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Abstract

Objectives: It has been shown that noise reduction algorithms can reduce the negative effects of noise on memory processing in persons with normal hearing. The objective of the
present study was to investigate whether a similar effect can be obtained for persons with hearing impairment and whether such an effect is dependent on individual differences in
working memory capacity. Design: A sentence-final word identification and recall (SWIR) test was conducted in two noise backgrounds with and without noise reduction as well
as in quiet. Working memory capacity was measured using a reading span (RS) test. Study sample: Twenty-six experienced hearing-aid users with moderate to moderately severe
sensorineural hearing loss. Results: Noise impaired recall performance. Competing speech disrupted memory performance more than speech-shaped noise. For late list items the
disruptive effect of the competing speech background was virtually cancelled out by noise reduction for persons with high working memory capacity. Conclusions: Noise reduction
can reduce the adverse effect of noise on memory for speech for persons with good working memory capacity. We argue that the mechanism behind this is faster word identification

that enhances encoding into working memory.
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Advanced signal processing in hearing aids is designed to enhance
listening comfort and reduce listening effort, in addition to improv-
ing audibility and intelligibility. Listening effort may be proportional
to the demand for cognitive processing resources. Sarampalis and
colleagues (2009) showed that the Ephraim-Malah noise reduction
algorithm (Ephraim & Malah, 1985) reduced the effort of listening
in noise for people with normal hearing and, what is more, improved
their memory for heard materials. However, improved memory as
a result of noise reduction for people with hearing impairment has
not been reported. In this study, we investigated the effects of noise
and binary masking noise reduction in hearing aids (Wang et al,
2009) on the ability of listeners with hearing impairment to recall
speech heard in noise.

The presence of background noise, such as stationary noise and
competing speech, makes speech understanding more effortful, espe-
cially for persons with hearing impairment (Rudner et al, 2011).
For individuals with normal hearing, stationary noise may have a
stronger masking effect than competing speech at the same signal-
to-noise ratio (SNR) due to the absence of the temporal fluctuations
found in speech which provide the opportunity to listen to the target
speech in the dips in the background noise (Duquesnoy,1983). In
other words, a competing speech background, which contains tem-
poral fluctuations, may give rise to release from masking of target

speech (Festen & Plomp, 1990). However, the masking release in a
competing speech background reduces as hearing loss increases and
as signal-to-noise ratio (SNR) improves. Linguistic information in
competing speech causes distraction and adds to speech understand-
ing difficulties (Sorqvist & Ronnberg, 2012). Therefore, for persons
with hearing impairment, competing speech may have a stronger
masking effect on speech than stationary noise.

Working memory, which involves simultaneous processing and
storage of information, is limited, and its capacity varies across indi-
viduals (Daneman & Carpenter, 1980). Depending on the difficulty
of the listening conditions, the involvement of working memory
in speech perception varies (Rudner et al, 2011). The ease of lan-
guage understanding (ELU) model describes the role that working
memory capacity plays in speech perception in challenging listening
conditions (Ronnberg, 2003; Ronnberg et al, 2008). In favorable
circumstances, language input is intact and this gives better access
to phonologically based long-term representations in the mental lexi-
con. Under such circumstances, processing of language input is auto-
matic and implicit. When the input is weak or distorted, a mismatch
may arise. In this situation, explicit processing is needed to match
the suboptimal input with representations in the long-term memory
store. Thus, efficient cognitive function and good cognitive capacity
may support the effectiveness of remedial explicit processing.
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Abbreviations

4T Four-talker babble

ANCOVA Analysis of covariance

ANOVA Analysis of variance

HINT Hearing in noise test

NoP No processing

NR Binary masking noise reduction
PTA Pure-tone average

RS Reading span

SNR Signal-to-noise ratio

SSN Steady-state noise

SWIR Sentence final word identification and recall
TF Time-frequency

A number of studies have demonstrated the relationship between
cognitive abilities and speech perception performance in hearing-
aid users. Lunner (2003) found that working memory capacity and
phonological processing speed were positively correlated with aided
speech perception performance. Similarly, Humes (2007) showed
that once audibility has been controlled for, cognitive function is
the most important predictor of speech understanding in noise in
older adults. The role of individual cognitive differences has also
been studied in aided speech perception in noise with various signal
processing algorithms, such as compression settings. People with
good cognitive abilities could benefit from fast release time of com-
pression in modulated noise (Foo et al, 2007; Gatehouse et al, 2003;
Moore, 2008); possibly due to better ability to listen in the gaps in
noise. However, fast compression release may put people with below
average cognitive abilities at a disadvantage (see e.g. Foo et al, 2007,
Rudner et al, 2011).

Hearing aids with adequate amplification and appropriate signal
processing (e.g. based on input from directional microphones) can
make speech input audible, even in challenging or noisy listening
conditions (Ricketts, 2005). In this way, less explicit processing may
be required for speech perception and thus more resources may be
made available for higher level processing of auditory inputs. How-
ever, signal processing may also introduce unwanted artifacts or
distortions, which may lead to a need of engaging effortful explicit
processing (Lunner et al, 2009). Hearing-aid users with good
working memory capacity gain more benefit from advanced sig-
nal processing probably because more resources are available to
overcome the extra processing of the artificial or distorted signals
(Rudner et al, 2011). Thus, whether or not a hearing-aid user can take
advantage of a specific signal processing algorithm including signal
processing artifacts may depend on individual cognitive abilities.

Memory for heard speech varies depending on age, hearing loss,
and the presence of interfering background noise, even when the
materials are equally well perceived in different background con-
ditions (McCoy et al, 2005; Rabbitt, 1990; Tun et al, 2002, 2009;
Wingfield et al, 2005). Memory performance can be measured using
a free recall test. In a study aimed at gauging the effects of noise
reduction algorithms on cognitive resources during listening to
speech in noise, Sarampalis et al (2009) used a dual task paradigm,
which involved repeating final words of sets of spoken sentences
and encoding the final words into memory for subsequent recall
(see Pichora-Fuller et al, 1995). They showed that noise impaired
word recall in a competing speech background for young people
with normal hearing, particularly for sentences at the beginning of

the lists, and that this effect of noise was weakened when a noise
reduction algorithm was applied. A large body of literature in the
field of cognitive psychology demonstrates that whereas enhanced
recall of early list items (primacy effect) reflects improved encoding
into long-term memory, enhanced recall of late list items (recency
effect) reflects improved encoding into working memory (Murdock,
1974). Thus, the results of Sarampalis et al suggested that the pres-
ence of noise could disturb transfer of information contained in
speech to long-term storage.

‘When speech stimuli are distorted, degraded by background noise,
or perceived by older listeners with hearing impairment, additional
processing time may be required to achieve successful word iden-
tification (Heinrich & Schneider, 2011; Tun et al, 2009). Heinrich
and Schneider compared the ability to recall lists of words heard in
quiet and in different types of interfering noise in young and older
adults. Because the older adults had relatively limited resources,
their recall performance was generally worse than that of the young
adults. Among the older adults, who also had elevated high fre-
quency hearing thresholds, better recall of words presented at the end
of the lists in quiet than in various patterns of babble background
was consistently observed. Better recall of words in early list posi-
tions in quiet than in various background patterns was also revealed,
but in some conditions only. The authors argued that memory for
items in late list positions was related to the speed of encoding items
into working memory. Perceiving speech in a competing speech
background involves additional processing time, which may lead to
slower and less efficient encoding. Hence, memory for late list items
would become vulnerable.

In the present study, to investigate the effects of noise and noise
reduction on memory for heard materials in people with hearing
impairment, we used a test paradigm similar to that employed by
Sarampalis et al (2009). All sentence-in-noise stimuli were presented
at the individualized SNR which predicted 95% speech perception
in stationary noise. Hence, the effect of noise on speech perception
was kept at a minimum while potentially still taxing memory and
elevating listening effort from the level experienced while listening
to sentences in quiet.

The Ephraim-Malah noise reduction algorithm (Ephraim &
Malah, 1985) used by Sarampalis et al (2009) is effective in attenu-
ating constant (or stationary) noise. The binary masking algorithm,
which is designed to maximize speech enhancement, is more effec-
tive when speech is masked by fluctuating noise or irrelevant speech
(Brungart et al, 2006), and improves speech intelligibility in noise
for individuals with normal hearing and hearing impairment (Wang
et al, 2009). Clearer speech input may give a better representation
in working memory and hence improve memory. Thus, we used
binary masking, which is not currently commercially available, in
the present study.

Two types of background noise, which are competing speech and
stationary noise, were chosen in the study. The role of individual dif-
ferences in cognitive ability on memory and use of signal processing
was also examined.

e Hypothesis 1: We predicted that noise would have an effect on
memory in listeners with hearing impairment, such that memory
performance for speech heard in noise would be worse than that
in quiet.

e Hypothesis 2: By introducing noise reduction, memory perform-
ance in noise would be at least partially restored.

e Hypothesis 3: In addition, this effect on memory performance
would be greater for items in late list positions because the
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participants in the current sample were older than those taking
part in the study by Sarampalis et al (2009) and thus were likely
to have slower memory encoding speeds (cf. Heinrich &
Schneider, 2011; Tun et al, 2009).

e Hypothesis 4: We expected that memory in competing speech
would be worse than in stationary noise because of the stronger
masking effect of competing speech.

e Hypothesis 5: Since good cognitive abilities are associated with
greater benefit from signal processing, we also predicted that
overall memory performance would be better for persons with
better working memory capacity when there was noise reduc-
tion, and that this would be particularly apparent for vulnerable
items in late list positions presented with a competing talker.

Methods

Participants

Twenty-six native Swedish speakers (15 women and 11 men) with
symmetrical moderate to moderately severe acquired sensorineural
hearing loss were recruited from the audiology clinic of the Univer-
sity Hospital of Linkdping, Sweden. Their average age was 59 years
(SD =7, range: 32—-65 years) and their average pure-tone threshold
(PTA) at 0.125, 0.25, 0.5, 1, 2, 3, 4, 6 and 8 kHz in both ears was
49.77 dB HL (SD = 6.41). All were hearing-aid users, with an aver-
age daily usage of 9.5 hours over nine years, and they used digital
hearing aids with common features such as wide dynamic range
compression, noise reduction, and directional microphones. To test
whether the participants had age-appropriate cognitive performance,
standardized tests of verbal information-processing speed, namely
physical matching, lexical decision making, and semantic decision-
making tests (cf. Ronnberg, 1990; Ronnberg et al, 1989) were
administered. The test results (in response time) were within one
standard deviation of the mean performance for older adults (mean
age = 62 years) reported by Ronnberg (1990). They had no history
of otological problems or psychological disorders. The study was
approved by the regional ethics committee and informed consent
was obtained from all participants.

Reading span test

The reading span (RS) test, which was originally developed by
Daneman and Carpenter (1980), measures working memory capac-
ity. The test used in this study was visually based and was a short
version of the original Swedish RS test created by Ronnberg et al
(1989). A total of 24 instead of 54 sentences were presented. Lists
of three, four, and five sentences were presented in ascending order
of length, and two lists were presented at each list length. This test
consisted of two parallel tasks. First, the participants had to judge
whether three-word sentences shown on the center of a computer
screen, at a rate of 800 msec per word with an inter stimulus inter-
val of 75 msec, were sensible or absurd (Baddeley et al, 1985).
Then, after each list of sentences, the participants were prompted
to recall either the first or the final words of the sentences in the
list in correct serial order. They were encouraged to respond as
accurately as possible. Two practice lists of two sentences were
administered. The test was scored by the total number of items
correctly recalled irrespective of serial order. This scoring proce-
dure was used to optimize the individual variation in response and
has been adopted in other studies (e.g. Lunner, 2003; Foo et al,
2007). The results of this test were used as a grouping criterion in
investigating individual differences.
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Sentence-final word identification and recall (SWIR) test

A subset of 140 Swedish Hearing In Noise Test (HINT) sentences
(Héllgren et al, 2006) was used. These are everyday sentences with-
out contextual constraints, and the difficulty of the sentences has
been equated. Each sentence was presented twice, yielding a total of
280 trials. According to Héllgren et al, the learning effect associated
with hearing each sentence twice (i.e. short-term test-retest differ-
ence) was less than 1 dB in speech perception test. All the selected
sentences ended in a bi- or tri-syllabic noun. Thirty-five lists of eight
sentences were formed. These lists were divided into two sets such
that each sentence only occurred once in each set. In each list, six
sentences ended with a bi-syllabic word and two with a tri-syllabic
word. Word frequency of the sentence final words was calculated
based on the Swedish PAROLE corpus, which contains 19 million
words (Gellerstam et al, 2000). The average frequency was 560 and
did not differ significantly between lists.

The SWIR test consisted of two tasks which were performed
in series. The participants were asked to report the final word of
each sentence immediately after listening to it (identification task).
They were encouraged to guess if they were unsure of the word.
After reporting the final word of the eighth sentence of a list, they
were asked to recall, in any order, all the words that they had
previously reported (free recall task). Four practice sentence lists
were administered.

TEST coNDITIONS OF THE SWIR TEST

The sentences were presented in seven test conditions: Six noise
backgrounds (three noise reduction conditions in two background
noises) and in quiet as control.

BACKGROUND NOISE

Two types of background noise, steady-state noise (SSN) and four-
talker babble (4T), were employed. The SSN was the stationary
speech-shaped noise used in the Swedish HINT (Héllgren et al,
2006), which has the same long-term average spectrum as the HINT
sentences. The 4T background, which is a competing speech back-
ground, consisted of recordings of two male and two female native
Swedish speakers reading different paragraphs of a newspaper text.
The 4T background was post-filtered to resemble the long-term
average spectrum of the HINT sentences. Background noise was
introduced three seconds prior to the onset of each sentence stimu-
lus and was terminated one second after sentence offset. There was
no noise when the final words were reported and recalled. Rever-
beration of about 350 ms was also introduced in all conditions so
that the auditory stimuli resembled real life listening situations.

NOISE REDUCTION SETTING

In binary masking, noise reduction mixtures of speech signal and
noise are decomposed into segments called time-frequency (TF)
units, by passing them through a 64-channel gammatone filterbank
and then time-windowing the output of each filter. The local SNR
of each TF unit is then compared to a preset SNR, which is known
as the local criterion (LC). In order to make comparisons, target
signals and background interference are estimated. When the local
SNR of the TF unit is greater than the LC, which means the energy
of the signal exceeds the energy of the noise, this TF unit is retained
in the binary matrix. Otherwise, when the local SNR is less than
the LC, the TF unit is reduced by 10 dB. In this way, the TF units
dominated by the interfering noise in the mixture are segregated
from the target signal, and hence the resulting SNR of the processed
mixtures becomes more favorable for speech perception even in
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adverse listening conditions (Brungart et al, 2006). The LC of 0 dB
was chosen in this study in order to optimize the SNR gain with the
binary masks (Li & Wang, 2009).

There were three noise reduction settings in the present study:
binary masking noise reduction (NR), an ideal version of NR
(Ideal NR), and in absence of any noise reduction signal process-
ing (NoP). The two binary masking conditions differed in terms
of the availability of information input concerning the signal and
noise in the mixture. In Ideal NR, complete information of both
signal and noise was available before they were mixed to calculate
the local SNR (see Wang et al, 2009 for details); while in NR,
the local SNR was estimated during recording from the output
of directional microphones pointing in opposite directions: from
either the front (in the direction of target) or rear (in the direction
of background talkers) (see Boldt et al, 2008 for details). Both
algorithms gave 10 dB of noise reduction. Both Ideal NR and NR
were used to determine whether these two variations of binary
masking have differential effects on memory. The NoP condition
was used as a baseline in order to determine the overall effect of
noise reduction processing on memory.

Procedure

The data were collected at two sessions of approximately two hours
each as part of a larger study. Audiometric measurements and the RS
test were administered in the first session. In the second session, the
SWIR test was performed. Prior to the administration of the SWIR
test, an individualized SNR, which predicts 95% speech perception
in stationary noise, was obtained for each participant. There were
two steps in estimating the individualized SNR:

1. SNR which yielded 84% speech intelligibility in noise was
estimated using the HINT procedure (see Hillgren et al, 2006)
with a modified adaptive up-down procedure suggested by
Levitt (1971). Each participant was required to listen to and
repeat three original lists of Swedish HINT sentences (i.e. 30
sentences in total) in the standard Swedish HINT noise. None of
these sentences were used in the SWIR test. Both speech and
noise were first presented at 65 dB A (i.e. 0 dB SNR). The
presentation level of noise varied according to the participant’s
response. The SNR decreased one step when four consecutive
sentences were repeated correctly, and increased one step when-
ever a sentence was not repeated correctly. The step size was
2 dB for the first 15 sentences and was then refined to 1 dB from
the 16th sentence onwards.

2. An individual psychometric function was plotted using the data
points from the first step and the SNR predicting 95% speech
perception (mean=4.11 dB SNR, SD=1.85) was estimated
from this function. This favorable SNR, which is higher than that
of the speech threshold obtained at 50% or even 80% speech
perception, was chosen to maximize speech perception in noise.
The remaining resources could therefore be devoted to the recall
task. This single individualized SNR was applied in all noise
conditions; thus, SNR was held constant across conditions for
each participant. This procedure was adopted to optimize the
effect of condition. The drawback of applying the same SNR in
all noise conditions is that actual intelligibility may differ across
conditions. The presentation level of sentences was fixed at
65 dB A in all conditions.

The SWIR test was administered after obtaining the individua-
lized SNR. All auditory stimuli were preprocessed using Matlab,

generated with a high-quality 24-bit external PC soundcard
(ECHO Audiofire 8) at a sampling rate of 22.05 kHz , and trans-
mitted to the microphone of an Oticon Epoq XW behind-the-ear
hearing aid in an anechoic chamber (Briiel & Kjer, type 4232)
through a measuring amplifier (Briiel & Kjer, type 2636). In
order to assure audibility, the hearing aid was further adjusted to
give linear amplification according to each participant’s hearing
thresholds based on voice aligned compression', and the resulting
program settings were then modified using special programming
software to provide a linear 1:1 compression ratio for pure-tone
input levels in the range from 30 dB to 90 dB SPL. This ensured
that the level distributions of all signals and noises used in the
subsequent measurements were within the region of linear com-
pression ratio and thus unaffected by any compression kneepoint
or output limiting. The receiver of the hearing aid was coupled
with an IEC-711 ear simulator (Briiel & Kjer, type 4157) and
the auditory stimuli were then transmitted through an equalizer
(Behringer, Ultra-Curve Pro Model DEQ2496) and another mea-
suring amplifier (Briiel & Kjer, type 2636), to a pair of ER3A
insert earphones, which was routed into a double-walled sound
booth where the participant was sitting.

In the SWIR test, the orders of presentation of sentences within
lists, lists within each set, and test conditions were randomized. Each
participant was tested with five sentence lists in each test condition.
All lists were presented once only but in all seven test conditions
across participants in a counterbalanced manner.

Scoring method
The identification and free recall tasks in the SWIR test were scored
as the percentage of responses given and correct recall of these
responses (i.e. an incorrectly identified word could be scored as
correctly recalled) per list respectively. Further, the list position of
the recalled words was also analysed. The 1st to 3rd, 4th to 6th,
and 7th and 8th items in each sentence list were partitioned into the
primacy, asymptote, and recency positions correspondingly.
Although the participants were encouraged to give a response
after listening to each sentence, perceptual errors were still expected
occasionally because the presentation level estimated speech intelli-
gibility below 100%. Therefore, whenever a response was not given
in the identification task, the percentage of correct recall was cal-
culated based on the total number of responses given instead of the
total number of items in a list. This conservative method was used
to make a fair comparison of serial recall in different test conditions
(cf. Murphy et al, 2000).

Results

In this section, the results of the RS test, which is also involved in the
analyses of the SWIR test, are first reported. Prior to the analyses of
the SWIR test, performance with the noise reduction settings NR and
Ideal NR were compared. For the free recall part of SWIR, the learn-
ing effect and the relationship with RS performance were examined.
To investigate the interaction between RS and memory performance,
two groups of participants were created based on the RS test scores
(High and Low RS groups). Two different grouping methods were
used and two sets of corresponding RS analyses were performed.
In the first RS analysis, the two groups of participants were cre-
ated using the median split technique (n = 13 in each group). In the
second RS analysis, which supplements the first RS analysis, par-
ticipants with mid-range performance on the RS test were excluded
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in creating the two groups (n= 10 in each group). To address the
hypotheses concerning the effects of noise and noise reduction and
effects of different types of background noise on memory, two analy-
ses of variance (ANOVAs) were then carried out. RS was thus added
as a between-subject factor in the ANOVAs.

Reading span test

For the judgment task, the error rate was 7.5%, which is consid-
ered to be low, especially because the time given to the participants
was rather brief and some of the sentences are hard to judge. Thus,
the performance on this task does not bias the interpretation of the
results of this paper. An average of 10.36 items (SD = 3.38) was
recalled out of 24 items. This result is comparable proportionally
to that reported in Lunner (2003) and Foo et al (2007), where 54
items were used instead of 24. RS did not correlate with either age
(p=.84) or PTA (p=.60).

Noise reduction settings

Performance with two of the three noise reduction settings (Ideal
NR and NR) was compared for both the identification and free
recall tasks of SWIR. For the identification task, the mean perfor-
mance with Ideal NR and NR was 99.52% and 100% respectively
in SSN and 99.62% and 99.33% respectively in 4T. For the free
recall task, an ANOVA was performed on the two noise reduction
settings (Ideal NR, NR) and the two types of background noise
(SSN, 4T). There was no main effect of noise reduction setting,
F(1, 24)=.011, p=.75, and noise reduction setting neither inter-
acted with RS, F(1, 24)=1.17, p=.29, nor with RS and back-
ground noise together, F(1, 24) = .47, p=.50. Since the effect of
the two noise reduction settings on memory did not differ statisti-
cally and the pattern of performance for Ideal NR was indistin-
guishable from that for NR, one of the noise reduction setting
conditions was removed from further analysis so that the variance
in the ANOVA was reduced, making the analysis more sensitive to
predicted interactions between noise reduction and serial position.
The NR condition was included because it is a practically realiz-
able version of Ideal NR, which is based on estimations of binary
masks rather than idealized a priori binary masks from Ideal NR,
and it can be implemented in hearing aids. From this point on, the
only noise reduction algorithm considered is NR.
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SWIR test

For the identification task, the mean performance in quiet was
99.81%. With NoP and NR, mean performance levels were 99.52%
and 100% respectively in SSN, and 84.71% and 99.62% respectively
in 4T. Word identification reached 95% in all conditions except 4T/
NoP, which is probably due to application of the same SNR in all
noise conditions. Nevertheless, the distribution of missing responses
across serial positions was even, and fair comparison of recall perfor-
mance across different conditions was possible by excluding missing
responses in scoring the free recall task. The means and standard
deviations of the free recall task are shown in Table 1.

There was a learning effect associated with hearing each sen-
tence twice in the free recall task. Mean scores were significantly
higher at the second presentation, F(1, 316) = —4.24, p=.00,
but crucially, this effect did not interact with background condition,
F(4, 621)= .48, p=.75.

Correlations between RS and SWIR

The relationships between RS and recall performance in all test
conditions were examined. RS significantly correlated with overall
performance in quiet, SSN/NoP, SSN/NR, and 4T/NR (correlation
coefficients ranging from .47 to .58, ps <.01). The correlation coef-
ficient between RS and performance in 4T/NoP was .39 (p =.057).
When the recall performance was analysed as a function of list posi-
tion, RS significantly correlated with recall performance in both
primacy and asymptote positions in quiet (r=.44 and .41, p=.03
and .04 correspondingly), the primacy position only in SSN/NoP,
SSN/NR, and 4T/NoP (r=.44, .58 and .46, p=.03, .00, and .02
correspondingly), and the asymptote position only in 4T/NR (r = .57,
p =.00). No significant correlation was found between RS and recall
performance in the recency position in any background.

To further investigate the interactions between RS and memory
performance, participants were divided into groups based on the RS
test performance. Two sets of ANOVAs were performed. The first
set of ANOVAs addressed Hypotheses 1, 2, 3, and 5 while the sec-
ond set of ANOVAs additionally addressed Hypothesis 4, which
could not be addressed by the first set of ANOVAs, and extended the
scope of Hypothesis 5. Within each set of ANOVAs, two different
RS analyses were performed. The first RS analysis was based on
dividing the group on RS performance using a median split tech-
nique. This was done by splitting the entire group (n = 26) into two

Table 1. Means (in percentage) and standard deviations of the free recall task.

Background noise

SSN
Serial position

4T Quiet
Serial position Serial position

RS
(n=13 in each
Noise reduction group) Primacy Asymptote Recency Primacy Asymptote Recency Primacy Asymptote Recency
NoP High M 50.26 36.08 79.23 4531 28.03 70.81 51.28 39.49 86.92
SD  30.01 18.15 13.82 24.43 15.46 15.39 22.83 18.75 9.47
Low M 3795 24.71 79.23 28.96 31.82 77.55  29.74 27.77 75.38
SD  26.72 12.18 11.15 23.72 12.14 15.03 23.35 17.33 14.50
NR High M 51.79 35.90 80.00 50.95 34.03 77.69
SD  20.03 21.52 14.14 20.12 15.98 12.35
Low M 26.15 27.18 73.08 39.74 19.49 66.67
SD 2541 14.00 13.16 22.63 12.01 17.00
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at the median value of RS test scores. Similar median split analyses
have been published elsewhere by our team (Rudner et al, 2011;
Zekveld et al, 2012). The median test score was 10.5, and one group
(n=13) with RS test scores less than or equal to 10 (Low RS group)
and another group (n= 13) with scores greater than 10 (High RS
group) were formed. The mean RS scores were 7.8 (SD =2.5) and
12.8 (SD=2.2) in the low and high RS groups respectively, and
they were significantly different, t(24) = — 5.85, p=.00. There was
no significant difference in age, PTA, or word identification per-
formance (in any of the five test conditions) between the groups
t24)=—-27, p=.79; t(24)=—.63, p=.54; and t(144)=.05,
p = .96, respectively). Figure 1 shows the configuration of hearing
loss for each of the participants in the high and the low RS groups.
In the second RS analysis, participants with mid-range RS scores
were excluded, and only those with higher RS scores (range 12 to 16,
mean = 13.80, SD = 1.55, n = 10) and lower RS scores (range 3 to 9,
mean = 7.00, SD =2.40, n=10) were included. This second analy-
sis was performed to check whether participants with mid-range
results skewed the interactions. For both RS analyses, we report the
significant interactions only, which proved to be informative.

First set of ANOVAs (Hypotheses 1, 2, 3 and 5)

The first set of ANOVAs addresses the hypotheses that noise
reduces memory performance in listeners with hearing impair-
ment (Hypothesis 1) and that this effect is modulated by NR in
late list positions (Hypotheses 2 and 3) for persons with high
working memory capacity (Hypothesis 5). It was computed to com-
pare recall performance in 4T with and without NR and in quiet.

Low RS group (n=13)

Hearing Level [dB HL]

Hearing Level [dB HL]

Frequency [Hz]

Figure 1. Configuration of hearing loss for each of the participants
in the low (upper panel) and the high (lower panel) reading span
(RS) groups.

This ANOVA has two within-subject factors: noise (NoP, NR,
quiet), position (primacy, asymptote, recency), and one between-
subject factor: RS group (high, low). In the median split analyses
(the first RS analysis), there were three significant main effects:
noise, F(2, 48) =3.13, p =.05; position, F(2, 48) =75.98, p =.00;
and RS group, F (1, 24) =5.95, p=.02. When the main effect of
noise was examined, it was found that the recall performance in
quiet was better than that in 4T/NoP, t(144) = 1.71, p = .05. Perfor-
mance in 4T/NR was not significantly different from either that in
quiet or in 4T/NoP. In other words, when there was noise reduction,
the main effect of noise was no longer significant.

Investigation of the main effect of position showed that recall
performance in the recency position was better than in the primacy
position, t(144)=11.35, p=.00, which in turn was better than in
the asymptote position, t(144) =3.55, p=.00. The high RS group
performed better than the low RS group, which agrees with the
correlation analyses results. Two two-way interactions were sig-
nificant: noise X RS and noise X position. The noise X RS inter-
action, F(2, 24)=6.06, p=.01, showed that the high RS group
performed better in 4T/NR, t(144)=2.20, p=.03, and in quiet,
t(144) =5.25, p=.00, than in 4T/NoP, while there was no change
of recall performance in the low RS group when noise was reduced
or removed (Figure 2, left panel). The noise X position interac-
tion, F(4, 96)=3.48, p=.01, showed both 4T conditions (4T/NR
and 4T/NoP) compared to quiet affected recall negatively in the
recency position, t(144)=2.27, p=.02 and t(144)=3.90, p=.00
respectively, but not in other positions (Figure 2, right panel).
Further, the three-way interaction between noise, position and RS
was significant, F(4, 96) =2.42, p=.05.

The second RS analysis showed that this three-way interaction
remained when the participants with mid-range RS were excluded
from the analyses, F(4, 72) =2.53, p=.05. Analysis of covariance
(ANCOVA) was also computed to investigate if the variance in
memory performance was explained by age. When age was entered
as a covariate into this ANOVA, the three-way interaction noise X
position X RS remained significant, F (4, 92) =2.51, p=.05.

The noise X RS interaction showed that the effect of noise
on memory and its reduction by NR was attributable to the high
RS group, in line with Hypotheses 2 and 5. The noise X posi-
tion interaction showed an effect in the recency position, also in
line with Hypothesis 3. Therefore, investigation of simple main
effects in the three-way interaction was carried out on recall per-
formance in the recency position for the high RS group only.
Recall performance was significantly better in quiet than in 4T
with NR (t(144) =4.26, p=.01), which in turn was better than
that in the 4T/NoP condition (Figure 3).

Second set of ANOVAs (Hypotheses 4 and 5)

The hypothesis that competing speech would affect memory perfor-
mance more than stationary noise for the hearing-impaired partici-
pants in the present study (Hypothesis 4) was examined by the second
set of ANOVAs. This four-factor ANOVA had three within-subject
factors: background type (SSN, 4T), noise reduction (NoP, NR), and
position (primacy, asymptote, recency), and one between-group fac-
tor: RS group (high, low). In other words, the quiet condition was not
included in testing the second hypothesis. In the median split analy-
ses (the first RS analysis), the ANOVA showed a significant main
effect of background type, where recall performance in SSN was
better than in 4T, F(1, 24) = 6.93, p=.02; a main effect of position,
F(2, 48)=72.10, p=.00; and a main effect of RS, F(1, 24) =4.50,
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Figure 2. Significant two-way interactions between reading span (RS) and noise (left panel) and position and noise (right panel), including
four-talker babble without and with binary masking noise reduction (4T/NoP and 4T/NR respectively) and quiet. Error bars represent

standard deviation.

p=.04. However, there was no main effect of noise reduction,
F(1, 24)=.15, p=.71. RS also interacted with noise reduction,
F(1, 24)=6.51, p=.02 (Figure 4). The post hoc t-tests (Bonferroni
adjusted for multiple comparisons at the .05 level) demonstrated that
the high RS group outperformed the low RS group in the NR condi-
tions, t(72) =4.24, p= .00, but not in the NoP conditions.

The second RS analysis showed that this interaction (RS X
noise reduction) remained significant when the participants with
mid-range RS were excluded, F(1, 18)=4.11, p=.05. When age
was entered as a covariate into this ANOVA (i.e. ANCOVA), the
two-way interaction RS X noise reduction remained significant, F
(1, 23) =6.49, p =.02. The four-way interaction was significant,
F(2, 48)=6.30, p=.00. To investigate the significant four-way
interaction, two separate three-factor analyses of variance were
performed, one in each of the background types, 4T and SSN. The
factors included in both of these analyses were noise reduction,
position, and RS group. In 4T the three-way interaction was signifi-
cant, F(2, 48)=5.37, p=.01, and showed results similar to those
of the first set of ANOVAs. Therefore, further post-hoc analyses
were not performed. In SSN, the simple three-way interaction was
not significant, F(2, 48) =1.80, p=.18.

In summary, the correlation analysis showed a strong relation-
ship between RS and recall performance in all test conditions
except 4T/NoP. This relationship was further investigated using
ANOVAs. The first set of ANOVAs showed a main effect of

- O 4T/NoP | , » .
g 100 4 | O 4T/INR
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Figure 3. Investigation of simple main effects on recall performance
in the recency position for the high reading span (RS) group only.
Error bars represent standard deviation.

noise such that memory performance was poorer in 4T than in
quiet. However, the presence of NR reduced the adverse effect of
noise on memory. In addition, a significant three-way interaction
between noise, position, and RS demonstrated that in the recency
position in 4T for the high RS group, NR significantly reduced
the negative effect of noise on memory recall. The second set of
ANOVAs demonstrated a main effect of background noise type,
demonstrating that 4T disrupted memory performance more than
SSN and an interaction between RS and noise reduction, such that
recall performance in background conditions with NR was better
in the high RS group than the low counterpart. These results were
found to be robust when the differences in age were accounted for
in the ANCOVAs.

Discussion

The results demonstrate that noise reduces recall of heard sentences in
listeners with hearing impairment even when the speech materials are
correctly perceived. This confirms Hypothesis 1 and is in agreement
with previous results (McCoy et al, 2005; Rabbitt, 1990; Tun et al,
2002, 2009; Wingfield et al, 2005). Interestingly, noise reduction
reduces the adverse effect of noise on memory for persons with good
working memory capacity. This confirms Hypotheses 2 and 5. When
words are perceived in the absence of noise, recall performance is
comparatively better because less cognitive resources are required
for efficient encoding (Murphy et al, 2000). Along the same lines,
we argue that segregation of target speech from background is facili-
tated when noise is reduced. This means that the matching of lexical

100
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Figure 4. Significant two-way interaction between reading span
(RS) and noise reduction: without (NoP) and with binary masking
noise reduction (NR). Error bars represent standard deviation.
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information of the target speech in long-term storage becomes less
explicit and less cognitively demanding. Therefore, the adverse effect
of noise on memory is reduced when there is noise reduction.

Effects of noise and individual differences on memory

Not surprisingly, the correlation analysis showed that participants
with good working memory capacity performed better overall on
the memory task than participants with poorer working memory.
To further investigate the interaction effects of individual differ-
ences on memory performance, the data were analysed by split-
ting the group by median RS. Although the split of the high and
the low RS groups is entirely data-driven and the cut-off point
used in this study should not be applied clinically, the analyses
using this technique demonstrate that memory performance varies
with noise and/or noise reduction in some but not all participants.
For instance, there were significant effects of noise and noise
reduction for individuals with high working memory capacity.
These results help us to understand the interplay between dif-
ferent factors including individual differences, and how signal
processing and background noise may have differential effects
for hearing-aid users.

Unexpectedly, it was the participants with good working memory
capacity whose memory performance was significantly disrupted by
noise. As a corollary, it was only the high RS group whose memory
performance in noise could be restored by noise reduction to a level
similar to that found in quiet. Thus, we have shown that whereas noise
has an effect on memory for heard materials in persons with hearing
impairment, noise reduction can virtually cancel out this effect. This
restorative effect of noise reduction is particularly salient in late-list
positions for listeners with good working memory capacity. This find-
ing of improved recall of words in late list positions is in line with the
results reported by Heinrich and Schneider (2011) for older partici-
pants. We extend the findings of Heinrich and Schneider by showing
that the disruptive effects of noise on memory for late list items can be
counteracted for persons with hearing impairment by the use of noise
reduction. It is possible that noise reduction allows speedier word iden-
tification such that encoding into working memory can consequently
be speeded up and become more efficient, and hence recall perfor-
mance is improved (Tun et al, 2009). This supports Hypothesis 3.

A relationship between good cognitive abilities and the ability
to make use of hearing-aid signal processing for processing speech
heard in noise has also been reported in previous studies. In the
present study, a similar relationship between memory for speech
perceived in noise and working memory capacity was established.

Noise did not reduce memory performance for listeners with
low working memory capacity. People with limited cognitive
abilities may not benefit from noise reduction signal process-
ing algorithms in hearing aids (Rudner et al, 2011). This may be
because any potential benefits provided by the signal processing
are cancelled out by the extra cognitive demand exerted by the
distortion attributable to signal processing artifacts (Lunner et al,
2009). The speech-in-noise mixture processed by the binary mask-
ing used in this study is highly intelligible, yet it does not sound
as natural as unprocessed human speech in quiet because of the
presence of artifacts generated during signal processing (Wang,
2008). This may introduce phonological mismatch between the
incoming signal and the representation in long-term memory,
which requires explicit processing and more cognitive resources
(Ronnberg, 2003; Ronnberg et al, 2008; Lunner et al, 2009). In the
present study, listeners with low working memory capacity were

neither affected by noise nor did they benefit from noise reduction.
It is important to note that despite the potentially greater pro-
cessing demand engendered by noise reduction for persons with
lower working memory capacity, this group did not show poorer
memory performance with noise reduction than in quiet.

Effects of background noise on memory

Better recall performance in stationary noise than in competing speech
irrespective of signal processing was shown in the present study,
which is in line with our prediction that competing speech has a stron-
ger masking effect. This is in line with Hypothesis 4. Whenever there
is background noise, obligatory processing of task-irrelevant sound is
automatically engaged and this may lead to disruption of focal task
(Hughes & Jones, 2003). The changing-state nature of competing
speech is known to be more disruptive than repetitive or steady-state
sound in serial short-term memory (Jones & Morris, 1992).

Our results suggest that competing speech is more detrimental to
recall performance than stationary noise. Listening in a competing
speech background is more cognitively demanding than listening
in stationary noise because lexical-semantic information in com-
peting speech is more distracting (Sorqvist & Ronnberg, 2012),
and is harder to segregate from target speech (Mattys et al, 2009).
Together with the poorer quality and audibility of sensory input at
the acoustical and peripheral level, higher-order processing and atten-
tional resources are therefore depleted in the presence of competing
speech, which leads to a decline in memory (McCoy et al, 2005;
Rabbitt, 1990; Tun et al, 2002, 2009; Wingfield et al, 2005).

Moreover, the executive/cognitive demand for inhibiting irrel-
evant linguistic information and allocating resources for auditory
stream segregation is generally higher in a competing speech
background than in stationary noise (Macken et al, 2009). Further
investigation should be focused on how individual differences in
inhibition affect cognitive processing in hearing-aid users.

Conclusions

In line with our predictions, the present study showed an effect of
noise on memory for listeners with hearing-impairment, such that
recall of heard speech was poorer with background noise than with-
out, and poorer in competing speech than in stationary noise. Interest-
ingly, this effect of noise was restricted to persons with good working
memory capacity. The effect of competing speech on memory was
moderated by noise reduction, particularly in late list positions for the
same group of listeners. We argue that for persons with good working
memory capacity, noise reduction allows speedier word identification
and facilitates encoding of heard material into working memory.

Note

1. The voice aligned compression (VAC) rationale can be clas-
sified as curvilinear wide-dynamic range compression that,
compared to many other amplification strategies, provides less
compression at high input levels and more compression at low
input levels through lower compression kneepoints (varying
between 30 and 40 dB SPL, depending on frequency region
and amount of hearing loss).

This compression model is partly based on loudness data by
Buus and Florentine (2001) and is intended to ensure improved
sound quality without loss of speech intelligibility, rather than
loudness compensation per se.
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