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Objectives: Previous work has shown that individuals with lower work-
ing memory demonstrate reduced intelligibility for speech processed
with fast-acting compression amplification. This relationship has been
noted in fluctuating noise, but the extent of noise modulation that must
be present to elicit such an effect is unknown. This study expanded on
previous study by exploring the effect of background noise modulations
in relation to compression speed and working memory ability, using a
range of signal to noise ratios.

Design: Twenty-six older participants between ages 61 and 90 years
were grouped by high or low working memory according to their per-
formance on a reading span test. Speech intelligibility was measured for
low-context sentences presented in background noise, where the noise
varied in the extent of amplitude modulation. Simulated fast- or slow-
acting compression amplification combined with individual frequency-
gain shaping was applied to compensate for the individual’s hearing loss.

Results: Better speech intelligibility scores were observed for partici-
pants with high working memory when fast compression was applied
than when slow compression was applied. The low working memory
group behaved in the opposite way and performed better under slow
compression compared with fast compression. There was also a sig-
nificant effect of the extent of amplitude modulation in the background
noise, such that the magnitude of the score difference (fast versus slow
compression) depended on the number of talkers in the background
noise. The presented signal to noise ratios were not a significant factor
on the measured intelligibility performance.

Conclusion: In agreement with earlier research, high working memory
allowed better speech intelligibility when fast compression was applied
in modulated background noise. In the present experiment, that effect
was present regardless of the extent of background noise modulation.

Key words: Compression, Hearing loss, Modulation, Release time,
Speech intelligibility, Working Memory.

(Ear & Hearing 2016;37;137-143)

INTRODUCTION

Working memory can be described as a mechanism used
to control and process information during a cognitive task
(Baddeley & Hitch 1974). Working memory plays an active
role in the maintenance of task-relevant information (Miyake &
Shah 1999). Accordingly, working memory has been proposed
to play a role in speech intelligibility, particularly when adults
with hearing loss listen under complex listening conditions (see
Akeroyd 2008; Besser et al. 2013 for reviews).

Many studies on working memory and speech intelligibility
have focused on older listeners with hearing loss. Older listen-
ers show deficits in working memory as well as other abilities—
such as sequential learning—that may be involved in speech
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intelligibility (e.g., Humes & Floyd 2005). During a conversa-
tion, both working memory and sequential learning are involved;
sequential learning is required to keep the unidentified signal in
memory, while the information of following words requires simul-
taneous processing and storage by working memory. Older adults
with hearing impairment that suffer from both loss of auditory
information and a loss of information-processing capacity are,
therefore, at a disadvantage in following complex conversations
(e.g., Rabbitt 1991). Previous study suggests that retrospective
analysis and integration of information might also be especially
effortful for older listeners (e.g., Wingfield et al. 1988, 1996).

Previous research expanded work on the role of working
memory in communication to demonstrate the importance of
working memory with respect to amplified speech intelligibility
(Gatehouse et al. 2003, 2006a, 2006b; Lunner 2003; Pichora-
Fuller & Singh 2006; Foo et al. 2007; Rudner et al. 2007). Spe-
cifically, listeners with lower working memory demonstrated
reduced speech in noise intelligibility for fast-acting compared
with slow-acting compression. In contrast, listeners with higher
working memory were able to benefit more from fast-acting
compression (Gatehouse et al. 2003, 2006a, 2006b; Lunner
2003; Lunner & Sundewall-Thorén 2007).

The relationship between working memory and compression
speed appeared to be present for speech intelligibility when low-
context speech material was presented in modulated background
noise but not for unmodulated backgrounds. A pioneering study
in this area (Gatehouse et al. 2003) suggested that cognition
might interact with the extent of modulation in the background
noise. Specifically, listeners with higher scores on cognitive tests
were able to utilize the temporal or spectral gaps in modulated
background noise. Those gaps allowed the listener to “glimpse”
information about the target signal (Festen & Plomp 1990; Kwon
et al. 2012; Ozmeral et al. 2012; Vestgaard et al. 2011), a factor
that is minimally present in unmodulated background noise.

The statistical analysis in the Gatehouse et al. (2003) study
reflected differences in performance across unmodulated and mod-
ulated backgrounds, but stopped short of examining the extent of
modulation. In addition, test stimuli (consonant intelligibility in a
closed set task) and relatively favorable signal to noise ratios (SNR)
may have minimized the need for glimpsing and engagement of
working memory, compared with longer speech segments which
might tax working memory to a greater extent and also better rep-
resent everyday listening demands. Later studies confirmed that
the working memory—compressor speed interaction also occurred
for sentence material (Lunner 2003; Lunner & Sundewall-Thorén
2007), but did not explore the extent to which the modulation char-
acteristics of the noise influenced that relationship.

The reasons that the working memory—compression speed
association appears to occur only in modulated background noise
are not well understood. Successful glimpsing requires the integra-
tion of disconnected speech information to restore the content of
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the speech signal. This requires the listener to store already-heard
segments of speech until enough information is received to make
sense of the content of a stream of speech information. Then, the
stored speech glimpses for the whole sentence must be processed
to derive meaning from the separate pieces of speech information.

A drawback of some compression amplification systems
is that they introduce a variety of signal alterations that may
impact use of modulation. For example, fast-acting compression
(release times <200 msec) results in a compressor output with
reduced modulation depth, and therefore in reduced sensitivity to
the information-bearing modulations in the speech signal (e.g.,
Greenberg & Ainsworth 2004; Brennan et al. 2013). Fast-acting
compression may also increase similarity between the envelope
modulations of the signal and the envelope modulations of a
masking noise (e.g., Stone & Moore 2008). Such effects may
make it more difficult to discriminate among important envelope
differences (Festen & Plomp 1990). Finally, in modulated noise,
the gain function of the compressor is dictated by the overall lev-
els of the combined signal and noise. Responding to the greater
overall signal variations from modulated noise is likely to cre-
ate more distortion (due to a more dramatically increasing and
decreasing signal level) compared with when unmodulated back-
ground noise (and a relatively constant gain function) is applied.

Why would we expect altered signal modulation to inter-
act with working memory? The ease of language understand-
ing model (Ronnberg et al. 2008) describes the engagement
of explicit processing resources when the listener is presented
with a mismatch between the phonological information of a
speech signal and its phonological representation in long-term
memory. Such a mismatch could be caused by the acoustic con-
sequences of hearing-aid signal processing (Foo et al. 2007,
Arehart et al. 2013). This idea is supported by Rudner et al.
(2009), who demonstrated that working memory was related to
speech perception for listeners acclimatized to slow compres-
sion then fit with fast compression. In contrast, listeners accli-
matized to fast compression then fit with slow compression did
not show such a relationship. Rudner et al.’s data suggest that
the fast compression setting introduced signal distortion, result-
ing in a phonological mismatch and hence dependence on the
listeners” working memory capacities.

The present study investigated the interaction between com-
pression release time, speech intelligibility in modulated noise,
and working memory. The influence of working memory was
analyzed by testing two groups of older adults, one character-
ized by lower working memory and the other by higher working
memory (based on their performance on a Reading Span Test
[RST]). Measures of sentence intelligibility in noise were used
in which compression release time and modulation properties
were varied. We hypothesized that adults with lower working
memory would demonstrate better scores for slow compres-
sion, whereas adults with higher working memory would dem-
onstrate better scores for fast compression; and that the working
memory-by-compression speed relationship would be stronger
when the noise contained greater modulation (such that there
were greater opportunities for glimpsing).

METHODS

Participants
The present study included 26 participants (14 males, 12
females), ranging in age from 61 to 92 years (mean age 73.92

years, SD = 9.2). All participants had mild to moderate sen-
sorineural hearing loss with pure-tone thresholds ranging from
25 to 70 dB HL at octave frequencies between 250 and 6000
Hz. All participants were tested monaurally in their better ear,
were in good health (by self-report), had no significant history
of neurologic disorders, and were native speakers of American
English. Three participants were binaural hearing aid users with
multi-channel compression hearing aids. Of these, two par-
ticipants were using fast compression and one participant was
wearing slow compression for the low frequency range and fast
compression for the high frequency range. All study procedures
were reviewed and approved by the Northwestern University
Institutional Review Board. The participants completed an
informed consent process and were compensated for their time.

Working Memory

The working memory of the participants was evaluated
with a RST designed by Ronnberg et al. (1989). This test was
originally designed in Swedish but was translated to English
at Linkdping University in Sweden. The test was designed to
simultaneously tax memory storage (by recalling words from
sentences) and information processing (by making semantic
judgments). The test material consisted of 54 five-word sen-
tences displayed at a rate of one word or word combination
per 0.8 seconds (e.g., “The captain,” “sailed,” “his ship”) on a
26-inch computer monitor. The test required the participants to
perform two tasks. The first task was to report whether or not
a sentence had a sensible meaning. Half of the presented sen-
tences made semantic sense (“The pilot flew a plane”), whereas
half did not (“The train sang a song”). The second task was
to recall either the first (subject) or the last (object) word of a
sequence of sentences in correct serial order. The participants
were informed whether the first or the last word in a sentence
should be recalled after a block of sentences was presented. The
number of sentences in a block started with three and increased
to four, five, and finally to six sentences within a block. The
RST score was the percentage of first or last words correctly
recalled by the test participants.

Based on their results on the RST task, the participants were
separated into two groups: high and low working memory. Most
studies have defined their criteria for categorizing low versus
high working memory groups according to the mean or median
of the test group, with criterion scores ranging from 36% to
44% correct (Classon 2013). For this study, participants with
scores less than or equal to 41% correct were categorized as
having low working memory. The 41% criterion was based
on a review of several previous datasets with greater weight
given to larger datasets (e.g., Arehart et al. 2013; Classon 2013;
Souza & Arehart 2015). Based on this criterion, nine partici-
pants were categorized as having high working memory (mean
scores 47.5% correct, range from 43.0% to 50% correct). Their
average age was 73.0 years. Seventeen participants were cat-
egorized as having low working memory (mean scores 29.2%
correct, range from 18.5% to 40.7% correct). Their average age
was 74.4 years. No significant difference in age was observed
between the two groups [#(24) = 0.41, p = 0.69, a. = 0.05]. Both
groups had similar average audiograms (see Fig. 1 for test ear
audiograms). This was confirmed with a repeated measures
analysis of variance with frequency as a within-subject factor
and group (low or high working memory) as a between-subjects
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Fig. 1. Mean test ear hearing thresholds for the high (solid line) and the
low (dashed line) working memory group. Error bars show 95% confidence
intervals.

factor. The main effect of group was not statistically significant
[F(1,24) = 0.58 for p = 0.45]. The main effect of frequency
was significant [F(5,100) = 71.36 for p > 0.01], as expected
since hearing threshold varied across frequency in these slop-
ing audiograms. The interaction between frequency and work-
ing memory group was not significant [F(5.100) = 0.33 for
p =0.89]. That is, the degree of hearing loss and pattern of hear-
ing loss across frequency was statistically similar for both work-
ing memory groups.

Hearing Aid Compression

Amplitude compression was simulated using a modified
version of the implementation (in Matlab) by Kates (2008). In
brief, a six-channel filter bank was followed by a peak detec-
tor that reacted to increases in the within-band signal level
with a fast attack time and decreases in the signal level with
a longer release time. The speech and the noise signals were
separately compressed before the SNRs were computed based
on the signal’s root mean square values. The speech signal and
the background noises were simultaneously presented through
insert earphones. In this way, listeners heard a signal much like
what would occur with a wearable hearing aid, but with greater
experimental control and flexibility. The input speech level was
65 dB SPL. The attack time was always 5 msec. Two release
times were applied: 40 msec (short) or 640 msec (long). The
compression threshold was set at 45 dB SPL and a compression
ratio of 2:1 was used. Following compression, National Acous-
tic Laboratories (NAL) shaping (Byrne & Dillon 1986) was
applied according to the individual’s hearing threshold.

Stimuli

We deliberately selected low-context sentence material
to facilitate comparison to previous work, and to encourage
decoding of acoustic information rather than guessing key
words based on context (please see discussion for consider-
ation of alternate materials). The sentences were sufficiently
long to ensure that modulations—either in the signal or back-
ground noise—would allow for acoustic differences between

fast and slow compression. The Basic English Lexicon sentence
test (Smiljanic & Calandruccio 2012) was used, and a female
talker was chosen. Each sentence included four key words at a
moderate vocabulary level, for example, “The eggs need more
salt.” This test consisted of 20 test lists with 25 sentences each,
including 2000 keywords.

Sentences were presented in a modulated background noise
at one of three SNRs: —4, —2, and 0 dB. The selected SNR values
were selected based on pilot testing to provide an appropriate
range of scores without floor or ceiling effects. Three artificial
noise signals with speech-like spectral and temporal properties
from the collection of the International Collegium for Rehabili-
tative Audiology (ICRA) by Dreschler et al. (2001) were used:
one-, two-, and six-talkers. The noise signals were designed for
hearing instrument assessment and psychophysical evaluation.
In brief, the noises were created by filtering running speech into
three bands; transforming the output of each band to signal-cor-
related noise (Schroeder 1968); refiltering using the same three
bandpass filters; and mixing the band-filtered outputs together.
The resulting speech-spectrum noise preserves low-frequency
modulations within the low-frequency carrier band; mid-
frequency modulations within the mid-frequency carrier band,
and high-frequency modulations within the high-frequency car-
rier band. A final, overall shaping ensures that the final noise
is representative of the long-term average speech spectrum for
speech produced with normal vocal effort. A detailed analysis
of modulation characteristics reported by Dreschler et al. con-
firms that the three noises have substantially different modula-
tion spectra, such that the one-talker ICRA noise offers the most
modulation (and therefore the most opportunity for glimpsing
the signal), whereas the six-talker ICRA noise offers the least.
To illustrate this, broad-band envelopes of the three noises are
plotted in Figure 2.

Outcome Measurements
Speech intelligibility scores (as percent correct) were
obtained in each of the 18 test conditions (three fixed SNRs,

Normalized Amplitude

Time(sec)

Fig. 2. Comparison of amplitude envelopes (20 Hz low pass envelopes) for
4-second segments of the three ICRA noises: one-talker (thick line), two-
talker (thin line), six-talker (dotted line). Note the larger gaps in the one-
talker noise at approximately 2 and 3.5 seconds.
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the three different background noises described above, and two
compression release times).

RESULTS

Mean speech intelligibility scores (in percent correct) for
each group, compression speed, noise condition, and SNR are
shown in Table 1. Across all conditions, mean scores ranged
from 23% to 79%. Higher scores were demonstrated at more
favorable SNRs and in background noise with a smaller number
of talkers (i.e., one-talker ICRA). Given the large number of
conditions and that the result of greatest interest was the dif-
ference between fast and slow compression, the percent correct
data were transformed in the following way. First, percent cor-
rect scores were converted to rationalized arcsine units (rau) to
normalize variance across the performance range (Studebaker
1985). Next, data were reduced by subtracting the intelligibility
scores for the slow compression speed from the scores observed
for fast compression speed for each participant.

The resulting rau difference scores are shown in Figure 3 (for
each SNR) and Figure 4 (collapsed across SNR). Positive values
indicated that performance was better with fast than with slow
compression. Negative values indicated that performance was
better with slow than with fast compression. On average, partic-
ipants with higher working memory showed positive difference
scores, whereas participants with low working memory showed
negative difference scores. With regard to the hypothesis that
the compression—working memory relationship would depend
on the extent of noise modulation, the high working memory
group appears to have a larger effect of compression speed for
the one-talker ICRA noise, and the smallest for the six-talker
ICRA noise. For the participants with low working memory, the
effect seemed to occur in the opposite way.

To evaluate these patterns, the rau difference scores were
used to perform a repeated-measures analysis of variance.
The within-subject variables were the three different SNRs

TABLE 1. Mean intelligibility scores (in percent correct) for low
and the high working memory group across nine test conditions

Number of Low High

Talkers in Working Working

Compression ICRA Noise SNR Memory Memory
Fast 1 -4 49.8 57.7
-2 57.7 70.6
0 62.9 78.7
2 -4 37.2 48.0
-2 47.4 57.9
0 56.8 73.6
6 -4 23.1 34.0
-2 36.1 51.7
0 51.6 64.1
Slow 1 -4 55.0 50.6
-2 61.1 64.8
0 68.2 71.8
2 -4 415 40.3
-2 53.8 54.9
0 59.6 69.8
6 -4 29.7 29.2
-2 43.5 47.3
0 56.0 63.7
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Fig. 3. Mean rau difference scores separated for the number of talkers in the
ICRA noises (top: one-talker ICRA, middle: two-talker ICRA, and bottom:
six-talker ICRA noise) for the low working memory group (white) and the
high working memory group (gray) across three SNRs (-4, -2, 0 dB). Positive
scores correspond to better percentage correct scores measured under fast
compression (RT = 40 msec), negative scores correspond to better perfor-
mance measured when slow compression (RT = 640 msec) was applied.

(=4, =2, 0 dB), and the three different numbers of talkers
(one-, two-, and six-talkers) in the background noises. The
between-subject variable was working memory (high or low).
The three-way interaction between ICRA noises, SNRs, and
working memory was not statistically significant [F(4,96) =
0.91 for p = 0.46, n’°, = 0.04].

Next, the three two-way interactions were considered. The
interaction between ICRA noises and working memory group
was not significant [F(2,48) = 0.53, p = 0.59, nzp =0.02]. The
interactions between SNRs and ICRA [F(4,96) = 0.61 with
p = 0.65 (nzp =0.03)], and between SNR and working mem-
ory [F(2,48) = 1.80 with p = 0.18 (7]21) =0.07)], were also not
significant.

In view of the nonsignificant interactions, we considered
the three main effects of working memory, ICRA noises,
and SNRs. As suggested by Figures 3 and 4, there was a
significant effect of working memory [F(1,24) = 56.96 with
»<0.01 (112p:0.70)].The effect of [CRA noises was statistically
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Fig. 4. Averaged RAU difference scores for low (white) and high (gray)
working memory, for one-, two-, six-talkers ICRA noise, averaged across
the different SNRs. Positive scores correspond to better percentage correct
scores measured under fast compression (RT = 40 msec), negative scores
correspond to better performance measured when slow compression
(RT = 640 msec) was applied.

significant [F(2,48) =4.10, p = 0.02 (Y]ZP =0.15)]. That is, the
magnitude of the score difference (fast versus slow compres-
sion) depended on the number of talkers in the background
noise. Post-hoc means comparisons (with Bonferroni correc-
tion for number of comparisons) indicated that the one- and
two-talker ICRA noise and the two-talker and the six-talker
ICRA noise were not significantly different from each other
(t=0.75,df =77, p=0.46 for one- versus two-talker; = 1.72,
df =77, p = 0.09 for two- versus six-talker), whereas the six-
talkerICRAnoise wassignificantly different fromthe one-talker
(t=2.62,df =77, p=0.01) condition. SNR was not identified
as a significant factor [F(2,48) = 0.34 with p = 0.72].

The key results of the analysis can be summarized as follows.
On average, listeners with good working memory performed
better with fast compression, whereas listeners with poor work-
ing memory performed better with slow compression. That
relationship was constant across SNR. Regarding the effect of
background noise modulations, the magnitude of the fast—slow
performance difference depended on the number of background
talkers, but only with substantially different background modu-
lation characteristics (one- versus six-talker [CRA noises).

DISCUSSION

Working Memory and Compressor Speed

In the present study, older adults with hearing loss were divided
in two groups based on working memory. Speech intelligibility
was measured for sentences processed by fast and slow ampli-
tude compression. When participants had high working memory,
fast compression provided more benefit than slow compression.
When the participants had low working memory, slow compres-
sion appeared to be more beneficial than fast compression. There

was agreement with previous work where similar test materials
were used, such as Lunner (2003) and Lunner and Sundewall-
Thorén (2007) (open test set for low context sentences) and for
studies where different test materials were used, such as Gate-
house et al. (2003, 2006a) (closed test set of single target words
embedded in carrier phrase). Our findings were consistent with
previous results even though different compression implementa-
tions (six-channel wide-dynamic range compression [WDRC]
here versus two-channel WDRC in previous work) were used.

Similar to previous authors, we interpret our data to sug-
gest that participants with high working memory have bet-
ter abilities to store and process information simultaneously,
which allows them to cope with distortion introduced by the
fast compressor. One positive expectation of fast compression
is the potential to amplify brief speech segments exclusive of
subsequent noise segments. The high working memory group
seemed to have the ability to use those amplified speech seg-
ments and, perhaps, to distinguish between helpful and dis-
turbing information, such as distortion. In contrast, the low
working memory group showed a greater benefit from the
less-distorting slow compressor.

Modulation and Compressor Speed

The relative effects of fast versus slow compression (i.e.,
the difference score) depended on type of ICRA noise. In par-
ticular, the six-talker ICRA noise differed from the one-talker
ICRA noise, such that the magnitude of the compression speed
effect was reduced when less modulation was present in the
background. Previous work (e.g., Souza 2002; Souza et al.
2006) demonstrated that compression can degrade speech rec-
ognition—especially in modulated noise—by altering the signal
envelope. In the present study, the participants had to glimpse
the speech information in the gaps of the instantaneous ampli-
tude of the ICRA noises and store and process this information
to make sense of the whole sentence, presumably while sup-
pressing signal distortion.

It is interesting to contrast the magnitude of the effect shown
here to results by previous authors who used similar approaches.
Gatehouse et al. (2003) reported fairly small differences—on
the order of 3% to 4% —between their low- and high-cognition
groups. The effects shown here were substantially larger, on the
order of 10% to 15%. One factor may be our use of unfavorable
SNRs, in which the need for glimpsed information should be
high. However, the difference between fast and slow compres-
sion did not significantly differ across the three SNR conditions
in the present study. Another factor may be the use of sentences,
in contrast to the Gatehouse et al. use of closed set words which
differed in initial or final consonant. It is likely that for sen-
tences a listener must obtain glimpsed information and retain
and assemble that information over time, engaging working
memory to a greater extent than would be the case for a test that
is, essentially, consonant intelligibility.

Relationships Between Background Noise Modulation,
Compressor Speed, and Working Memory

The nonsignificant interaction between working memory
group and ICRA noises indicated that the high working mem-
ory group did not have a significantly larger advantage across
the different amplitude modulations in the ICRA noises than
the low working memory group. This finding was a surprise,
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considering results from earlier research such as by Lunner and
Sundewall-Thorén (2007), which indicated that high working
memory allowed better performance under fast compression
when the ICRA noise had substantial modulations (two-talker
noise in that case); as well as the significant effect of noise
type across modulated and unmodulated backgrounds noted by
Gatehouse et al. (2003).

The answer to the discrepancy may lie in the noise itself.
Originally, we anticipated that the smaller number of modula-
tions in the six-talker noise (as quantified by Dreschler et al.
2001) would make it similar to unmodulated noise, which Lun-
ner and Sundewall-Thorén found not to have a compression-
by-working memory interaction. On the other hand, and as
illustrated in Figure 2, the six-talker noise does have spectral
and temporal gaps which allow the listener to glimpse speech
elements and/or to make better use of those glimpsed compo-
nents (e.g., Rosen et al. 2013). Some work (e.g., Simpson &
Cooke 2005) has suggested that glimpsing opportunities might
be present with larger numbers of talkers. In light of this, per-
haps the presence of even brief spectral and/or temporal gaps
in the six-talker noise resulted in a different outcome than
the unmodulated noise considered in Lunner and Sundewall-
Thorén’s study.

Generalization to Realistic Communication and Clinical
Implications

In this controlled study, low-context sentences were delib-
erately chosen to encourage reliance on acoustic informa-
tion and to suit study goals. Previous authors (e.g., Lunner
2003; Lunner & Sundewall-Thorén 2007) have used similar
approaches. However, in everyday listening additional fac-
tors would be present, including visual and/or contextual
cues. At least one group of researchers (e.g., Cox & Xu
2010) noted that the level of context in the test materials can
substantially affect the comparison of low- and high-working
memory groups. Specifically, although Cox and Xu’s data
affirmed a relationship between working memory and com-
pression speed, they also suggested that listeners with low
working memory might receive greater benefit from slow
compression for low-context materials, and greater benefit
from fast compression for high-context materials. Further-
more, measures of working memory capacity and speech rec-
ognition were not reliable predictors for compression speed
preferences and most listeners preferred slow compression
in daily listening, conflicting with laboratory data. Rudner
et al. (2009) demonstrated that the type of speech material
in combination with acclimatization to a certain hearing aid
setting play an important role for successful speech recog-
nition in noise. In that study, a measure of explicit cogni-
tive capacity (estimated with the RST) was a good predictor
of aided speech recognition performance in noise for con-
strained sentence material when listeners were presented
with compression speeds that were dissimilar to those they
were accustomed to. However, for less constrained sentence
material, hearing thresholds were a stronger predictor of sen-
tence recognition than was cognitive ability, regardless of the
acclimatized hearing aid settings.

The composition of the background noise might also be dif-
ferent in everyday listening situations in which the background
is comprised of other talkers. Here, the ICRA noise contained

spectral and temporal variations similar to everyday speech, but
would have had minimal to no informational masking. Some
previous study suggests that similar patterns would be pres-
ent even when there is informational content in the noise (e.g.,
Souza & Sirow 2014) but to our knowledge, this issue has not
been studied in detail. Future study is necessary to untangle
these factors and develop realistic expectations of the role of
compression speed and working memory in everyday situations.

CONCLUSION

This study, together with earlier studies (e.g., Gatehouse
et al. 2003, 2006a, 2006b; Lunner & Sundewall-Thorén
2007) provides continuing evidence for the consideration of
cognitive performance in relationship to fast and slow com-
pression for speech intelligibility in modulated background
noise. The results indicated that high working memory (mea-
sured via a RST) resulted in better speech intelligibility
scores when low-context sentences in modulated noise were
processed with fast compression. On the other hand, par-
ticipants with low working memory performed better under
slow compression for the same materials. This relationship
was apparent even when the noise contained minimal spec-
tral and temporal gaps (i.e., six-talker background), which
would be expected to generate relatively few opportunities
for glimpsing. Simply put, any degree of background modu-
lation appears to allow advantages of fast-acting compres-
sion for listeners with high working memory, at least under
controlled circumstances. Considering that few everyday
listening situations employ true steady-amplitude noise, this
encourages exploration of fast-acting compression for listen-
ers with high working memory.

ACKNOWLEDGMENTS

The authors thank Jim Kates for sharing the compression simulator, Thomas
Lunner for sharing the Reading Span Test, Seren Jorgensen for providing
the mr-sEPSM model, Laura Mathews for help with participant recruit-
ment, and Arleen Li for assistance with calibration and testing.

Barbara Ohlenforst is currently at VU Medical Center Amsterdam, Section
Ear and Hearing, Department of Otolaryngology-Head and Neck Surgery
VUMC & EMGO+ Institute for Health and Care Research, Amsterdam,
The Netherlands.

Work was supported by the National Institutes of Health (R0O1 DC60014
and DC12289).

The authors have no conflicts of interest to disclose.

Address for correspondence: Pamela E. Souza, 2240 Campus Drive,
Evanston, IL 60208, USA. E-mail: p-souza@northwestern.edu

Received July 5, 2014; accepted September 16, 2015.

REFERENCES

Akeroyd, M. A. (2008). Are individual differences in speech reception
related to individual differences in cognitive ability? A survey of twenty
experimental studies with normal and hearing-impaired adults. /nt J
Audiol, 47(Suppl 2), S53-S71.

Arehart, K. H., Souza, P, Baca, R., et al. (2013). Working memory, age,
and hearing loss: Susceptibility to hearing aid distortion. Ear Hear, 34,
251-260.

Baddeley, A. D., & Hitch, G. (1974). Working memory. In G. H. Bower (Ed.),
The Psychology of Learning and Motivation: Advances in Research and
Theory (Vol. 8, pp. 47-89). New York: Academic Press.

Copyright © 2015 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.


mailto:p-souza@northwestern.edu

OHLENFORST ET AL./ EAR & HEARING, VOL. 37, NO. 2, 137-143 143

Besser, J., Koelewijn, T., Zekveld, A. A, et al. (2013). How linguistic clo-
sure and verbal working memory relate to speech recognition in noise: A
review. Trends Amplif, 17, 75-93.

Brennan, M. A., Gallun, F. J., Souza, P. E., et al. (2013). Temporal resolution
with a prescriptive fitting formula. Am J Audiol, 22, 216-225.

Byrne, D., & Dillon, H. (1986). The National Acoustic Laboratories’ (NAL)
new procedure for selecting the gain and frequency response of a hearing
aid (175-179). Ear Hear, 7,257-265.

Classon E. (2013). Representing sounds and spellings: Phonological
decline and compensatory working memory in acquired hearing impair-
ment. LiU-Tryck, Linkoping.

Cox, R. M., & Xu, J. (2010). Short and long compression release times:
Speech understanding, real-world preferences, and association with cog-
nitive ability. J Am Acad Audiol, 21, 121-138.

Dreschler, W. A., Verschuure H., Ludvigsen C., et al. (2001). ICRA noises:
Artificial noise signals with speech like spectral and temporal properties
for hearing instrument assessment. Audiology, 40, 148—157.

Festen, J., & Plomp, R. (1990). Effects of fluctuating noise and interfering
speech on the speech-reception threshold for impaired and normal hear-
ing. J Acoust Soc Am, 88, 1725-1730.

Foo, C., Rudner, M., Ronnberg, J., et al. (2007). Recognition of speech in
noise with new hearing instrument compression release settings requires
explicit cognitive storage and processing capacity. J Am Acad Audiol, 18,
618-631.

Gatehouse, S., Naylor, G., Elberling, C. (2003). Benefit from hearing aids
in relation to the interaction between the user and the environment. /nt J
Audiol, 42, 77-85.

Gatehouse, S., Naylor, G., Elberling, C. (2006a). Linear and nonlinear hear-
ing aid fittings. 1. Patterns of benefit. Int J Audiol, 45, 130-152.

Gatehouse, S., Naylor, G., Elberling, C. (2006b). Linear and nonlinear hear-
ing aid fittings. 2. Patterns of candidature. Int J Audiol, 45, 153-171.

Greenberg, S., & Ainsworth, W. A. (2004). Speech processing in the audi-
tory system. In A. William & R. R. Fay (Eds.), The Perception of Speech
Under Adverse Conditions (Vol. 18, pp. 231-308). New York: Springer
Handbook of Auditory Research.

Humes, L. E., & Floyd, S. S. (2005). Measures of working memory,
sequence learning, and speech recognition in the elderly. J Speech Lang
Hear Res, 48, 224-235.

Kates, J. M. (2008) Digital hearing aids. In J. M. Kates (Ed.), Signal Pro-
cessing Basics (Chapter 2). San Diego, CA: Plural Publishing.

Kwon, B. J., Perry, T. T., Wilhelm, C. L. Healy, E. W. (2012). Sentence rec-
ognition in noise promoting or suppressing masking release by normal-
hearing and cochlear-implant listeners. J Acoust Soc Am, 131,3111-3119.

Lunner, T. (2003). Cognitive function in relation to hearing aid use. /nt J
Audiol, 42(Suppl 1), S49-S58.

Lunner, T., & Sundewall-Thorén, E. (2007). Interactions between cognition,
compression, and listening conditions: Effects on speech-in-noise per-
formance in a two-channel hearing aid. J Am Acad Audiol, 18, 604-617.

Miyake, A., & Shah, P. (1999). Models of Working Memory. Cambridge,
UK: Cambridge University Press.

Ozmeral, E. J., Buss, E., Hall, J. W. (2012). Asynchronous glimpsing of
speech: Spread of masking and task set-size. J Acoust Soc Am, 132,
1152-1164.

Pichora-Fuller, M. K., & Singh, G. (2006). Effects of age on auditory and
cognitive processing: Implications for hearing aid fitting and audiologic
rehabilitation. Trends Amplif, 10, 29-59.

Rabbitt, P. (1991). Mild hearing loss can cause apparent memory failures
which increase with age and reduce with 1Q. J Acta Otolaryngol, 111,
167-176.

Ronnberg, J., Arlinger, S., Lyxell, B. (1989). Visual evoked potentials: Rela-
tion to adult speechreading and cognitive function. J Speech Lang Hear
Res, 32, 725-735.

Roénnberg, J., Rudner, M., Foo, C., et al. (2008). Cognition counts: A work-
ing memory system for ease of language understanding (ELU). Int J
Audiol, 47, S99-S105.

Rosen, S., Souza, P, Ekelund, C., et al. (2013). Listening to speech in a
background of other talkers: Effects of talker number and noise vocod-
ing. J Acoust Soc Am, 133, 2431-2443.

Rudner, M., Ronnberg, J., Lunner, T. (2007). Recognition of speech in
noise with new hearing instrument compression release settings requires
explicit cognitive storage and processing capacity. J Am Acad Audiol, 18,
618-631.

Rudner, M., Foo, C., Rénnberg, J. et al. (2009). Cognition and aided speech
recognition in noise: Specific role for cognitive factors following nine-
week experience with adjusted compression settings in hearing aids.
Scand J Psychol, 50, 405-418.

Schroeder, M. (1968). Reference signal for signal quality studies. J Acoust
Soc Am, 44, 1735-1736.

Simpson, S., & Cooke, M., (2005). Consonant identification in N-talker
babble is a nonmonotonic function of N (L). J Acoust Soc Am, 118,
2775-2778.

Smiljanic, R., & Calandruccio, L. (2012) New sentence recognition materi-
als developed using a basic nonnative English lexicon. J Speech Lang
Hear Res, 55, 1342—-1355.

Souza, P. E. (2002). Effects of compression on speech acoustics, intelligibil-
ity, and sound quality. Trends Amplif, 6, 131-165.

Souza, P, & Arehart, K. (2015). Robust relationship between reading span
and speech recognition in noise. Int J Audiol, 54, 705-713.

Souza, P. E., & Sirow, L. (2014). Relating working memory to compression
parameters in clinically fit hearing AIDS. Am J Audiol, 23, 394-401.

Souza, P. E., Jenstad, L. M., Boike, K. T. (2006). Measuring the acoustic
effects of compression amplification on speech in noise. J Acoust Soc
Am, 119, 41-44.

Stone, M. A., & Moore, B. C. (2008). Effects of spectro-temporal modula-
tion changes produced by multi-channel compression on intelligibility in
a competing-speech task. J Acoust Soc Am, 123, 1063—1076.

Studebaker, G. A. (1985). A “rationalized” arcsine transform. J Speech
Hear Res, 28, 455-462.

Vestergaard, M. D., Fyson, N. R., Patterson, R. D. (2011). The mutual roles
of temporal glimpsing and vocal characteristics in cocktail-party listen-
ing. J Acoust Soc Am, 130, 429-439.

Wingfield, A. (1996). Cognitive factors in auditory performance: Context,
speed of processing, and constraints of memory. J Am Acad Audiol, 7,
175-182.

Wingfield, A., Stine, E. A. L., Lahar, C. J., et al. (1988). Does the capacity of
working memory change with age? Exp Aging Res, 14, 103-107.

Copyright © 2015 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



