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H E A R I N G S TAT U S A N D M A S K I N G C O N D I T I O N
D E T E R M I N E H O W C O G N I T I O N A N D A U D I T O RY
T E M P O R A L P R O C E S S I N G I N F L U E N C E S P E E C H
U N D E R S TA N D I N G

objective : The study investigated how suprathreshold auditory tem-
poral processing and cognitive processing contribute to speech
reception thresholds (SRTs) depending on the masking condi-
tion and the listener’s hearing status.

design : Ability to process temporal-envelope, F0-periodicity, and
temporal fine-structure (TFS) cues was assessed, along with ver-
bal working memory span (listening span), linguistic closure
abilities (text reception thresholds), general cognitive ability, and
audiometric thresholds. Predictors for SRTs in steady-state noise
(SRTSTEADY), fluctuating noise (SRTFLUCT), and with an interfer-
ing talker (SRTTALKER) were determined. Auditory stimuli were
spectrally shaped according to the individual audiogram.

study sample : Two groups of older listeners, either with normal
hearing (ONH; N = 36; 51–70 years) or a sensorineural hearing
loss (OHI; N = 36; 45–83 years).

results : TFS results predicted SRTTALKER (ONH group) and SRTSTEADY
(OHI group) scores. Temporal-envelope results (OHI group) and
age (both groups) predicted the SRTFLUCT. Lspan predicted SRTTALKER
(both groups) and SRTFLUCT (ONH group) scores. Audiometric
thresholds at higher frequencies influenced the SRTTALKER (OHI
group).

conclusions : The pattern of suprathreshold contributions to speech
understanding depends on the masking condition and hearing
status. Measures of speech understanding were predominantly
predicted by cognitive abilities in the ONH group and by audi-
tory temporal processing in the OHI group.

Besser, J., Goverts, S.T., Pichora-Fuller, M.K., Festen, J.M., Kramer,
S.E. In Submission.
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L I S T O F A C R O N Y M S F O R C H A P T E R 5

anova analysis of variance
f0 dl F0 difference limen
f0 dl

lg

log-transformed F0DL scores
hi hearing impaired
lspan listening span
moca Montreal cognitive assessment
ohi older hearing impaired
onh older normal hearing
pta pure-tone average
pta

hf

high Fletcher; PTA for the frequencies 1000, 2000,
4000 Hz

pta

low

PTA for the frequencies 500, 1000 Hz
pta

high

PTA for the frequencies 2000, 4000 Hz
rspan reading span
snr signal-to-noise ratio
srt speech reception threshold
srt

fluct

SRT in a fluctuating noise masker
srt

steady

SRT in a steady-state noise masker
srt

talker

SRT with an interfering talker
tfs temporal fine structure
tfs

3000hz

TFS sensitivity at 3000 Hz
tfs

3000hz-dich

dichotomized TFS
3000Hz scores

ting detection of tones in noise gaps
ting

750hz

detection of 750-Hz tones in noise gaps
ting

3000hz

detection of 3000-Hz tones in noise gaps
trt text reception threshold
trt

500

modified TRT test, 500 ms full-sentence presenta-
tion

wm working memory
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5.1 introduction

In everyday listening situations, speech understanding is often per-
formed under suboptimal conditions that can arise due to factors Causes of speech-

understanding
difficulties

either external or internal to the listener (Mattys et al., 2012). It is
well known that speech understanding in noise declines with adult
aging (Committee on Hearing Bioacoustics and Biomechanics, 1988).
As hypothesized by the CHABA report, the reductions in speech
understanding seen in older people can be attributable to declines
in peripheral, central, and/or cognitive processing. Elevated hearing
thresholds are an example of declines in peripheral processing and
they can impede speech understanding, by reducing signal audibil-
ity. In addition, declines in suprathreshold processing abilities corre-
sponding to the different influential processing stages identified in
the CHABA (1988) report have also been shown to influence speech
understanding in noise (e.g., Akeroyd, 2008; Gordon-Salant & Fitzgib-
bons, 1993; Goverts & Houtgast, 2010; Humes, Kidd & Lentz, 2013;
Pichora-Fuller et al., 1995; van Schijndel, Houtgast & Festen, 2001;
Wingfield & Tun, 2007).

Importantly, listeners with comparable degrees of sensorineural hear-
ing loss can differ considerably in their auditory suprathreshold pro- Suprathreshold

processingcessing abilities (e.g., Goverts & Houtgast, 2010; Jepsen & Dau, 2011)
and these abilities can also be affected in people without significant
audiometric threshold elevations (e.g., Ruggles et al., 2011; Schneider
& Pichora-Fuller, 2001; Smith, Pichora-Fuller, Wilson & Macdonald,
2012). Internal processing abilities become increasingly important as
the external degradation and complexity of the signal increases. In an
earlier study, Humes, Kidd en Lentz (2013), using principle-components
factor analyses, identified a set of suprathreshold processing abilities
that predicted a combined measure of speech understanding, repre-
senting a large variety of speech-in-noise and speech-in-speech listen-
ing conditions. The study by Humes, Kidd en Lentz (2013) confirms
the overall relevance of suprathreshold processing abilities for speech
understanding in adverse conditions and provides useful directions
regarding the kinds of suprathreshold processing abilities that should
be considered in further research on the topic. However, their study
does not illuminate how distinct types of suprathreshold processing
interact to affect speech understanding in specific listening conditions
depending on masker characteristics.

The purpose of the current study was (1) to investigate the contri- Study objectives
butions of a set of auditory and nonauditory suprathreshold process-
ing abilities to speech understanding in interaction with the masking
condition and (2) to compare these suprathreshold contributions for
a group of older listeners with normal hearing (ONH) and a group of
older listeners with a sensorineural hearing loss (OHI). Based on ear- Methodological

approachlier findings showing the influence of auditory temporal processing
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on speech understanding in noise (e.g., de Cheveigné, 2003; George
et al., 2007; Humes, Busey, Craig & Kewley-Port, 2013; Pichora-Fuller
& Souza, 2003), measures of auditory temporal processing were se-
lected as the auditory suprathreshold measures to be used in the
current study. In addition, measures of nonauditory cognitive and
linguistic suprathreshold processing were included based on their
well-established associations with speech understanding in noise in
middle-aged and older listeners, i.e., verbal working memory (WM)
span and linguistic closure (see Besser et al., 2013 for a review). Three
masking conditions were selected with increasing complexity in terms
of their temporal properties: a steady-state noise masker, a fluctuat-
ing noise masker, and a single interfering talker of the same sex as the
target talker. The steady-state noise shares little temporal information
with the target speech, such that the SRT in this condition can be seen
as a basic threshold for understanding spectrally masked speech. The
fluctuating noise interferes with the target speech primarily on the
level of the temporal envelope, while the interfering talker is similar
to the target speech regarding both temporal envelope and tempo-
ral fine structure. The choice of a same-sex interfering talker for the
speech-in-speech condition was motivated by previous research find-
ings indicating that speech understanding with a similar competing
voice relies on temporal processing to a higher degree than when
the competing voice is clearly different (Vestergaard et al., 2011). In
addition to the variety of temporal properties covered by the three
maskers, earlier research found significant differences in the associa-
tions of SRTs in these masking conditions with the cognitive measures
included in the current study (see Besser et al., 2013 for a review).

A better understanding of how threshold and suprathreshold pro-
cessing mechanisms affect speech understanding in different adverse
conditions by listeners with different auditory, linguistic and cogni-
tive abilities could provide valuable information to shape future re-
habilitation strategies tailored to an individual’s listening needs in
various ecologically relevant challenging conditions. In the following
sections, the literature concerning the role of specific auditory tempo-
ral, and cognitive and linguistic processing abilities in speech under-
standing in adverse conditions are discussed in relation to the goals
of the present study.

5.1.1 Auditory Temporal Processing Abilities in Speech Understanding

Speech signals contain rich temporal information of different sorts in-Temporal cues in
speech cluding envelope, fine-structure, and periodicity cues (Rosen, 1992).

There is evidence that temporal processing is not one single ability,
but that different temporal cues are processed by different mecha-
nisms, with the possibility of deficits in one or more of these mecha-
nisms (Phillips, 1995). Therefore, the current study included one psy-
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choacoustic test for each of the main types of temporal cues (i.e., en-
velope, fine-structure, and periodicity) that are relevant for speech
processing.

For speech understanding in steady-state noise, research on the per- Temporal
processing and
speech in
steady-state noise

ceptual weighting of temporal cues has found that normal-hearing
(NH) listeners rely primarily on signal envelope cues and less on
fine-structure cues, when both cue types are available (Fogerty, 2011).
Nonetheless, it has been found that speech understanding in steady-
state noise in younger NH listeners is better for speech that contains
both envelope and TFS information than for speech with preserved
envelopes only (Eaves et al., 2011; Hopkins & Moore, 2009). This
finding indicates that TFS information does contribute information
that is useful, above and beyond the information contributed by en-
velope cues. It is noteworthy, however, that Papakonstantinou, Strel-
cyk en Dau (2011) found that the ability to detect amplitude mod-
ulations for sinusoidal carriers is not associated with speech under-
standing in steady-state noise in younger NH or older HI listeners.
Taken together, previous research suggests that speech understand-
ing in steady-state noise is best when both TFS and envelope cues are
available, but envelope cues are more informative than TFS cues. Fur-
thermore, psychoacoustic tests of temporal-envelope resolution for
nonspeech sounds do not seem to be associated with speech under-
standing in steady-state noise.

In contrast to the lack of association between amplitude modulation
detection ability and speech understanding in steady-state noise, an-
other psychoacoustic measure of temporal-envelope processing (de-
tection of tone sweeps in a noise with temporal gaps) has been found
to contribute to speech understanding in temporally modulated noise, Temporal

processing and
speech in
fluctuating noise

at least in older HI listeners (George et al., 2007). The importance of
temporal-envelope resolution ability when the masker is fluctuating
may be related to ability to "listen in the dips" by making use of the
favorable local signal-to-noise ratios (SNR) provided by a fluctuat-
ing masker. Furthermore, when listening to speech in a fluctuating
masker, the ability to make use of TFS information may become even
more important than the ability to decode the temporal envelope of
the target speech; TFS information may be preserved better than enve-
lope information because masker fluctuations interfere more with the
target signal’s envelope than with its fine-structure (Gilbert, Bergeras,
Voillery & Lorenzi, 2007). This possibility is supported by observa-
tions that listeners benefit from the availability of TFS information
when speech is presented in fluctuating maskers (Eaves et al., 2011;
Hopkins & Moore, 2009, 2011; Lorenzi et al., 2006). In addition, the
potential usefulness of TFS information does not appear to be lim-
ited to only the portions of the target speech that occur in dips in the
masker (i.e., favorable SNRs); it can also help listeners to restore miss-
ing information from non-audible portions of the target speech that
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occur outside of dips in a fluctuating masker (Gilbert & Lorenzi, 2010).
Thus, envelope information seems to support speech understanding
during dips in a fluctuating masker and TFS information supports
speech understanding in fluctuating maskers in several ways, both in
the dips and outside the dips in the masker.

For speech in competing speech backgrounds, there is evidenceTemporal
processing and

speech in speech
that the availability of both envelope (Snell et al., 2002) and TFS
information (Hopkins & Moore, 2010) contributes to speech under-
standing. In addition, listeners rely on periodicity cues in speech-in-
speech understanding, which are believed to support stream segre-
gation (Bregman, Liao & Levitan, 1990). It has been found that in-
creasing the F0 difference between concurrent speech streams yields
better speech understanding, when listeners are attending to one of
the two speech streams (Darwin, Brungart & Simpson, 2003) or when
they are attending to both streams simultaneously (Assmann, 1999).
In both the studies (Assmann, 1999; Darwin et al., 2003), target and
interfering speech were spoken by the same talker. For simultaneous
sentences spoken by two different male talkers, Jackson en Moore
(2013) found a benefit for speech understanding with increased F0
separation only for speech streams with flatter F0 contours, but not
for simultaneous speech streams with natural, relatively large F0 fluc-
tuations. Thus, for speech spoken by different talkers, the role of F0
differences for stream segregation may be dominated by other voice
characteristics.

To summarize, previous research suggests that temporal-envelope
information supports speech understanding in general and that the
ability to process temporal-envelope modulations is beneficial for
speech understanding in fluctuating noise and speech maskers. In
addition, the availability of TFS cues contributes to speech under-
standing in all maskers, whereas F0 cues are relevant especially for
speech-in-speech listening.

It is noteworthy that most of the studies discussed in the previousPrevious research
on the role of TFS

sensitivity
paragraphs examined the contribution of TFS information to speech
understanding in terms of its general availability by reducing the
number of vocoded (envelope-only) channels of a speech signal, i.e.,
increasing the number of channels that contain both envelope and
TFS cues. Less is known about the association between results on
tests of TFS sensitivity and ability to understand unprocessed natural
speech. In one study, monaural TFS sensitivity was associated with
speech understanding in fluctuating, but not in steady-state noise in
a mixed group of NH and HI listeners (Hopkins & Moore, 2011);
however, in another study, it was found that monaural and binau-
ral TFS processing was associated with speech understanding in a
twotalker background, but not in fluctuating noise in HI listeners
(Strelcyk & Dau, 2009). Furthermore, it has been suggested that re-Previous research

on the sensitivity
to F0 differences

duced ability to detect F0 differences in older adults or those with
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hearing loss may have negative consequences for speech-in-speech
understanding (Summers & Leek, 1998; Vongpaisal & Pichora-Fuller,
2007); however, the studies described earlier, which examined effects
on speech understanding of F0 differences between speech streams,
did not measure F0 difference limens. The current study aims to shed
further light on how sensitivity to the different temporal cues affects
the understanding of natural speech in different backgrounds. Finally,
there are indications that the processing of TFS is reduced in HI lis-
teners (Ardoint et al., 2010; Hopkins & Moore, 2010; Hopkins, Moore
& Stone, 2008; Strelcyk & Dau, 2009), but little is known about how
such reduced processing in HI listeners contributes to their greater
difficulties in speech understanding in adverse conditions compared
to NH listeners, which will be investigated in the current study.

5.1.2 Cognitive and Linguistic Processing Abilities in Speech Understand-
ing

In addition to measures of auditory suprathreshold processing, the
CHABA (1988) report identified cognitive processing as an important
factor contributing to age-related difficulties in speech understand-
ing in adverse conditions. The difficulties in speech understanding in
noise related to cognitive processing have been confirmed many times
since for both NH and HI listeners (Lunner, 2003; Akeroyd, 2008;
Meister et al., 2012; Besser et al., 2013; Rönnberg et al., 2013; Humes,
2013). As mentioned earlier, the current study examined influences
of verbal WM span and linguistic closure on speech understanding Verbal WM span
in different backgrounds, because of earlier observations confirming
their relevance in speech understanding in middle-aged and older
listeners (see Besser et al., 2013 for a review). Linguistic closure is TRT; linguistic

closuremeasured using the text reception threshold (TRT) (Zekveld et al.,
2007), which is a visual analogue of the SRT. The shared variance
in TRT and SRT test performance is assumed to represent modality-
independent abilities to process fragmentary linguistic information
and fill in missing semantic information. Earlier studies suggest that
the abilities underlying TRT performance determine performance on
the SRT test especially in NH people, but contributions of linguistic
closure have also been observed for HI people (George et al., 2007;
Zekveld, George et al., 2013).

It has been observed that TRT and reading or listening span are
more strongly associated with SRTs in modulated noise maskers than Previous results

on associations by
masker type

in steady-state noise (Besser et al., 2013). Furthermore, individuals
with better TRT scores (Zekveld, Rudner et al., 2011) and a larger read-
ing span (Zekveld et al., 2012) have been found to have better speech
understanding, when confronted with semantically interfering word
cues during the task or when there is continuous meaningful interfer-
ing speech (Koelewijn et al., 2012). These findings are in agreement
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with the general assumption that speech understanding in fluctuat-
ing and semantically interfering maskers strongly relies on cognitive
abilities, whereas speech understanding in steady-state maskers is
driven more by audibility and spectral resolution ability (Lunner &
Sundewall-Thorén, 2007).

The current study is the first to systematically examine the relative
contributions of verbal WM span and TRT in the three masking con-
ditions described earlier for both NH and HI older listeners and to
combine the two cognitive measures with measures of auditory tem-
poral processing. Furthermore, while verbal WM capacity is usually
assessed with a span test administered in the visual (reading span;
Rspan) or auditory (listening span; Lspan) modality (Besser et al.,Listening span
2013; Daneman & Carpenter, 1980), in the current study, we used an
auditory test for verbal WM capacity. There are indications that asso-
ciations are stronger for different tasks in the same modality than for
similar tasks in different modalities (Humes et al., 2007). Note that
audibility was accounted for during the Lspan by spectrally shaping
the stimuli (see description in Section 5.2).

5.1.3 Hypotheses

We hypothesized that measures of temporal-envelope and TFS pro-
cessing will both predict SRTs in fluctuating noise and SRTs with an
interfering talker. We expected the measure for periodicity coding
(F0 difference limen) to be influential especially for the SRT with an
interfering talker. For the cognitive and linguistic measures, we an-
ticipated that both WM span and TRT would predict SRTs with an
interfering talker because of their observed associations with suscep-
tibility to semantic interference. We expected that WM span might
outweigh TRT in this listening condition, because of its relevance in
highly challenging auditory conditions (Rönnberg et al., 2013). In ad-
dition, in line with earlier findings, we expected that the TRT would
predict SRTs in fluctuating noise. We did not expect influences of
pure-tone hearing acuity in either participant group, because the stim-
uli were spectrally shaped to ensure good signal audibility. Regard-
ing differences between the groups, we hypothesized that SRTs in the
OHI group would be influenced by differences in auditory temporal
processing to a higher degree than in the ONH group.

5.2 method

5.2.1 Participants

The study included two groups of older participants, each consistingN = 36 per group,
51–70 years, NH;

45–83 years, HI
of 36 adults, either with good hearing (ONH group; MAGE = 58.9
years, SD = 5.5 years) or with a mild-to-moderate sensorineural
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hearing loss (OHI group; MAGE = 65.6 years, SD = 8.8 years), see
Table 5.1 for further details. The two groups did not differ in years of
education; the ONH group1 had a mean of 15.7 (SD = 3.4) years
of education and the OHI group had a mean of 15.1 (SD = 3.8)
years of education (t = .7, p = .504). In the OHI group, 28 out of
the 36 participants were hearing aid users (26 bilateral and 2 uni-
lateral). Audiometric pure-tone thresholds were measured in the fre-
quency range 250–8000 Hz. Mean frequency-specific air-conduction
pure-tone thresholds for the better ear are depicted by group in Fig-
ure 5.1. To be eligible for the ONH group, participants needed to have
an average pure-tone threshold for the frequencies 1000, 2000, 4000

Hz (PTAHF) of 25 dB HL or lower in the better ear, which was used
as the test ear. To be eligible for the OHI group, participants needed
to have a PTAHF of 30 dB HL or higher in the better ear. Pure-tone
thresholds were limited to a maximum of 70 dB HL at frequencies up
to and including 4000 Hz to guarantee that the test signals could be
shaped without causing uncomfortable loudness levels. Participants
did not have significant conductive hearing loss in the test ear, i.e.,
air-bone gaps were not greater than 10 dB at any of the frequencies
500, 1000, or 2000 Hz in the test ear with a few exceptions, where
the air-bone gap was 15 dB at one (N = 5) or two (N = 1) of these
frequencies. No limitations were posed on the non-test ear regarding
audiometric thresholds or nature of the hearing loss. Eight ONH and
13 OHI participants had inter-aural threshold differences �15 dB for
two or more adjacent octave frequencies in the range 250–8000 Hz,
indicating inter-aural asymmetries in hearing acuity. All participants
were native speakers of Dutch and received monetary compensation
of 7.5 † per hour. The study was conducted in accordance with hu-
man ethics and received approval from the medical-research ethics
board of the VU University Medical Center.

5.2.2 Spectral Shaping of the Stimuli

The speech stimuli used in the SRT tests and the Lspan test (see test Target speech
description in Section 5.2.3.5) were presented at a level of 65 dB SPL
to participants in the ONH group. Pure-tones, complex tones, and
the synthesized speech sounds used in the tests of auditory tempo-
ral processing were presented at 65 dB SPL to the ONH group. In
both groups, speech stimuli were band-pass filtered, 312–6300 Hz.
For participants in the OHI group, signals were spectrally shaped
and amplified based on their individual pure-tone thresholds to en-
sure good audibility. For shaping, individual audiograms of the OHI
participants were converted from dB HL to dB SPL. Based on the

1 With N = 35 in the ONH group, because one participant reported 40 years of formal
education. This value was considered to be an outlier and was removed from the
data set.
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Figure 5.1: Audiometric pure-tone thresholds for the test ear, averaged per
frequency for each participant group. Error bars indicate stan-
dard deviations.

ANSI S3.5-1997 standard, 1/3-octave thresholds were derived from
the audiograms and then transformed into a 1024-points FFT spec-
trum. A comparable FFT spectrum was derived for the target speech
of the SRT and Lspan tests. Original levels more than 20 dB above
threshold remained unchanged. This speech spectrum was modified
such that at each frequency the speech level was at least 20 dB aboveSensation level
the hearing threshold. The described method of shaping resembles
the methods applied by Amos en Humes (2007), Humes (2007), and
Koelewijn, Zekveld, Festen en Kramer (2014). During the practice sen-
tences of the Lspan test, participants listened to the shaped speech
in quiet. If a participant reported the speech to be too loud or too
shrill, the amplification was adapted accordingly. Most participants
with pure-tone thresholds �60 dB HL at 2000 Hz, �65 dB at 4000

Hz and/or �70 dB HL at 8000 Hz found the speech to be too shrill.
In these cases, the HL thresholds on which the shaping was based
were decreased at these frequencies in 5-dB steps until the partici-
pant felt comfortable with the signal. Thus, the sensation levels could
be lower than 20 dB at some frequencies at the request of the partic-
ipant. For 25 of the participants, the level was decreased for one or
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more frequencies. Average HL threshold decreases ranged from 0.43

dB at 500 Hz to 9 dB at 8000 Hz. All maskers used in the current Maskers and
psychoacoustic
stimuli

study had the same long-term average spectrum as the target speech.
The masking noise used in the test for temporal envelope resolution
(see description below) and the masking noise and interfering speech
used in the SRT tests were all spectrally shaped in the same way as
the target speech of the SRT tests were shaped, including the level
reductions for listeners who found the original shaping too loud or
shrill.

The stimuli used in the tests for temporal fine-structure sensitivity
at 3000 Hz (TFS

3000Hz) were presented at 20 dB above the individ-
ual’s pure-tone threshold at the test frequency for OHI listeners and
the broadband stimuli of the F0DL test for periodicity coding (see de-
scription in Section 5.2.3.3) were presented at 20 dB above the average
pure-tone threshold for the frequencies 1000, 2000, 4000 Hz calculated
for each OHI participant individually.

5.2.3 Tests

All auditory tests were conducted with monaural stimulus presenta-
tion via headphones (Sennheiser HDA 200) to the participant’s test
ear (better ear), which was the right ear for 22 ONH and 17 OHI
participants. Participants did not wear hearing aids during testing.

5.2.3.1 Speech Reception Thresholds

Speech understanding in noise was measured with a SRT test follow- Masked speech
reception; 50%
correct

ing the procedure described by Plomp en Mimpen (1979). Spoken
sentences were presented together with a background steady-state or
fluctuating noise or an interfering talker. The participant was asked
to repeat each sentence spoken by the target talker. SRTs were deter-
mined with a 1-up-1-down adaptive masking procedure: on correct Adpative

proceduresentence repetition, the presentation SNR was decreased by 2 dB for
the next sentence, otherwise it was increased by 2 dB by varying the
level of the masker (Plomp & Mimpen, 1979). The first sentence of
each test run was presented with an initial SNR of �4 dB (ONH) or
0 dB (OHI), respectively, and then repeated with a 4-dB decrement
in the level of masking until the participant’s response was correct.
Subsequent sentences were presented only once. Per test condition,
participants performed a practice run consisting of 7 sentences and
two complete test runs. A test run consisted of 13 ordinary Dutch
sentences consisting of 5–9 syllables (Versfeld et al., 2000). For each
test run, the outcome SNR was calculated as the average SNR over Scoring
the last 9 sentences. The final outcome score was the average SNR of
the two test runs.

For each participant, we measured SRTs in a fluctuating noise masker Masking
conditions(SRTFLUCT) (Festen & Plomp, 1990), in a steady-state noise masker
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(SRTSTEADY), and with a single interfering talker (SRTTALKER). The
masker started 2000 ms before the onset of the target sentence and
continued 1000 ms after the target sentence was finished. The fluctu-
ating noise consisted of two frequency bands (1-kHz crossover), each
modulated with the amplitude variations from a random speech sam-
ple of the target talker in the corresponding bands (Festen & Plomp,
1990). For the SRTTALKER, sentences spoken by a female talker differ-
ent from the target talker were concatenated into a continuous speech
masker. Each sentence of the masking speech was semantically mean-
ingful but unrelated to its surrounding sentences. The masking sen-
tences differed from the target sentences. For the presentation of each
target sentence, a random sample from the masker was played.

5.2.3.2 Tones in Noise Gaps (TiNG)

We used a test developed by Larsby en Arlinger (1998, 1999) to mea-
sure auditory temporal-envelope resolution, because a recent experi-
ment comparing several tests for temporal-envelope resolution (van
Esch & Dreschler, 2011) had identified the test as a good measure of
this ability. The test determines thresholds for tones presented duringDetection of tones

in noise gaps;
70.7% correct

a noise masker with vs. without silent gaps. Different from Larsby en
Arlinger, we used a three-alternative forced-choice procedure instead
of a Békésy tracking procedure. Each trial consisted of three 850-ms
stimulus intervals, separated by 500 ms of silence. A 175-ms pure tone
was presented at the temporal center of one of the three stimulus in-
tervals. The pure tones tested were 750 Hz (TiNG

750Hz) and 3000 Hz
(TiNG

3000Hz). Detection thresholds for each frequency were measured
in two masking conditions. The first condition served as a referenceTest conditions
condition and was administered to determine tone-detection thresh-
olds in continuous speech-shaped noise. In this condition, each stim-
ulus interval was a continuous noise with an 850-ms duration. In the
second condition, we measured detection thresholds for tones pre-
sented in 50-ms silent gaps between two 400-ms speech-shaped noise
markers. The participant’s task was to press the button on a response
box corresponding to which of the three intervals in a trial contained
the tone. Feedback was provided by a light, which was illuminated
above the correct button.

The masking noise was an octave-band of speech-spectrum noise,
with the test frequency (750 Hz or 3000 Hz) as the center frequency.
For ONH participants, the level of the octave-band speech-spectrum
noise was set based on the level of the same octave band in the steady-
state 65-dB(A) speech-shaped noise used in the SRT test; for the OHI
participants, the level was based on the octave-band level used in the
SRT test after spectral shaping to ensure audibility for the individual.
The presentation level of the noise was kept constant throughout the
test, while the level of the pure tone was adjusted for each trial in a 2-
down-1-up fashion. After two consecutive correct responses, the toneAdpative

procedure
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level was decreased by 2 dB for the subsequent trial. The initial step
size was 4 dB, followed by 2 dB on all trials after the first incorrect
response. After an incorrect response, the tone level was increased by
2 dB. The starting SNR in the reference condition was 10 dB and 18

dB for the ONH and OHI participants, respectively. The starting SNR
in the condition with the silent gaps was the individual mean out-
come SNR of the test runs in the reference condition with continuous
noise. The test stopped after eight reversals. The detection threshold
was the mean SNR of the last 6 reversals. The test for each frequency
was conducted twice in each masking condition and the thresholds
were averaged over the two runs per condition. A practice run pre- Scoring
ceded testing in each masking condition. For each test frequency, the
final TiNG outcome score was calculated by subtracting the pure-tone
threshold in gaps from the threshold in continuous noise. Thus, a
higher score indicates better ability to benefit from listening in the
gap.

5.2.3.3 F0 difference limen (F0DL)

This test was administered using the same procedures as those used
by Vongpaisal en Pichora-Fuller (2007). The test measures the just no- Detection of

differences in F0;
79.9% correct

ticeable difference in F0 for synthesized tokens of the vowel /a/ with
five fixed formant frequencies (750, 1050, 2950, 3350, and 3850 Hz)
using a three-interval forced choice procedure. Each trial consisted of
a reference token with a F0 of 120 Hz followed by two other tokens,
one of which also had a F0 of 120 Hz, whereas the other token had a
higher F0. Participants pressed a button on a response box to indicate
the token with the deviating F0. Feedback was given by illuminating
a light above the correct button. The F0 difference between the tokens Adpative

procedurewas 30 Hz for the first trial. Thereafter, a 3-up-1-down adaptive pro-
cedure was applied, where the difference in F0 was halved following
three correct responses in a row and doubled following one incorrect
response. After the fifth reversal, the step size decreased to 1.25 times
the previous F0 for the increments and 0.8 times the previous F0 for
the decrements. The F0DL was calculated as the average F0 difference Scoring
on the last 10 out of the total of 16 reversals. Participants completed
two test runs that were preceded by a practice run, which stopped
after 6 reversals. The final F0DL score (in Hz) was the mean of the
two test runs with a lower score indicating better F0 discrimination.

5.2.3.4 TFS Sensitivity

We measured participants’ ability to make use of temporal fine-structure Detection of shifts
in temporal fine
structure; 70.7%
correct

information in complex tones at high frequencies with the TFS2 test2

(Hopkins & Moore, 2011; Moore & Sek, 2009). To align the test with

2 TFS test software downloaded on August 11, 2012 from http://hearing.psychol
.cam.ac.uk/
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one of the TiNG test conditions, we tested TFS sensitivity for a center
frequency of 3000 Hz (TFS

3000Hz). Each trial consisted of two intervals.
One of the intervals contained four successively presented 200-ms
identical complex harmonic (H) tones (HHHH). The other interval
contained two identical harmonic and two identical inharmonic (I)
tones (HIHI). In a two-alternative forced-choice procedure, the partic-
ipant’s task was to identify the HIHI interval. The tones had an F0
of 333.3 Hz and were passed through a bandpass filter centered onTest conditions
the 9th harmonic. The filter had a flat region with a width equal to
the F0 and skirts with a slope of 30 dB/octave. These band-passed
tonal stimuli were presented in a threshold-equalizing noise (Moore,
2007) at 15 dB below the signal level. The H and I tones had the
same frequency difference between partials and the same envelope
repetition rate. However, relative to the frequencies of the harmon-
ics of the H tone, the corresponding components of the I tones were
shifted upwards by a given number of Hz which was manipulated
using a 2-down 1-up adaptive procedure to determine the smallestAdpative

procedure detectable change in the stimulus fine-structure. The initial frequency
shift was set to 0.5 F0 of the H tone. After two correct responses, the
frequency shifts were reduced by a factor of 1.253 until the first re-
versal. Between the first and the second reversal, the frequency shifts
were increased by a factor of 1.252. Thereafter, the frequency shifts
were fixed to a factor of 1.25. The outcome score was calculated as
the geometric mean of the frequency shifts on the last six out of a
total of eight reversals. Responses were given by using a mouse for
clicking a button on a computer screen placed in front of the par-
ticipant. Visual feedback was given by lighting up a green light on
the computer screen for a correct response and a red light for an in-
correct response. Participants performed two test runs preceded by a
practice run. The final TFS

3000HZ score was calculated as the averageScoring
of the mean frequency shift over the two test runs, with a lower score
indicating better performance.

5.2.3.5 Listening Span (Lspan)

We used a listening span test developed by Besser et al. (2013) toLspan for verbal
WM capacity, max

score 54
measure participants’ verbal working memory (WM) span in the au-
ditory modality. Twelve sets of sentences (three for each of four set
sizes 3, 4, 5, or 6 sentences) were presented to the listener in increas-
ing set-size order. Half of the sentences were semantically correct, the
other half were semantically incongruent. Sentences within a set were
separated by pauses of 1750 ms, in which the participant judged the
semantic correctness of the previous sentence. After each set, a writ-
ten instruction was displayed on a computer screen in front of the
participant, which asked the participant to recall either all sentence-
initial nouns or all sentence-final nouns from the set. The response
time was limited to 80 s. Participants did not know in advance which
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of the two nouns they would have to repeat. We scored the total num-
ber of correctly recalled target words with a higher score indicating
better performance. Prior to the test, participants were presented with
7 practice sentences divided into a set of 3 and a set of 4 sentences.

5.2.3.6 MoCA

We used the Dutch version (Thissen, van, de Jonghe, Kessels & Dautzen-
berg, 2010) of the MoCA© (Montreal Cognitive Assessment) test Montreal cognitive

assessment; max
score 30

(Nasreddine et al., 2005) to assess participants’ cognitive skills in
terms of visuospatial and naming abilities, sentence repetition and
language fluency, abstraction and delayed recall, aspects of executive
functions, attention, and orientation in time and space. Scores of all
MoCA items were added to obtain a total outcome score with a max-
imum of 30, where a higher score indicates better performance. Test
instructions were given orally to the participants by the examiner.
Testing took place face to face in a soundproof chamber. HI partici-
pants were encouraged to wear their hearing aids during testing to
ensure optimal audibility. Instructions were repeated upon request.

5.2.3.7 Text Reception Thresholds

The linguistic closure ability of participants was assessed by determin- Masked text
reception for
sentences, 50%
correct

ing the text reception threshold (TRT) using the TRT500 test (Besser
et al., 2012). Participants were asked to repeat verbatim sentences
presented in red font on a PC screen. The sentences were partially
masked with a pattern of black vertical bars. Each sentence was pre-
sented by adding one word at the time at a word-dependent rate
(Zekveld et al., 2007). After presentation of the last word, the com-
plete sentence remained on the screen for 500 ms. The first sentence Adaptive

procedureof each test run was presented with an initial percentage of mask-
ing of 60% and then repeated with a 12% decrement in the amount
of masking until the participant’s response was correct. Subsequent
sentences were presented only once. The percentage of masking for
these sentences was adjusted by 6% for every sentence presentation
in a 1-up-1-down test procedure based on the correctness of the par-
ticipant’s response to the previous sentence. Each test run consisted
of a list of 13 sentences from the same corpus (but using different
sentence lists) as the SRT test sentences (Versfeld et al., 2000). The
outcome score was calculated as the average percentage of unmasked Scoring
text over the last 9 sentences. We administered two complete test runs
after a practice run of 7 sentences. The outcome score was the average
score of the two complete runs.

5.2.3.8 Apparatus

Testing took place in a double-walled sound-attenuating room. The
tests were administered using a Dell Optiplex 755 PC (Intel Core 2
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Duo CPU, E7300 at 2.66 GHz), except the TFS
3000Hz test, for which

a Dell Optiplex GX280 PC (Intel Pentium 4 540 CPU at 3.0 GHz)
was used. Visual information and stimuli were displayed on a Dell
Q35 (17-in.) monitor (Dell Computer Corporation) for all computer-
ized tests. For the ONH participants, auditory stimuli were presented
using the PC’s internal soundcard, which was a SoundMAX Inte-
grated Digital HD Audio for both the Dell Optiplex 755 PC and the
Dell Optiplex GX280 PC. For the OHI participants, an external Cre-
ative SoundBlaster Audigy (24bit) soundcard (Creative Technology,
Ltd.) was used together with a Shure Stereo Headphone Amplifier
(type FP22) for all auditory stimuli except those of the F0DL and the
TFS

3000Hz test, for which the PC’s internal soundcard was used. In
all cases, auditory stimuli were presented through Sennheiser HDA
200 headphones (Sennheiser Electronic). Calibrations were done with
a Brüel&Kjær Artificial Ear (Type 4152) and a Brüel&Kjær 2260 Ob-
server to conform to the ISO 389:1991 standard.

5.3 results

5.3.1 Initial Inspection of the Data

All data analyses reported in the following paragraphs were per-
formed using IBM SPSS Statistics 21 for Mac. Inspections of variable
distributions revealed no non-normally distributed variables in either
participant group, except the F0DL, which was skewed to the right
in both groups. Log transformed normally distributed F0DLlg values
were therefore used for the analyses. The majority (30 listeners) of the
OHI group did not yield a valid TFS

3000Hz test outcome. These partici-
pants were not able to perceive the differences in TFS between the har-
monic and the inharmonic tones at the easiest level. Therefore, for the
regression analyses described further on, TFS

3000Hz outcomes were di-
chotomized in the OHI group (TFS

3000Hz-DICH), indicating whether or
not a person yielded a valid outcome score. For the SRT measures in
the ONH group, one data point for the SRTFLUCT measure was con-
sidered to be a univariate outlier with a disproportionate influence
on the group results and was removed from the data set. Specifically,
the excluded value was a SRTFLUCT threshold of 2.0 dB SNR (group
M = �3.6 dB SNR, SD = 1.7 dB SNR). Accordingly, analyses with
SRTFLUCT have N = 35 in the ONH group. Similarly, in the OHI group,
two SRTSTEADY thresholds of 14.6 and 12.8 dB SNR (group M = 3.3
dB SNR, SD = 2.2 dB SNR) were considered outliers and removed
from the analyses. Accordingly, analyses with SRTSTEADY have N =
34 in the OHI group. As described earlier, a practice run was ad-Practice effects
ministered for each test to reduce practice effects during the actual
testing. We examined whether the outcomes were indeed stable over
test runs for the predictor variables with several test runs, that is the
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Figure 5.2: SRT outcomes by masking condition for ONH (left) and OHI
(right) listeners.

TRTs and the measures of auditory temporal processing (TiNG
750Hz,

TiNG
3000Hz, F0DLlg, and TFS

3000Hz
3), using repeated measures analy-

ses of variance (ANOVAs) with Bonferroni corrections for multiple
comparisons. The ANOVA did not reveal any significant differences
between the outcomes of the first and the second test run of those
measures in either group. Therefore, mean scores of both test runs
were used in all cases.

3 Practice effects for the TFS
3000Hz were examined only for the ONH group because

there were too few data points in the OHI group
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Table 5.1: Mean (M) values, standard deviations (SD), minimum (Min), and maximum (Max) scores for the examined measures, organized by group.

ONH OHI
Measure M SD Min Max M SD Min Max Group Diff. t p

Age (years) 58.9 5.5 51 70 65.6 8.8 45 83 6.6 3.8 .000
PTALOW (dB HL) 6.8 4.5 .0 22.5 30.6 12.2 10.0 60.0 23.8 11.0 .000
PTAHIGH (dB HL) 15.5 6.2 5.0 30.0 49.0 9.5 30.0 62.5 33.5 17.8 .000
SRTSTEADY (dB SNR)(1) �.4 1.2 �2.2 3.2 3.3 2.2 �.2 7.6 4.3 7.5 .000
SRTFLUCT (dB SNR)(2) �3.6 1.7 �6.8 2.0 3.6 4.1 �3.4 13.0 7.2 9.6 .000
SRTTALKER (dB SNR) 2.0 3.1 �5.2 7.4 7.3 3.3 1.8 16.2 5.4 7.2 .000
TiNG

750Hz (dB) 24.8 4.0 10.3 30.0 15.2 4.0 4.1 24.8 9.6 8.2 .000
TiNG

3000Hz (dB) 15.0 5.5 1.7 26.3 12.5 6.4 2.6 29.5 2.5 1.8 .079
F0DL (Hz) (3) .3 .4 �.2 1.4 .5 .4 �.3 1.4 .2 1.8 .069
TFS

3000Hz (Hz)(4) 45.7 22.7 16 92.9 75.6 33.8 24.0 123.8 cnt cnt cnt
Lspan (/54) 22.7 4.0 13 31 20.2 5.6 7 33 2.5 2.2 .032
MoCA (/30) 28.4 1.4 25 30 27.3 1.8 23 30 1.1 2.9 .005
TRT (%) 60.3 3.6 53.8 68.8 62.3 4.4 54.4 73.0 2.1 2.2 .032

Table continues on next page
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Table 5.1: Continued from previous page

Absolute group differences (Group Diff.) are provided, along with p values and t values for independent samples t tests of the group differences.
N = 36 per group, if not stated otherwise. cnt, could not test.
(1) With N = 34 for the OHI group because of the removal of one outlier.
(2) With N = 35 for the ONH group because of the removal of one outlier.
(3) Due to software issues, one participant of the ONH group had only one valid F0DL test outcome. This score was used instead of a mean score for
this person.
(4) With N = 33 for the ONH group, N = 6 for the OHI group. For people with two valid outcome scores (28 in ONH group and 3 in OHI group) the
mean of these was used. For people who had only one valid test score, this score was used (5 in ONH group and 3 in OHI group). 3 people in the
ONH group and 30 people in the OHI group had no valid outcome score at all. No comparison of group means was performed for this test, because
there were so few data points in the OHI group.
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5.3.2 Descriptive Statistics and Group Comparisons

Descriptive statistics for all measures were calculated for the ONH
and OHI groups separately and group comparisons on all measures
were performed using independent-samples t-tests (see Table 5.1).
SRT outcomes are graphically displayed in Figure 5.2. Not surpris-
ingly, the ONH group had significantly better (p < .01) average pure-
tone thresholds at lower (500 and 1000 Hz; PTALOW) and higher (2000

and 4000 Hz; PTAHIGH) frequencies than the OHI group. Further-
more, the ONH group was on average 6.6 years (p < .01) younger
than the OHI group. The ONH group had better test outcomes than
the OHI group (p < .05) on nearly all tests. Only for the TiNG

3000Hz
and for the F0DLlg, test outcomes of the two groups did not differ
significantly.

5.3.3 Correlation analyses

We first checked for collinearities in the cognitive and auditory tem-Collinearity of
predictors poral measures that might influence the outcomes of the predictive re-

gression analyses. Specifically, to examine potential cases of collinear-
ity between the predictor variables in each participant group, we per-
formed correlation analyses including all predictors, the detailed re-
sults of which are not reported here. The criterion set for classify-
ing variables as collinear was a correlation coefficient � .7. No such
cases were observed in either participant group. Therefore, each vari-
able was treated as a separate predictor in the regression models.
Also of note, there were no mutual associations between variables in
the cognitive (Lspan, MoCA, TRT) or auditory temporal (TiNG

750Hz,
TiNG

3000Hz, F0DLlg, TFS
3000Hz) processing domains in the ONH group.

In the OHI group, one significant association was found in the cogni-
tive domain; a better (higher) score on the MoCA test was associated
with a better (lower) score on the TRT test (r = �.37, p < .05).

We also analyzed correlations of speech understanding with aver-Zero-order
correlations age pure-tone thresholds and age (see Table 5.2). In the ONH group,

poorer (higher) SRTs in fluctuating noise were associated with older
age (r = .48, p < .01) and poorer (higher) average pure-tone hearing
acuity for 2000 and 4000 Hz (r = .48, p < .01). In the OHI group, no
significant correlations were observed.

5.3.4 Regression Analyses

We investigated which auditory and nonauditory suprathreshold pro-
cessing abilities contribute to speech understanding in ONH and OHI
listeners in the different masking conditions using predictive regres-
sion analyses using a backward predictor-selection procedure. We cre-
ated one regression model for each of the following outcome mea-
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Table 5.2: Pearson correlations for measures of speech understanding with
age and pure-tone average at low (500 and 1000 Hz) and high
(2000 and 4000 Hz) frequencies.

SRT ONH OHI
measure Age PTALOW PTAHIGH Age PTALOW PTAHIGH

SRTSTEADY 0.16 �0.16 0.10 0.14 0.09 0.23
SRTFLUCT 0.48⇤⇤ 0.02 0.48⇤⇤ 0.25 0.22 0.17
SRTTALKER 0.11 �0.23 0.04 0.26 �0.03 0.30

⇤Two-tailed significant at p < 0.05 level. ⇤⇤Two-tailed significant at p < 0.01
level; not corrected for multiple comparisons.

sures: SRTSTEADY, SRTFLUCT, SRTTALKER. Regression analyses were
performed for the ONH and OHI groups separately.

For each predictive model, we made a data-driven selection of po- Selection of
predictors for
initial regression
model based on
association with
outcome measure

tential predictors to be included in the initial model. The selection
was based on preparatory regression analyses using association mod-
els to examine each variable’s association with each of the outcome
measures separately. This pre-selection served to restrict the number
of predictors in the regression models, which was necessary given
the limited number of observations per participant group. For each
model, variables whose association with the respective outcome mea-
sure had a p-value > .2 were eliminated because they clearly had
no linear relationship with the outcome measure. The pre-selected
variables for each initial model are listed per outcome measure in
Table 5.3.

Using a backward selection procedure, the selected variables were Backward
predictor selection
from initial model

excluded stepwise from the initial model. Following the procedure
described by Royston et al. (2009), at each step in the procedure, the
predictor with the highest p-value was removed from the model, un-
til only variables remained that had a p-value smaller than the cut-off
score of .157 (as suggested by Royston et al.. In particular, compared
to forward predictor selection, backward selection procedures lead to
fewer errors in the estimates and the selection of significant predic-
tors because they lead to fewer errors in the estimates and selections
of significant predictors, as the accumulated effects of all included
predictor variables are accounted for at each step of the regression
analyses (Harrell, 2001; Royston et al., 2009). Table 5.4 reports the fi-
nal models for each outcome measure for the ONH and OHI groups
separately.

In the ONH group, none of the predictors met the p < .157 inclu- Results for the
ONH groupsion criterion for the predictive regression model for the SRTSTEADY.

In other words, the examined predictors did not explain any of the
variance in the SRTSTEADY scores. In contrast, 35.9% of the variance
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Table 5.3: Initial set of variables included in the predictive regression mod-
els for the backward selection procedure. The initial sets resulted
from a pre-selection of variables based on single-variable associ-
ation models with the outcome measure that needed to have a
p-value  .2

Outcome
Measure

ONH OHI

SRTSTEADY TiNG
3000Hz PTAHIGH, TFS

3000Hz_DICH,
TRT

SRTFLUCT PTAHIGH, Age,
TiNG

3000Hz, Lspan,
MoCA

PTALOW, Age, TiNG
750Hz,

TiNG
3000Hz, TFS

3000Hz_DICH

SRTTALKER PTALOW, TiNG
750Hz,

TFS
3000Hz, Lspan,

MoCA

PTAHIGH, Age, Lspan

in SRTFLUCT scores and 17.3% of the variance in SRTTALKER scores
of the ONH group was explained by the predictors. SRTFLUCT in the
ONH group was most strongly predicted by age (p < .01), followed
by Lspan (p < .05). Lspan also predicted SRTTALKER (p < .1), as did
TFS

3000Hz (p < .1).
In the OHI group, SRTSTEADY scores were predicted to some de-Results for the

OHI group gree (9.1% of the variance) by the dichotomously coded scores for
TFS sensitivity at 3000 Hz (p < .1); the variance explained by the
predictors was highest for the SRTFLUCT scores (25.2%) and interme-
diate for the SRTTALKER scores (16.7%). Temporal-envelope resolution
at low frequencies (TiNG

750Hz; p < .05) was the strongest predictor
for SRTFLUCT and, as was found in the ONH group, SRTFLUCT was
also predicted by age (p < .1). In addition, TiNG

3000Hz predicted
SRTFLUCT scores (p < .157). SRTTALKER outcomes in the OHI group
were predicted by PTAHIGH and Lspan (both p < .1).

5.4 discussion

The current study aimed to examine the combined contributions of
different cognitive and auditory temporal processing abilities to speech
understanding in different adverse conditions by middle-aged and
older adults with and without pure-tone hearing loss.

5.4.1 Contributions to Speech Understanding in ONH Listeners

For the ONH group, a noteworthy finding of the regression analy-
ses was that speech understanding in steady-state noise was not pre-Speech in

steady-state noise;
ONH

dicted by any of the measures included in this study. This finding
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Table 5.4: Predictive regression models following a backward selection procedure with p < .157 as the criterion for predictor inclusion. For each
participant group (ONH and OHI), models are presented for SRTs in steady-state noise (SRTSTEADY), SRTs in fluctuating noise (SRTFLUCT),
and SRTs with an interfering talker (SRTTALKER). The table presents regression coefficients (B), standardized regression coefficients (b), 95%-
confidence intervals (95% CI), levels of significance (p), R2-values per predictor (R2 per pred.), and R2 values for the whole model (R2

total).

ONH OHI
Predictor B b 95% CI p R2 p. R2 Predictor B b 95% CI p R2 p. R2

pred. total pred. total

Outcome: SRTSTEADY

TFS
3000Hz_DICH �1.705 �.302 [�3.641, .231] .082 .091 .091

Outcome: SRTFLUCT

Age .109 .413 [.032, .186] .007 .229 .359 TiNG
750Hz �.277 �.389 [�.501,�.053] .017 .113 .252

Lspan �.135 �.366 [�.243,�.027] .016 .193 Age .126 .270 [�.021, .272] .091 .060
TiNG

3000Hz .152 .230 [�.050, .353] .135 .054
Outcome: SRTTALKER

TFS
3000Hz .047 .328 [�.002, .095] .058 .090 .173 PTAHIGH .098 .284 [�.013, .209] .083 .087 .167

Lspan �.233 �.289 [�.506, .041] .093 .065 Lspan �.164 �.282 [�.353, .024] .085 .086

The empty cells in the SRTSTEADY row for the ONH group indicate that none of the included variables predicted this outcome measure.
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agrees with earlier research that did not observe associations between
auditory temporal processing abilities and speech understanding in
steady-state noise in NH listeners (e.g., George et al., 2007; Hopkins &
Moore, 2011). Furthermore, the lack of contribution of auditory tem-
poral processing abilities seems reasonable given that steady-state
maskers contain relatively little temporal information. In terms of
the contribution of cognitive abilities, the results of the current study
agree with earlier findings that speech understanding in steady-state
noise is relatively independent of verbal WM capacity in NH listen-
ers (see Besser et al. (2013) for an overview). However, associations
between TRT and speech understanding in steady-state noise have
been found in many studies, at least for middle-aged and older NH
listeners (for a summary see Besser et al., 2013). It is possible that the
TRT test version used in the current study may have dampened the
relationship between TRT and SRTSTEADY because it was the same as
the TRT500, which Besser et al. (2012) found to be only weakly associ-
ated with speech understanding in steady-state noise.

Significant associations were found between predictor variables and
speech understanding in the other two masking conditions, fluctuat-Speech in

fluctuating noise
and speech

maskers; ONH

ing noise and with an interfering talker. The variables contributing
to speech understanding in these two masker conditions will be dis-
cussed together, first describing the influences of auditory temporal
processing abilities and then the influences of cognitive processing
abilities. For both SRT FLUCT and SRTTALKER scores, no influencesContributions of

temporal
processing

of temporal-envelope resolution or F0 discrimination were observed.
The lack of influence of temporal-envelope resolution is in line with
earlier findings that speech understanding in fluctuating maskers in
NH listeners is predicted by cognitive measures rather than measures
of auditory suprathreshold processing, including temporal-envelope
resolution (George et al., 2007). The fact that F0DL did not contribute
to SRTFLUCT scores is also in line with our hypothesis that any po-
tential influences of F0 discrimination would be observed only in the
speech-in-speech listening condition (i.e., SRTTALKER); however, nei-
ther did F0DL contribute to the SRTTALKER, despite its assumed rele-
vance for speech-stream segregation. It is possible that the F0 differ-
ence between the target and competing talkers was large compared
to the F0DL. task. Nevertheless, SRTTALKER scores were predicted by
TFS

3000Hz, another measure of suprathreshold auditory processing. To
our knowledge, the TFS test we used has not been assessed earlier
in combination with speech-in-speech listening. The observation that
it contributes to SRTTALKER scores provides some support for our hy-
pothesis that the ability to make use of TFS cues is relevant for speech-
stream segregation. Notably, we also expected that TFS sensitivity
would contribute to SRTFLUCT scores based on earlier findings sug-
gesting that TFS information in the dips of fluctuating noise maskers
may support speech understanding (Gilbert et al., 2007); however, we
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did not observe a contribution of the TFS measure to SRTFLUCT scores
in the current study. Thus, for the ONH group, it seems that the only
contribution of an auditory temporal processing measure to speech
understanding was for one of the measures of fine structure process-
ing which predicted speech understanding when speech-streaming
was required.

Considering the cognitive and linguistic variables, in line with our Contributions of
cognitive
processing

hypotheses, we found that verbal WM span (Lspan) predicted SRTTALKER
scores. SRTFLUCT scores were predicted by Lspan and age. Thus, it
seems that the SRTFLUCT test involved a listening situation that was
sufficiently demanding to tax auditory WM for the ONH participants.
The finding that Lspan was a significant predictor of both SRTTALKER
and SRTFLUCT scores is interesting in light of the conclusion of a re-
view by Besser et al. (2013) that the association between WM capacity
and speech understanding in fluctuating noise maskers was not clear-
cut for NH listeners. The discrepancy between the current findings
and the conclusions of the review may be explained if the auditory
WM span measure used in the current study was a more accurate
measure of the contributions of verbal WM capacity to speech un-
derstanding in challenging listening conditions than the reading WM
measures used in most of the studies reviewed by Besser et al. (2013).
Based on previous findings (Besser et al., 2012; George et al., 2006,
2007; Zekveld et al., 2007), we also expected the TRT measure to pre-
dict SRTFLUCT scores in the ONH group. All of the mentioned studies
used an identical fluctuating noise (Festen & Plomp, 1990) and test
sentences from the same corpus (Versfeld et al., 2000) as were used in
the current study. The current study included NH participants in the
age range of 51–70 years, while participants in the previous studies
were in the age range 18–78 years; however, given that the relation-
ship between TRT and SRTFLUCT has been found to be relatively unaf-
fected by age (Besser et al., 2012), it is not clear how and age-related
difference could account for the current study’s diverging findings re-
garding the association between SRTFLUCT and TRT for ONH listeners.
Another possibility is that the contribution of TRT was dominated by
the contribution of Lspan (previous studies used a Rspan test), and
possibly also the contribution of age to SRTFLUCT in the current study.

In sum, the results for the ONH group support the assumption Summary of
findings for ONHthat cognitive effects would be more dominant in speech understand-

ing in older NH listeners than influences of auditory suprathreshold
processing. Nonetheless, TFS sensitivity predicted SRTTALKER scores
indicating that sensitivity to differences in TFS information may as-
sist speech-stream segregation. Furthermore, the analyses revealed
that there are further processing abilities not assessed in the current
study that change with age and influence speech understanding in
fluctuating noise maskers in NH listeners.
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5.4.2 Contributions to Speech Understanding in OHI Listeners

As we hypothesized, in the OHI group, auditory temporal process-
ing abilities played a major role in predicting speech understand-
ing and we also observed contributions of cognitive processing. No-
tably, hearing acuity had little influence on speech understanding, a
finding that is in line with earlier findings that cognitive and audi-
tory suprathreshold factors dominate inter-individual differences in
speech understanding in OHI listeners when signal audibility is en-
sured by spectral shaping of the target speech (George et al., 2007;
Humes, 2013 for a review; Humes, Kidd & Lentz, 2013).

Speech understanding in steady-state noise was predicted to someSpeech in
steady-state noise;

OHI
degree by the dichotomized measure of TFS sensitivity. This result
may seem surprising, given that we argued earlier that the test of
TFS sensitivity used in the current study likely measures the ability
to notice small differences in TFS information, for example in concur-
rent speech streams. However, the dichotomous TFS variable differen-
tiates between HI listeners who not able to perform the test for TFS
sensitivity at all and those who were able to complete it, without tak-
ing their results on the test into account. Accordingly, the influence of
TFS

3000Hz_DICH may indicate simply that some ability to process TFS
information at all is better than having no measurable ability when
listeners must extract a TFS-rich speech stream from a noise masker.

Speech understanding in the fluctuating noise masker (SRTFLUCT)Speech in
fluctuating noise;

OHI
was predicted by temporal-envelope resolution at lower frequencies

Contributions of
temporal

processing

(TiNG
750HZ) and higher frequencies (TiNG

3000HZ). These results con-
firm earlier findings by George et al. (2007) who found that temporal-
envelope resolution at 1000 Hz predicted SRTFLUCT in older HI lis-
teners. The results also show that the influence of temporal-envelope
resolution is not limited to the mid-frequencies. The influence of the
TiNG

750HZ on SRTFLUCT outcomes indicates the expected relationship
that better temporal-envelope resolution at 750 Hz is related with
better SRTs. In contrast, the regression coefficient of the TiNG

3000HZ
measure is positive, suggesting a counter-intuitive finding that less
benefit from temporal gaps in the tone-detection task at 3000 Hz pre-
dicts better SRT outcomes in fluctuating noise; however, the p-value
for the TiNG

3000HZ measure in the final SRTFLUCT model was .135, in-
dicating that the puzzling influence of the TiNG

3000HZ is weak. F0DL
and TFS results did not predict SRTFLUCT scores in the OHI group. For
the F0DL, this was expected, given that the masker was noise rather
than speech. For the TFS test, the finding may be related to the lim-
ited amount of valid outcome scores discussed previously. However,
given that the ONH listeners’ SRTFLUCT scores were not influenced
by TFS sensitivity either, the results may also speak for a limited role
of TFS sensitivity in speech understanding in fluctuating maskers.
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Notably, considering the cognitive and linguistic variables, SRTFLUCT
scores were not predicted by TRTs or Lspan scores. For the TRT, this Contributions of

cognitive
processing

is in agreement with earlier findings that linguistic-closure abilities
are subordinate to influences of auditory suprathreshold processing
on speech understanding in fluctuating noise in HI listeners (George
et al., 2007). It is more surprising that Lspan did not predict SRTFLUCT
scores, insofar as it would be expected that listening in a challenging
and cognitively demanding listening condition would affect for the
OHI listeners at least to the same degree as it affected the ONH listen-
ers. It is possible that the influence of individual differences in Lspan
were outweighed by the influences of auditory temporal processing
abilities in OHI listeners in this condition. Nonetheless, it should be
noted that age predicted SRTFLUCT outcomes in the OHI group as
it did in the ONH group, suggesting that cognitive variables not as-
sessed in the current study but reflected in the age measure may have
influenced SRTFLUCT.

The SRT with an interfering talker (SRTTALKER) was not predicted Speech in speech;
OHI
Contributions of
temporal
processing

by auditory-temporal processing. The lack of contribution by temporal-
envelope resolution and F0DL measures in the OHI group is the same
as our findings for the ONH listeners. For TFS sensitivity, since reli-
able outcomes were not obtained in many participants in the OHI
group, we can only speculate as to whether TFS

3000Hz would also
have been a predictor of SRTTALKER. Although the findings for the
SRTSTEADY in the OHI group indicated that some ability to process
TFS cues helps to segregate speech from steady-state noise, the di-
chotomous TFS sensitivity measure is probably not specific enough
to reflect individual differences that might contribute to the segrega-
tion of two TFS-rich speech streams.

In the cognitive domain, SRTTALKER outcomes were predicted by Contributions of
cognitive
processing

WM capacity (Lspan) in the OHI group. In NH listeners, speech un-
derstanding in situations with semantic interference has been found
to be related to WM capacity in general and particularly to WM-
capacity tasks that explicitly test the ability to suppress irrelevant
information (Koelewijn et al., 2012); however, the same was not found
in HI listeners (Koelewijn et al., 2014). In the current study, it might
be the case that the influence of the Lspan reflects the high amount of
perceptual and cognitive load in the SRTTALKER, rather than suscepti-
bility to semantic interference as such.

5.4.3 Group Differences in Test Outcomes

The t-tests examining group differences revealed that the ONH group
had better scores on nearly all tests. The group differences on the SRT
tests could be caused by insufficiently restored audibility in the OHI The role of

audiometric
thresholds

group, despite spectral shaping of the stimuli. However, in that case, a
stronger influence of pure-tone hearing thresholds on SRT outcomes
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in the OHI group would be expected than what was observed. There-
fore, it is more likely that the group differences in SRT scores were
a consequence of the influences of suprathreshold auditory process-
ing abilities and/or of cognitive processing abilities that cannot be
overcome by amplification of the signal.

The OHI listeners did not differ from the ONH group in terms of
years of education, but they had poorer outcome scores on all cogni-
tive measures, i.e., they showed lower WM capacity, general cognitive
ability, and linguistic closure ability. Participants in the OHI group
were on average somewhat older than those in the ONH group. AgeDifferences in age
has often been shown to influence cognitive ability, and thus, it could
have confounded the group differences for the cognitive measures.
Within the OHI group, none of the cognitive variables was correlated
with age. However, the group differences in cognitive outcomes might
still have been caused by differences in age (ONH MAGE = 58.9 years,
SD = 5.5 years; OHI MAGE = 65.6 years, SD = 8.8 years).

We also observed group differences for the measures of auditory
temporal processing abilities. For the TFS

3000Hz test, this was reflectedDifferences in
temporal

processing
in the very low number of OHI participants who were able to perform
the test at all, confirming earlier observations that the ability to dis-
criminate unresolved harmonics from frequency-shifted inharmonic
complex tones is often at chance level for listeners with thresholds
exceeding 30 dB HL at the test frequency (Hopkins & Moore, 2007).
F0DL scores on the other hand were not influenced by hearing acuity.
This finding is not surprising given that earlier results from physio-
logical (e.g., Frisina et al., 2001), psychoacoustic (e.g., Pichora-Fuller
& Schneider, 1992), and computational modeling studies (Saremi &
Stenfelt, 2013) suggest age-related declines in the extraction of pe-
riodicity cues may result from decreased neural synchrony in the
aging auditory system, while being relatively unaffected by audio-
metric threshold elevations (Summers & Leek, 1998; Vongpaisal &
Pichora-Fuller, 2007). On the TiNG test, OHI participants showed
poorer temporal-envelope resolution than ONH participants at the
low frequencies (TiNG

750Hz), but ONH and OHI participants per-
formed similarly on the TiNG test at 3000 Hz, suggesting that there
may be frequency-specific deficits that are not necessarily related to
audiometric thresholds.

5.4.4 Conclusions

In the current study, we found that the contributions to speech un-
derstanding by auditory suprathreshold temporal processing vari-
ables and cognitive variables depend on the masking condition and
whether or not an older adults has clinically significant hearing im-
pairment. Measures of speech understanding were predominantly
predicted by cognitive abilities in the ONH group and by auditory
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temporal processing abilities in the OHI group. Within the cognitive
domain, effects of verbal WM span measured with auditory stimuli
were observed, whereas linguistic closure ability and general cogni-
tive ability did not predict speech-understanding scores. In the audi-
tory temporal processing domain, processing of temporal-envelope
cues appears to be relevant for speech understanding in fluctuat-
ing noise maskers, whereas speech understanding with interfering
speech is predicted by the ability to detect differences in temporal
fine-structure information. Age accounted for speech understanding
performance in fluctuating noise independent of the hearing thresh-
olds of the listeners, pointing to the contribution of suprathreshold
auditory processing abilities or cognitive abilities not assessed in the
current study.
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