Five EHI listeners who had the greatest
hearing loss at 4000 Hz (EHI #1, 2, 3, 5, 15 shown in Table
I) needed a presentation level greater than 85dB SPL in
order to provide speech audibility greater than 10 dB above
the thresholds at 4000 Hz. Thus, those 5 EHI participants
were presented speech materials at a presentation level of
91dB SPL.

Figure 2 depicts the average SL of the speech stimulus
at one-third-octave bands from 200 to 4000 Hz for the ENH
group (unfilled circles), as well as 10 EHI listeners (unfilled
triangles) tested at 85 dB SPL, and the 5 EHI listeners (filled
triangles) tested at 91 dB SPL. For comparison purposes,
two horizontal lines have been added to Fig. 2, one at 10 dB
(dotted) and one at 15dB (dashed) SL. A 10-dB SL through
4000 Hz was the minimum amount of speech audibility tar-
geted for all the listeners, even with the EHI individual with
the greatest hearing loss in this study. A 15-dB SL shown by
the dotted line is optimal according to the Speech Intelligi-
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FIG. 2. Sensation level of the CRM speech signals presented to the 15 ENH
listeners (unfilled circles), the 10 EHI listeners (unfilled triangles) tested at
85dB SPL, and the 5 EHI listeners (filled triangles) tested at 91 dB SPL.
The dashed line shows 15-dB SL displaying the optimal or asymptotic band
SL according to the SII (ANSI, 1997) and the dotted line shows the objec-
tive of at least 10 dB SL for this study.
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bility Index (SII) (ANSI, 1997). The EHI individual with the
greatest hearing loss in the present study would hear the tar-
get speech with a sensational level greater than 16 dB from
100 to 3000 Hz (31-dB sensational level at maximum) and a
sensational level of 10dB at 4000 Hz.

D. Calibration and apparatus

For the purposes of calibration, a steady-state speech-
shaped noise was created using Adobe Audition. This
calibration noise was shaped to match, in terms of both long-
term average spectrum and the average rms (within =3 dB),
a concatenated wave file consisting of all the spectrally
shaped CRM sentences spoken by talker T'1. The match of
long-term average spectrum and the average rms amplitude
values was determined by an averaged (50-ms window) fast
Fourier transform (FFT) analysis (Hanning window, FFT
size = 1024).

The calibration noise was played through one channel of
a 16-bit digital-to-analog converter (TDT DAI1) at a sam-
pling rate of 48 828 Hz and routed through an anti-aliasing
filter (TDT FT5) with a cut-off frequency set to 10 kHz. The
amplitude of the noise was set to 18 dB below maximum
using a headphone buffer (TDT HB7) and sent to an insert
phone (ER-3 A) coupled to an HA-2 2-cm’ coupler (ANSI,
2004). Overall SPL and one-third- octave band levels were
then measured in an HA-2 2-cm® coupler with a sound level
meter (Larson-Davis, Provo, UT, model 800B) using a one-
third octave band filter and a linear setting. With 18-dB
attenuation at the headphone buffer, the overall presentation
level of the noise was 85 dB SPL.

E. Procedures

Each participant was seated in front of a 17-in. touch-
screen computer monitor in a single-walled sound-attenuating
booth (Industrial Acoustics Company, Bronx, NY, Model
1200 A). The ambient noise levels in this booth complied
with ANSI (1999) guidelines for threshold testing with ear-
phones. All the participants listened to pairs of CRM senten-
ces, one target and one masking sentence, with 0-dB TMR
based on the average rms amplitude of the sentences. A cus-
tom MATLAB program was designed to add two competing
CRM sentences digitally and to deliver them through the
TDT System-III equipment (one channel of a 16-bit digital-
to-analog converter). The customized MATLAB code also
mixed the background noise required to simulate hearing loss
in the YNM listeners with the sentence pairs. The simulation
masking noise always preceded the onset of the first sentence
by 150ms and followed the offset of the second sentence in
each pair by 150 ms.

After administering the screening tests for hearing and
cognitive function, the participants were given written and
oral instructions indicating that there would be two compet-
ing sentences presented, one of which contained the call sign
of Baron, which identified the target sentence. After the pre-
sentation of sentence pairs in each trial, the listeners were
required to make two responses. First, they needed to select
YES/NO for whether they detected the presence of the cue
word (call sign Baron). Second, regardless of their first
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responses, they identified the color and number in the sen-
tence containing the cue word. A touch screen allowed lis-
teners to make both detection and identification responses as
well as allow the subjects control time to choose their
responses. To examine the detection sensitivity to the cue
word Baron for the first task, the cue word Baron was con-
tained in 75% of the trials (N =24) in each block. Partici-
pants were informed that Baron would be presented on only
75% of the trials, but were not informed that the target sen-
tence always arrived earlier than the masking sentence for
the onset asynchrony.

Prior to the experimental testing, practice and familiar-
ization sessions were given. In the practice session, the lis-
teners heard 32 target sentences without a competing
sentence and they needed to select YES/NO for the presence
of Baron as well as the CN responses. All the listeners could
detect Baron with 100% accuracy and could also identify the
CN sequence with greater than 98% accuracy, verifying that
all the keywords in quiet were sufficiently audible and iden-
tifiable to all listeners. Following the practice session, the
subjects were given a long familiarization session in which
the same (detection and identification) tasks, the 75% pro-
portion of Baron trials (N =90) and 25% of “No-Baron” tri-
als (N =30), were preserved. Only during the familiarization
task trial-to-trial feedback was visually shown immediately
after the listeners’ responses.

In the experimental testing, a total of 1920 trials were
presented to each listener (32 trials x 4 blocks x 15 condi-
tions) as the 15 listening conditions were generated by a
combination of three values of AFO (0, 3, 6 ST) and 5 levels
of onset asynchrony (0, 50, 150, 300, 600 ms) between the
two sentences. The test sequence of the 15 conditions for
each listener was a quasi-randomized order. Each experi-
mental session lasted approximately 1.5-2h. To complete all
testing, three to four sessions and four to five sessions were
required for young and elderly listeners, respectively. While
the speech signals were presented to the test ear only through
the insert earphone, the non-test ear was also occluded by
the other insert earphone during testing.

F. Scoring and data analysis

Recall that the tasks of the listeners were to select the
“YES” or “NO” response regarding whether they detected
the cue word Baron and then to choose the color and num-
ber spoken by the target voice identified by Baron. From the
detection responses, the sensitivity, d' to detect the cue
word was estimated based on the signal detection theory.
From the identification answers, the number of correctly or
incorrectly identified color and number responses was sepa-
rately scored. Further details regarding the scoring are as
follows.

1. Scoring for the detection task

Performance for detection sensitivity, d’, was deter-
mined based on the proportion of “Hit” and “False alarm”
responses summed across the four blocks (128 trials) for
each condition. The proportion of Hit and False alarm
responses was converted into z scores, where the proportion
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of Hit responses was the summed number of Hit responses
divided by the number of Baron trials (N =96) and the pro-
portion of False alarm responses means the aggregated False
alarm responses relative to the total “No-Baron” trials
(N =32). The difference between the z-transformed proba-
bilities of Hit and False alarm is ¢’ (Green and Swets, 1966;
Macmillan and Creelman, 2005). The Hit and False alarm
rates of 0 or 1 were adjusted to be 0.004 or 0.996 (Stanislaw
and Todorov, 1999) resulting in a maximal d’ of 5.3, mean-
ing that the detection performance was perfect (100% Hits,
0% False alarms).

2. Scoring for the identification task

The CN identification was scored correct only when
both the color and number responses were correct. Because
the listeners were instructed to identify the color and number
spoken by the target voice saying Baron, their identification
accuracy was scored only when the presence of Baron was
correctly detected (i.e., on trials yielding Hit). In other
words, we did not evaluate the CN responses when the detec-
tion response of Baron was a “Miss,” False alarm, or
“Correct rejection.”

Given that the FO shift was applied half of the time to
the target sentences and half of the time to the masker sen-
tences, additional paired 7-tests were conducted to examine
whether it mattered whether the shift was applied to the tar-
get or masker sentence. Given no significant difference, the
CN identification responses were averaged across the two
cases (target-shift and masker-shift), representing the mean
CN score of each of the 15 conditions. An analysis of par-
tially correct and completely incorrect responses was also
performed to examine ‘“intrusions” of the competing CN
stimulus.

3. Data analysis

The current research design with a total of 15 conditions
included 1 between-subject (YNH, ENH, EHI, and YNM)
and 2 within-subject factors (F0: 0, 3, 6 STs; Onset asyn-
chrony: 0, 50, 150, 300, and 600 ms). All the individual
proportion-correct scores for CN identification were con-
verted into rationalized arcsine units (RAU) to stabilize the
error variance (Studebaker, 1985) prior to statistical analy-
ses. A 4 x3x5 factorial mixed-model ANOVA, with
4 between-group and 2 within-group comparisons, was con-
ducted on each of the 3 dependent measures: d’, correct CN
identification score, and intrusions.

The mean d' values were compared to examine the
effects of group, AF0, and onset asynchrony on the detection
sensitivity. The data for CN identification accuracy, as well
as the proportion of intrusions among incorrect CN
responses, were also analyzed for the same main effects.
Interactions among group AFO and onset asynchrony were
also examined for each of these four dependent values. Any
necessary post hoc multiple comparisons were conducted
based on the adjusted criterion p value, depending on the
number of paired comparisons to be made. For analysis,
the Greenhouse—Geisser correction was used when the
Mauchly’s Test of Sphericity was violated.
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lll. EXPERIMENT 1: RESULTS AND DISCUSSION
A. Detection sensitivity (d’)

For the detection task, all the listeners were required to
respond Yes or No for the detection sensitivity (d') of the
cue word Baron. Figure 3 shows mean and standard errors of
d' for Baron as a function of onset asynchrony for the four
groups when two sentences were separated by three levels of
AF0O: 0 (left), 3 (center), and 6 (right) STs. As previously
noted, the maximum possible d' was 5.3 (where hit rate of
1 and false alarm rate of O were adjusted to be 0.996 and
0.004) and the minimum possible d" was 0 (chance level).
Without FO and onset separation (0-ST AF0 and 0-ms onset
asynchrony), mean d’ was 2.65, 2.27, 2.3, and 2.27 for YNH,
ENH, EHI, and YNM listeners, respectively, indicating that
Baron was similarly detected for all listeners. Averaged d'
values collapsed across Aonsets and groups were 3.51, 3.75,
3.96 for AFO0s of 0, 3, 6 ST, respectively. Mean d’ values col-
lapsed across 3 AFOs and 4 groups progressively increased
from 2.58, 3.22, 3.49, 4.52 to 4.89 when the onset asyn-
chrony increased from 0, 50, 150, 300 to 600ms,
respectively.

A 4 x3 x5 factorial mixed-model ANOVA was per-
formed on d’ values with a between- subjects factor of group
and two repeated-measures variables (AF0 and Aonset).
Results showed that detection sensitivity of Baron was sig-
nificantly (p <0.01) affected by AFO [F(2, 112) =30.4] and
onset asynchrony [F(3.2, 179.1) = 187.1], but not by group
[F(3, 56) =0.4]. This demonstrates that the overall detection
sensitivity of Baron was comparable across the listener
groups and that all the listener groups detected Baron more
readily as the differences in FO and onset between two sen-
tences increased. The results from Bonferroni-adjusted mul-
tiple paired-comparisons showed significant improvements
in d' of about 0.2-0.3 for each successive increment in AF0
values. Also, the detection performance at the 0, 50, 150,
300, and 600-ms onset asynchronies significantly differed
from one another. In particular, the d’' value to detect Baron
greatly increased between 150 and 300 ms asynchrony at
0-ST FO difference, as visually seen in Fig. 6, although the
cue word Baron still temporally overlapped with the compet-
ing message up to 300-ms asynchrony. Except for the two-
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FIG. 3. Detection sensitivity (d') to cue word Baron as a function of AFQ

and onset asynchrony for the four listener groups (YNH, ENH, EHI, and
YNM listeners).
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way interaction between AF0 and onset asynchrony, other
interactions were not significant. The significant two-way
interaction between AF0 and onset asynchrony [F(8,
448)=13.6, p <0.01] is because of slightly lower d’' values
between 50 and 150 ms onset asynchronies at AFQ values of
0 ST compared to those at 3 or 6 ST.

FO and sentence onset separation cues significantly
improved call-sign detection sensitivity in this experiment.
Both AF0 and Aonset segregation cues by themselves have
been considered low-level physical segregation cues
encoded in the periphery for perceptual organization in a
multi-talker environment (Darwin, 2008). However, the
processing of those primitive grouping cues represents proc-
essing by additional peripheral, central, and cognitive mech-
anisms, as suggested by the involvement of a multi-stage
processing model (Alain, 2007; Alain et al., 2005; Snyder
and Alain, 2005, 2007). Especially, Alain et al. (2001)
showed that age-related deficits in detecting a mistuned har-
monic depended not only on the listeners’ peripheral factors
but also upon an age-related decline in central auditory func-
tioning. As noted, however, on a group basis there were no
significant differences in call-sign detection among the four
groups. This suggests that, if there were age-related central
or cognitive deficits in the older listeners in this experiment,
then they were insufficient to have an impact on call-sign
detection.

Additional insights into this can be gleaned from exami-
nation of individual differences in call-sign detection and the
association of these differences with age, hearing loss, and
cognitive function. Correlations were examined between d'
values averaged across 15 conditions and 3 individual fac-
tors: high-frequency (1, 2, 4 kHz) pure-tone thresholds, age,
and digit span. No significant correlations were observed.
Given this non-significant relation and the comparable d’
across four groups, aging or age-related declines in the
short-term working memory evaluated by digit span did not
limit the detection performance of the older subjects, at least
for the closed-set CRM task in this experiment.

In summary, we found that the AFO and onset asyn-
chrony significantly improved the sensitivity (d') measures.
Even when the listeners heard two CRM messages without
FO0 and onset asynchrony difference, detection performance
for Baron was good (the average d’ was >2.0 throughout)
and equivalent across the four groups.

B. Correct CN identification

In the current study, after responding Yes or No for the
detection of Baron, listeners needed to choose both the color
and the number spoken by the talker who produced the cue
word Baron. CN identification scores in percent-correct were
converted to RAU, and the means and standard errors of the
CN identification accuracy (in RAU) in each of the 15 condi-
tions (3 AFOs x 5 onset asynchronies) are displayed in Fig. 4
for the 4 listener groups. Identification scores are plotted as a
function of onset asynchrony for AF0 values of 0 (left), 3
(center), 6 (right) STs. When the listeners heard two CRM
messages without FO and onset separation (AFO=0 ST,
Aonset =0 ms), the mean CN identification performance of
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FIG. 4. CN identification scores in RAUs as a function of AF0 and onset
asynchrony for the four listener groups (YNH, ENH, EHI, and YNM
listeners).

the four groups was similarly poor (mean CN accuracy of
32, 28, 24, and 29 RAU for the YNH, ENH, EHI, and YNM
listeners, respectively). The relatively poor CN scores of the
listeners were comparable to earlier reports for young and
older adults that the mean CN identification accuracy ranged
from 25% to 35% when the competing CRM sentences spo-
ken by the same talker or same-gender talkers were monaur-
ally and simultaneously presented (Humes and Coughlin,
2009; Humes et al., 2006; Rossi—Katz and Arehart, 2009).

CN identification values in RAU were subjected to a
4 x 3 x5 ANOVA, with group as a between-subjects factor
and AF0Q and onset asynchrony as two repeated-measures
factors. The statistical results showed that the main effects of
group, AF0, and onset asynchrony were all significant
(p <0.01). This demonstrates that both the AF0O and onset
separation between two competing voices substantially
enhanced the identification of the target color and number,
and that CN identification was different across listener
groups. The between-subjects variable group significantly
(p <0.01) interacted with the repeated-measures variables
AFO [F(5.4, 100.8) =4.8] and Aonset [F(8.5, 158.2) =4.5].
The AFO x Aonset interaction [F(5.3, 299.2) =4.0] and the
three-way interaction of group x AF0 x Aonset [F(16,
299.2) =5.0] were also significant. As a result, several post
hoc analyses were conducted in order to analyze those sig-
nificant main effects and interactions more closely.

First, 3 (AF0) x 5 (onset asynchrony) repeated-measures
ANOVAs and, as needed, Bonferroni-adjusted multiple
paired-comparisons, were conducted separately on the data
from each listener group. Results showed that the main
effect of AFO was significant within each group, and the CN
identification improved with increasing AFO. When onset
asynchrony was not provided between sentence pairs, the
degree of AF0 benefit resulting from a 3 ST shift in FO (per-
formance score for the 3 ST, O ms condition minus score for
the 0 ST, O ms condition) was, on average, 23, 16, 11, and 29
percentage points for the YNH, ENH, EHI, and YNM
groups, respectively. Similar to the present study, Darwin
et al. (2003) presented competing CRM sentences to young
normal hearers at a 0-dB target-to-competition ratio, and
found that listeners’ CN identification scores improved by
about 20 percentage points for a AF0 of 4 ST. Brokx and
Nooteboom (1982) also reported a comparable improvement
of 20% (from 40% to 60% correct) in content word identifi-
cation performance when a AFQ value of 3 ST separated
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monotonous target sentences from continuous background
speech. In our data, the mean AFQ benefit from separation of
6 ST was 45, 37, 23, and 44 percentage points for the YNH,
ENH, EHI, and YNM groups, respectively. Thus, the mean
AFQ benefit for both 3 and 6 ST in the EHI group was almost
half of the mean benefit in the young groups, even when one
young group (YNM) had comparable inaudibility of high
frequencies.

Second, the main effect of onset asynchrony was also
significant within each group, and CN identification was
enhanced with a greater onset separation of the two compet-
ing messages (performance for 300ms > 150 ms > 50ms
> 0 ms, all significant at p < 0.01). When AF0 was 0 Hz, the
benefit from a 50-ms onset asynchrony for the identification
performance (the score for the 0 ST, 50 ms condition minus
the score for the 0 ST, O ms condition) was, on average, 12,
6, 2, and 10 percentage points for the YNH, ENH, EHI, and
YNM groups. Thus, the brief period of 50-ms onset-asyn-
chrony, which was the minimum onset separation manipu-
lated in the current study, improved the CN identification
accuracy for young adults more than for the elderly. The
mean benefit from the 600-ms onset asynchrony was 55, 32,
11, and 48 percentage points for YNH, ENH, EHI, and
YNM groups, respectively. The EHI group consistently
received less benefit than the other groups from onset asyn-
chrony, independent of the amount of onset asynchrony.
This reduced onset benefit of listeners who have cochlear pa-
thology was somewhat consistent with the finding of HI lis-
teners (both young and older adults) in Lentz and Marsh
(2006). Lentz and Marsh (2006) also found a reduced benefit
for onset asynchronies from 100 to 300 ms in their HI lis-
tener group (N =7, age =25-61 yrs) than in their NH group
(N=7, age=18-51 yrs). Given no significant relation
between the amount of onset-asynchrony benefit and the au-
dible frequency range in the excitation-pattern of their HI lis-
teners, the use of onset asynchrony was assumed to be
associated with a suprathreshold or more high-level process-
ing, such as temporal integration or vowel-dominance per-
ception (Lentz and Marsh, 2006). The results from the
present study also suggest that audibility is not the sole
underlying factor limiting the performance of EHI subjects.
Rather, the combination of cochlear pathology and aging
appears to be responsible. If audibility alone were key, then
there would have been few performance differences between
the YNM and EHI groups. In addition, the stimuli in this
study were spectrally shaped to minimize audibility deficits.

Although all listener groups benefited from AF0 and
onset asynchrony, as can be seen in Fig. 4, the improvement
with increasing cue size was smaller for both groups of older
adults, but especially for the EHI group. Note that all four
groups showed similar CN identification performance of 24—
32 RAU in the hardest condition (0 ST, 0 ms), yet a different
interaction pattern was observed across groups. That is, the
onset benefit was fairly uniform across AF0 values for the
older groups whereas the young groups had less onset benefit
at AFQ of 6 ST than at AF0 of 0 ST, indicating that the
young groups’ identification performance depended more on
the availability of other cues. Especially, the EHI group
experienced the least amount of improvement in
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performance with increasing onset asynchrony alone or
increasing AFQ alone. Overall, the smaller benefit observed
for the elderly agrees with the findings of Humes and Cough-
lin (2009) in which, using the same speech material (CRM
corpus), older adults benefited less from improved listening
conditions, including greater acoustical differences between
competing talkers, despite equivalent performance of young
and older adults in the more difficult baseline condition.

Next, several post hoc univariate ANOVAs and r-tests
were conducted using CN identification scores in RAU in
each of the 15 conditions in order to examine the main effect
of the group for each of the 15 conditions. If significant
effects of the group were observed in ANOVA, post hoc
t-tests were performed to identify the specific group differen-
ces. Given the 15 comparisons, the adjusted p value of
0.00067 (0.01/15) was used as the criterion for significance.
Statistical results showed that none of the conditions
revealed significant group differences between the ENH and
EHI, between the ENH and YNH, and between the YNH and
YNM groups, revealing no effect of high-frequency hearing
sensitivity alone or of aging alone on the identification per-
formance. In fact, all significant differences between groups
involve the EHI group performing significantly worse than
either or both of the two young groups. Thus, overall, the
combined effects of cochlear pathology and aging appear to
lead to the poor performance of the EHI listeners on these
competing-speech tasks. This result is supported by Snyder
and Alain (2007) who reported that segregation of sounds is
likely to occur beginning in the auditory periphery and con-
tinuing to the primary or secondary auditory cortex, depend-
ing on the complexity of cues.

To examine individual differences in CN identification
among the older adults, the data for the ENH and EHI sub-
jects were pooled, and correlations between mean CN scores
across 15 conditions and 3 subject factors (high-frequency
thresholds, age, and digit spans) were computed. The aver-
aged CN accuracy of elderly individuals was significantly
(p <0.05), negatively, and moderately correlated with high-
frequency thresholds (r = —0.50), and also significantly, pos-
itively, but somewhat weakly, correlated with digit spans
(r=0.37). Like the current study, Humes et al. (2006) also
measured CRM-task performance of EHI listeners with or
without manipulating uncertainty, when selective- or
divided-attention was required. Among four predictor varia-
bles observed [average digit-span score, age, hearing loss
asymmetry, and average high-frequency hearing loss (1, 2,
4kHz)], only the digit span score was significantly correlated
with CRM performance of EHI individuals, regardless of, or
the degree of, uncertainty or the attention type. In Humes
et al. (2006), however, the correlations with digit span were
greatest for the divided-attention conditions, which required
subjects to hold both sentences in memory prior to being
prompted with the cue for the target sentence. As a result,
the correlations between performance and digit span in that
study were somewhat higher than observed in this study.
Nonetheless, the correlations observed here support the com-
bined influence of cochlear pathology and cognitive function
on the identification performance of elderly individuals,
consistent with previous observations (e.g., Humes and
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Coughlin, 2009; Humes et al., 2006; Rossi—Katz and Are-
hart, 2009; Snyder and Alain, 2007; Tun et al., 2002).

Finally, we also evaluated the relation between mean d’
and mean CN values averaged across the 15 conditions for
the young listeners (N=30) and the elderly listeners
(N=30), separately. Recall that all the listeners were
required to respond Yes or No for the detection task of
Baron. Because this cue word is considered a lexical cue
identifying a target message between two competing mes-
sages, the inaudibility of Baron could evoke difficulty in seg-
regating the two voices or messages which would then lead
to difficulty in identifying the target message spoken by the
target voice (Shafiro and Gygi, 2007). The results of correla-
tion analyses revealed significant (p <0.01) correlations
between d and CN identification performances for both
young and older groups (Young: »=0.58; Elderly: r =0.63).
This supports the idea of Shafiro and Gygi (2007) that the
inability to detect Baron could lead to difficulty in segregat-
ing the two voices or messages, leading to difficulty identify-
ing the target message spoken by the target voice, regardless
of listeners’ age.

In summary, our data CN identification revealed that:
(1) Identification of the color and the number words for each
of the four listener groups was substantially enhanced from
F0 and onset differences between two messages; (2) for the
EHI group, the benefit of AF0 and onset-asynchrony cues
was smaller compared to other groups; (3) combined effects
of cochlear pathology and age-related cognitive function
seem to contribute to the poorer identification performance
of EHI individuals; and (4) independent of age, all the listen-
ers who better detected the cue word Baron, which was the
cue identifying the target voice, actually better identified the
target message against the competing one.

C. CNintrusions among incorrect responses

Other than correct CN identification responses, we also
explored how often the incorrect responses occurred from
the competing CN information. The number of intrusions in
each of the 15 two-talker conditions across the four groups
was counted, where an intrusion was defined as incorrect
identification responses corresponding to the competing voi-
ce’s color, number, or both. This analysis of misidentified
responses examined whether the source of incorrect
responses was confusion with the competing message infor-
mation (informational masking) or a random guessing
response due to inaudibility of both messages (energetic
masking).

Figure 5 plots the proportion of intrusions in RAU rela-
tive to the total incorrect responses as a function of onset
asynchrony across the four groups. Recall that one out of the
four colors and one of the eight numbers were chosen for the
closed-set identification response format. Because the com-
peting CRM sentences did not have the same color or num-
ber, the three colors and seven numbers remaining could be
selected with equal likelihood. Approximately 52% of incor-
rect responses (51.9 in RAU) could be randomly selected
from the competing coordinates [i.e., a summation of 1/3
chance (33%) from the 3 remaining non-target colors, 1/7
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FIG. 5. CN intrusions in RAUs as a function of AF0 and onset asynchrony
for the four listener groups.

chance (14%) from the 7 remaining non-target numbers, and
1/21 chance (5%) for guessing both the color-number coordi-
nates of the competing sentence].

As illustrated in Fig. 5, the intrusions dominated most
(>90%) of the incorrect responses when two CRM sentences
competed without FO and onset differences (0 ST, O ms con-
dition), supporting that a greater similarity between compet-
ing signals yields a high degree of informational masking
(Brungart, 2001; Brungart et al., 2001; Darwin et al., 2003;
Humes et al., 2006; Rossi—Katz and Arehart, 2009; Sriniva-
san and Wang, 2008). Further, for onset asynchronies of
0, 50, and 150 ms, as well as AF0 alone, the vast majority of
errors (=>80%) are still intrusions.

A 4 x3 x5 multivariate ANOVA was performed to
investigate the effects of group, AF0, and onset asynchrony
on the proportion of intrusions. The proportion of intrusions
was significantly reduced as AFO and onset asynchrony
increased [AF0: F(1.7, 95.7)=14.7; Aonset: F(Q2.3,
129.4) =193]. A two-way interaction (AFO x Aonset) was
also significant [F(4.3, 243.2) =4.8], such that the reduction
of intrusions with onset asynchrony was greater for larger
AFQ values. This confirms that a larger F0 and onset separa-
tion facilitates segregation of audible competing voices, con-
sequently decreasing the confusion with the competing CN
coordinates.

Interestingly, results revealed that the intrusion rate did
not significantly differ across the four groups [F(3, 56)
=2.6], even though the older group tended to make more
errors. That is, the older adults identified competing CN
words less accurately than the young adults, but the source
of incorrect responses seemed to be similar across the
groups. Especially at 600-ms onset separation, the older lis-
teners tended to have a relatively greater proportion of intru-
sions (53.9 RAU) compared to the young groups (36.7
RAU). Recall that at the 600-ms onset asynchrony, the
(number) now portion of the competing sentence no longer
overlapped temporally with the target sentence. The number
portion of the competing CN coordinates was therefore pre-
sented last and in the clear. The 600-ms delay was presumed
to be more beneficial than 300-ms of onset separation due to
a less temporal overlap, but this was not the case for the EHI
group. Although EHI listeners showed a slight decrease in
CN identification performance from 300 to 600 ms, the pro-
portion of intrusions increased as onset asynchrony increased
from 300 to 600 ms even with AF0 of 6 ST. A possible rea-
son for this is that the elderly listeners may have a limited
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ability to suppress or inhibit the competing message com-
pared to the young groups despite a match of speech audibil-
ity between two groups. The finding supports an age-related
inefficiency of an inhibitory mechanism (Hasher ef al., 1999,
2007; Hasher and Zacks, 1988; Sommers and Danielson,
1999; Wright and Elias, 1979), yielding reduced selective
attention to the target message and ineffective suppression of
the distracting message in elderly listeners.

Taken together, all the listeners had difficulty identify-
ing the target-message content when a small difference of
FO and onset separated the two competing sentences. A
greater dissimilarity between the two sentences not only sub-
stantially increased identification performance but also sig-
nificantly reduced the confusion with the competing
information. As long as the audibility of competing mes-
sages was restored, the source of incorrect responses
appeared to be equivalent across the four listener groups.

IV. EXPERIMENT 2: RATIONALE AND METHODS

In Experiment 2, the trial-to-trial stimulus uncertainty
was maximized considerably compared to Experiment 1. In
Experiment 1, for a given condition involving a difference in
FO, the FO shift was applied to 1 talker, either the target or
competing talker, throughout a given block of 32 trials. With
regard to onset asynchrony, consistent with much of the prior
research on this cue (Hedrick and Madix, 2009; Lentz and
Marsh, 2006), the order of the two competing sentences in a
pair was fixed such that the target sentence was always
presented first. Thus, in addition to the cue word Baron
marking the target sentence, the first occurring sentence
was always the target sentence. Thus, there were ultimately
two cues to the target sentence in low-uncertainty Experi-
ment 1: Baron and the first of two sentences.

As described earlier, Brungart and Simpson (2004)
found that randomizing the masker had little effect on young
listeners’ CN identification whereas the trial-to-trial random-
ization significantly influenced older listeners’ performance
(Humes et al., 2006). Recently, Mackersie et al. (2011)
found that trial-to-trial uncertainty in the target FO signifi-
cantly affected CN identification for NH and HI listeners,
but not for all conditions.

Given the inconsistent impact of uncertainty across lis-
tener groups, as well as a few studies of the effects of uncer-
tainty on the use of AF(0 or onset segregation cues,
Experiment 2 examined the influence of uncertainty on per-
formance. In particular, this experiment examined whether
increasing uncertainty by randomly applying the onset asyn-
chrony to either the target or masker sentence impacted per-
formance relative to that observed in Experiment 1. We
wanted to know the effects of uncertainty on d’ and CN per-
formance, but also on the relative influence of F0 and onset
asynchrony for young and older adults (YNH, ENH, EHI).

It is hypothesized, based on the results of Experiment 1,
that trial-to-trial uncertainty would decrease the detection of
the cue word Baron, as well as overall CN identification
performance. This would be most noticeable for the onset-
asynchrony cue since the application of the onset-asynchrony
cue was fixed throughout Experiment 1 (target always first),

J. H. Lee and L. E. Humes: Fundamental frequency and onset differences 1711



whereas the application of the AFO cue alternated from block
to block (but was fixed within a block).

A. Methods
1. Listeners

Twenty-four listeners (8 YNH, 8 ENH, and 8 EHI) who
did not take part in Experiment 1 participated in Experiment
2. All the listeners were native English speakers, recruited
from Indiana University and the local community in Bloo-
mington, Indiana, and all were paid for their participation.

The ages of the YNH adults ranged from 19 to 26 yr
(M =22.6, SE=0.84 yrs). The average age of the ENH
adults was 70.5yr (SE=1.95 yrs, ranging from 64 to 82)
whereas the average age of the EHI adults was 74.3yr
(SE =2.15 yrs, ranging from 66 to 81). As in Experiment 1,
all the listeners had normal middle-ear status, a score of 25
or greater on the MMSE for cognitive status, and a score of
at least 9 on the summed result of the auditory forward and
backward digit-span for memory. The mean self-reported
education levels were 17, 15.25, and 15.75 yrs for the YNH,
ENH, and EHI groups, respectively. Results of pair-wise in-
dependent sample #-test and one-way ANOVAs indicated
that the ENH and EHI adults did not differ in age and that
the three listener groups did not differ significantly
(p >0.05) in MMSE [F(2, 21)=0.46], digit-span scores
[F(2,21)=0.68], or education level [F(2, 21) = 1.5].

All 8 YNH listeners had air-conduction hearing thresh-
olds better than 20 dB HL (ANSI, 2004) at octave frequen-
cies from 250 through 8000 Hz. The mean thresholds of the
ENH participants were better than 20dB HL at octave fre-
quencies from 250 through 4000 Hz and their averaged hear-
ing threshold at 8000 Hz was 23.8dB HL. EHI listeners’
mean thresholds were 21, 24, 26, 31, 53, 66 dB HL at octave
frequencies from 250 through 8000 Hz. Like Experiment 1,
Experiment 2 also avoided overlap in the range of air-
conduction thresholds between the ENH and EHI individuals
at frequencies from 1000 to 8000 Hz. Test ear selection for
the monaural presentation was conducted as described in
Experiment 1. In Experiment 2, the right ear was selected as
the test ear for all 8 YNH, 6 of 8 ENH, and 4 of 8 EHI
listeners.

2. Stimuli

The primary goal of Experiment 2 was to examine the
effect of the trial-to-trial stimulus variability on CN identifica-
tion performance. As explained earlier, in Experiment 1, the
three FO cues (0, 3, 6 ST) and the five onset asynchrony cues
(0, 50, 150, 300, and 600 ms) were combined, resulting in 15
conditions. In Experiment 2, only two values of F0 difference
(0, 6 ST) and two values of onset asynchrony (0, 300 ms)
were used. This was designed to reduce the number of possi-
ble stimulus combinations from Experiment 1 and also to
avoid floor or ceiling effects observed in that experiment.
Since the cues could now be applied to the target sentence
only, the masker sentence only, or both target and masker sen-
tences, nine conditions resulted as shown in Table II. For each
of these 9 stimulus conditions, 128 trials were presented (32
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trials X 4 blocks per condition) as in Experiment 1, but the
complete set of 1152 trials was presented in a completely
randomized fashion in Experiment 2. This large set of trials,
however, was administered in blocks of 32 trials to allow for
a sufficient number of breaks and to match that feature of
stimulus presentation from Experiment 1.

3. Procedures and data analysis

As in Experiment 1, each sentence was presented to the
test ear at an overall level of 85 dB SPL, and the non-test ear
was similarly occluded. Testing devices and environment
were also the same. The same tasks (call-sign detection and
CN identification) were required for all the participants after
the completion of the screening tests for hearing and cogni-
tive function (MMSE and digit span tests) and the practice
session. The result of the practice session presenting target
sentences without competition showed that all the listeners
could detect Baron correctly and could identify the color and
number words with greater than 98% accuracy in quiet.

Listeners also completed a familiarization session to mini-
mize learning effects. The familiarization session in Experi-
ment 2 presented 72 trials, consisting of § trials representing
each of the 9 conditions. As in Experiment 1, the listeners
received correct-answer feedback only during the familiariza-
tion session. Also, as in Experiment 1, Baron occurred on 75%
of the trials for both familiarization and experimental sessions.
For the completion of all testing in Experiment 2, participants
needed two to three sessions (1.5-2 h per session).

The methodology used for scoring was the same as for
the previous experiment. For data analysis, data from the
nine conditions (see Table II) of Experiment 2 were collapsed
for each AFO or Aonset cue, regardless of whether the cues
were applied to the target or masker sentences. This resulted
in a total of four stimulus conditions for data analysis: (1)
AF0=0 ST, Aonset=0ms; (2) AF0=0 ST, Aonset
=300ms; (3) AFO=6 ST, Aonset=0ms; and (4) AFO
=6ST, Aonset =300 ms.

B. Results and discussion
1. Detection sensitivity (d’)
To investigate the effects of trial-to-trial variability on

the use of AFO or onset separation cues in Experiment 2,

TABLE II. Nine conditions generated by two levels of AFO or Aonset alone,
and also four possible combinations of each. The application of segregation
cues to either target or masker is shown in parentheses.

AFO Aonset

Condition 1 0ST 0ms

Condition 2 6 ST (target) Oms

Condition 3 6 ST (masker) Oms

Condition 4 0ST 300 ms (target)
Condition 5 0ST 300 ms (masker)
Condition 6 6 ST (target) 300 ms (target)
Condition 7 6 ST (masker) 300 ms (masker)
Condition 8 6 ST (target) 300 ms (masker)
Condition 9 6 ST (masker) 300 ms (target)
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Fig. 6 compares detection sensitivity, d’, obtained from the
two experiments. The striped bars display data for Experi-
ment 2 and the solid bars for Experiment 1 for the same AFO0
and onset-asynchrony values and for the same three listener
groups (YNH, ENH, and EHI).

When AF0 and onset separation cues were not present
(0 ST/Oms), the d’ values for all the listeners were similar
(ranging from 2.2 to 2.7) across the two experiments. For the
other three stimulus conditions, however, the cue word
Baron was considerably more difficult to detect during com-
plete randomization (Experiment 2) than when being fixed
(Experiment 1). This is particularly true when onset asyn-
chrony was included as a cue. In fact, in Experiment 2, the
detectability of the cue word is now roughly the same across
all four stimulus conditions with d' values ranging between
about 2.2 and 3.0 across conditions and groups.

The d' values in Experiment 2 were subjected to a 3 x 4
mixed-model ANOVA with a between-subjects factor of
group (YNH, ENH, and EHI) and within-subjects factor of
stimulus condition (0 ST/Oms, 0 ST/300ms, 6 ST/0 ms, and
6 ST/300ms). Results revealed that detection sensitivity of
Baron was significantly (p <0.01) affected by stimulus
condition [F(1.96, 41.1)=19.2], but not by group [F(2,
21)=0.62]. The two-way interaction between group and
stimulus condition was not significant. Results of Bonferroni-
corrected multiple paired-comparison analyses showed that
call-sign detection performance for the following paired com-
parisons were significantly different: &' for 0 ST/0 ms condi-
tion <0 ST/300ms or 6 ST/300ms condition, d for 6 ST/
0 ms condition <0 ST/300ms or 6 ST/300 ms condition.

Additional correlational analyses were performed for
the 16 elderly listeners to examine whether there were asso-
ciations between d' values and high-frequency threshold,
age, or digit spans. No significant correlations emerged
among these 16 older listeners.

2. Correct CN identification

Figure 7 shows the mean and standard errors for the
RAU-transformed CN identification performance from
Experiment 1 (solid) and Experiment 2 (striped) for YNH,
ENH, and EHI groups. In general, except for the most diffi-
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FIG. 7. CN identification (in RAU) of YNH, ENH, and EHI listeners in
Experiment 1 (solid) and Experiment 2 (striped) for the four types of stimu-
lus conditions. Abscissa labels show the AFO value in STs and the onset
asynchrony in milliseconds (ms) for each stimulus condition.

cult baseline listening condition (0 ST/Oms), performance
was generally worse in Experiment 2 than in Experiment
1 across stimulus conditions and groups. The EHI listeners,
however, tend to show the smallest differences in CN identi-
fication across experiments.

In order to examine the effect of group and stimulus
condition on CN identification, a 3 x4 ANOVA was per-
formed and followed by post hoc Bonferroni-corrected mul-
tiple paired-comparison analyses. The results showed that
CN identification was significantly (p <0.01) affected by
both group [F(2, 21) =9.8] and stimulus condition [F(1.95,
40.9) = 142.3]. The two-way interaction between group and
stimulus condition was not significant. Paired-comparison
testing showed that CN identification performance for the 0
ST/Oms condition was significantly worse than that in the
other three conditions. Also, identification performance with
onset separation of 300 ms alone or AF0 of 6 ST alone was
poorer compared to the performance for the stimulus condi-
tion presenting both of these cues. Interestingly, benefits in
CN identification from FO separation alone (by 6 ST) or
onset separation alone (300 ms) were similar (approximately
24.8 percentage points). Further, when these two cues were
then combined, the benefit from 6 ST and 300 ms separation
was 54 percentage points; that is, doubled compared to bene-
fits provided by each cue alone. This would demonstrate
additivity of the benefits for the two cues, as well as suggest-
ing independence of the underlying mechanisms.

Regarding group differences, post hoc testing showed
that CN identification of the YNH group was significantly
better compared to either the ENH or EHI group, and that
the performance of the EHI group did not differ significantly
from that of yet the ENH listeners. This pattern of group dif-
ferences was clearly not the same as that observed in Experi-
ment 1, for which it was primarily the EHI group alone that
differed from the other groups.

In addition, individual differences were examined for the
elderly listeners” CN identification performance (in RAU) to
determine whether performance was related to call-sign detec-
tion sensitivity, as had been the case in Experiment 1. CN
identification and detection sensitivity was found to be signifi-
cantly and positively correlated only for one of the four condi-
tions: the 6 ST/300ms condition (r=0.53, p=0.03). In
addition, among the 16 older adults in Experiment 2, there
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were no significant correlations between CN identification per-
formance and high-frequency hearing loss, age, or digit span.

In summary, as in Experiment 1, the AFO and onset-
asynchrony cues were found to improve CN identification
performance. Complete randomization of the stimulus condi-
tions resulted in overall lower CN identification performance
for a given condition, except for the baseline 0 ST/0O ms con-
dition. In terms of CN identification performance, the effect
of a 6-ST shift in O was approximately the same as a 300-
ms onset asynchrony for all subject groups and the combina-
tion of both cues led to further, roughly additive, benefits.
Especially when the segregation cues became less uncertain
(data from Exp. 2 to Exp. 1), the EHI listeners needed stron-
ger segregation cues to identify the target color and number
words (see Fig. 7). In terms of group differences, the biggest
difference between Experiments 1 and 2 was that ENH per-
formed similarly to EHI listeners with increasing uncertainty
(in Experiment 2), but both older groups were significantly
worse than the YNH group.

3. CN intrusions among incorrect responses

Figure 8 plots the proportion of the CN intrusions (in
RAU), relative to the total incorrect responses, measured
from the first (solid) and second (striped) experiments for the
YNH, ENH, and EHI groups. In Experiment 2, the mean CN
intrusion collapsed across conditions was 92, 88, and 84
RAU for YNH, ENH, and EHI groups, respectively. When
the intrusion rate was collapsed across groups, the CN
intrusion was 109, 78, 106, and 60 RAU for 0 ST/Oms,
0 ST/300ms, 6 ST/Oms, and 6 ST/300ms conditions,
respectively.

In order to investigate the effect of group and stimulus
condition on CN intrusions, a 3 x 4 ANOVA was calculated
and post hoc paired comparisons were performed. The
results showed that CN intrusion was significantly (p < 0.01)
affected by both group [F(2, 21) =7.4] and stimulus condi-
tion [F(3, 63) =171.9]. There was no significant interaction
between two factors. Paired-comparison results showed that
the CN intrusion rate for the O ST/0 ms condition did not sig-
nificantly differ from the intrusion rate for the 6 ST/0Oms
condition, but was significantly greater than the intrusion
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FIG. 8. Proportion of CN intrusion (in RAU) of YNH, ENH, and EHI listen-
ers in Experiment 1 (solid) and Experiment 2 (striped) for the four types of
separation cues. Line at about 52 RAU plots the proportion of intrusions
obtained by chance. Abscissa labels show the AF0O value in STs and the
onset asynchrony in milliseconds (ms) for each stimulus condition.
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rates for the other two stimulus conditions. The intrusion
proportion obtained with either AFO of 6 ST alone or onset
separation of 300 ms alone was also significantly greater
compared to intrusions for the stimulus condition involving
both segregation cues (6 ST/300ms). Finally, significantly
greater intrusions occurred with the AF0 cue alone than with
the onset-asynchrony cue alone. With regard to group differ-
ences in intrusion proportions, non-significant group differ-
ences in intrusions were observed between the YNH and
ENH groups, as well as between the ENH and EHI groups,
but the proportion of intrusions in YNH listeners was signifi-
cantly higher than in EHI listeners. From the observation of
fewer intrusions in EHI listeners, it would appear that the
EHI subjects were more prone than YNH to make random
errors, rather than intrusions, suggesting that they may not
have been able to process either the target or the competing
CN coordinates.

To examine whether the elderly listeners’ CN intrusion
and their identification performance was correlated, correla-
tional analyses were conducted for each of the four stimulus
conditions. The results showed that when the stimulus condi-
tion was 6 ST/300ms, the condition most likely leading to
maximum segregation of target and competing talkers, the
CN intrusions and identification performance were signifi-
cantly and negatively correlated (r=—0.86, p <0.001) in
older adults. Thus, as in Experiment 1, this may suggest
that those older adults who were less able to inhibit the
competing CN coordinate had poorer CN identification in
the 6 ST/300 ms condition. There were no significant corre-
lations between the intrusion proportions and the older
adult’s hearing thresholds, ages, or digit spans.

V. GENERAL DISCUSSION

A. The use of AF0 and onset separation cues
for detection versus identification

The purpose of the current study was to compare the
benefit from fundamental frequency and temporal onset dif-
ferences between two competing sentences across groups
differing in hearing and age, when they were asked to detect
and identify the target words within the CRM sentence pairs.
In Experiment 1, the stimulus conditions were blocked such
that the elimination of uncertainty was expected to facilitate
detecting or identifying the target message. In contrast,
Experiment 2 was conducted with full randomization of the
entire stimulus set to add target- and masker-uncertainty,
which may have negatively impacted overall CN identifica-
tion performance.

Across Experiments 1 and 2, several similar results
were observed. First, across listener groups, no differences
were observed within an experiment in the ability to detect
the cue word Baron. Second, when no or little difference in
FO or onset existed between the CRM sentences comprising
a pair, all the listeners had difficulty identifying the target-
message content. Third, a greater dissimilarity between sen-
tence pairs manipulated by AF0 or onset differences greatly
reduced the confusion with the competing information
(intrusion errors) and increased identification performance.
Fourth, although all the CN identification performance of the

J. H. Lee and L. E. Humes: Fundamental frequency and onset differences



listener groups benefited from AFO and onset asynchrony,
the relative improvements on the identification of the target
CN were smaller in older adults, especially more so in the
EHI group (Experiment 1), compared to those observed in
young adults.

Taken together, listener groups did not differ in detect-
ing the cue word Baron marking the target sentence, which
appeared early in the target sentence, yet differed in identify-
ing the target CN, which was spoken in the latter part of tar-
get sentences. In our CRM task, since the detection task
requires monitoring and contrasting, thus attending to the
CRM utterances until the listener notices the target cue
word, at least for Experiment 2, the detection performance
could be relevant to the ability of listeners to divide their
attention between two concurrently presented messages. As
soon as the listeners identify the target sentence, then listen-
ers need to follow the target voice and selectively attend to
the CN spoken by the target voice. Thus, the potential under-
lying mechanism for detecting Baron would be more associ-
ated with divided attention, whereas identification
performance would be associated with the ability of selective
attention, assuming the target sentence had been identified
earlier in processing. This general conceptualization is sup-
ported by the findings of Shafiro and Gygi (2007). In order
to increase divided attention load using the CRM corpus,
Shafiro and Gygi (2007) increased the number of cue words
that listeners needed to detect from one (Baron) to three
(Baron, “Hopper.” “Tiger”), although the listeners were
always required to identify the CN spoken by the talker who
said Baron. With a greater load on divided attention, listen-
ers’ detection sensitivity for Baron declined, as did their CN
performance.

In the current study, it appeared that older adults showed
more difficulty identifying the target CN than younger adults
did, even though the older adults did not differ from young
adults with regard to detection of the cue word. This sug-
gests that once the target message had been identified, older
adults were substantially poorer at tracking the target voice
for the remainder of the sentence, presumably due to reduced
selective attention. Data for the intrusion errors support this
idea. For Experiment 1, recall that at 600-ms onset asyn-
chrony (0 ST/600ms, 3 ST/600ms, 6 ST/600 ms), the cue
word Baron in the target sentence, which was always pre-
sented first, was presented before the later-arriving masker
sentence started. As seen in Fig. 5, compared to the younger
groups, the older groups (ENH, EHI) had relatively high pro-
portions of intrusions for the 0 ST/600 ms, 3 ST/600 ms, and
6 ST/600 ms conditions. Thus, they were able to segregate
the two messages but could not associate the target CN with
the target message consistently. Rather, they responded with
the competing CN much more so than the younger adults.

B. Effects of uncertainty

Closer inspection of the mean detection and identifica-
tion performance across two experiments reveals interesting
patterns. First, as seen in Fig. 6, all the listener groups had
reduced detection sensitivity to Baron due to the maximum
uncertainty incorporated in Experiment 2. Thus, all listener
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groups had more difficulty detecting the cue word under
conditions of maximum uncertainty. For CN identification,
however, a different pattern was observed across listener
groups. For the three stimulus conditions providing segrega-
tion cues, all but the baseline reference condition (left) in
Fig. 7, the trend was for the YNH and ENH groups to per-
form considerably worse when going from Experiment 1 to
Experiment 2 whereas EHI groups performed similarly in
Experiments 1 and 2, as if the EHI subjects could not receive
benefit from the elimination of uncertainty in Experiment 1.
In support of this notion, the lone condition for which the
EHI subjects performed considerably better in Experiment 1
relative to Experiment 2 was the one which provided the
strongest sound-segregation cues (6 ST/300ms condition).
The young and older NH subjects showed CN identification
performance differences across experiments, with consider-
ably better performance in Experiment 1, for all three stimu-
lus conditions providing sound-segregation cues. Mackersie
et al. (2011) and Humes and Coughlin (2009) also found sig-
nificant effects of the stimulus uncertainty on CRM-task per-
formance, regardless of listeners’ hearing status or age. These
observations regarding between-experiment differences
across groups, however, must be tempered by the fact that in
all cases different individuals comprised the YNH, ENH, and
EHI groups in Experiments 1 and 2. Thus, some of the group
differences across experiments could be due to different indi-
viduals comprising the various groups in each experiment.

Second, we conducted additional analyses to examine
whether the detection or identification performance of lis-
tener groups was impacted by which message received the
cue with higher uncertainty (Exp. 2). Recall that F0 or onset
separation cue was applied half of the time to the target and
half of the time to the masker. Statistical analysis showed
that CN identification performance did not differ by which
sentence had received the FO or onset segregation cue. How-
ever, detection performance was significantly different for
the onset-asynchrony cue [F(1, 21) =23.04, p < 0.01], show-
ing better d’ when the target sentence came first (the mean d’
was 3.0 across the three groups) compared to when the target
sentence came later (the mean d’ was 2.5 across the groups).
This pattern was observed for both the ENH and EHI groups,
but not for the YNH group, as revealed by a significant two-
way interaction (p <0.05) between the onset-asynchrony
manipulation and group, as well as follow-up paired compar-
isons. Specifically, the d for the detection of the cue word
by the YNH group was similar (2.8-2.9) regardless of which
one of the two sentences was presented first. In contrast, the
two older groups better detected Baron when the target sen-
tence came first (mean d = 3.1-3.2) compared to when the
masker sentence came first (mean d' =2.4). However, as
seen from Fig. 6, the trial-to-trial variability provided in
Exp. 2 significantly reduced detection performance com-
pared to Exp. 1, regardless of whether the onset asynchrony
was applied to the target or the masker.

In addition, the same cue-word detection task was
required across Experiments 1 and 2. Considering a possibil-
ity that the increased uncertainty in Exp. 2 would result in
differential response biases or decision criteria across groups
to detect the cue word Baron, we additionally estimated the
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response bias (beta, f§) (Green and Swets, 1966; Macmillan
and Creelman, 2005). The quantity f§ was calculated from
the equation, ff=exp{—0.05 [Z(Hit rate)” + Z(False alarm
rate)z]} (Needleman and Crandell, 1997). Results for f in
both Exp. 1 and Exp. 2 showed that mean f§ values were
close to 1.0 throughout (ranged from 0.8—1.3), and were sim-
ilar across the groups. Although we found no significant
effect of uncertainty on response bias of listeners, the f§ val-
ues appeared to decrease slightly, but significantly, with
increasing onset asynchrony, but not with FO shift, for both
Exp. 1 and Exp. 2.
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