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Background

Speech intelligibility tests are often used to evaluate the
efficacy of hearing aids (HAs) and/or their features, such as
directional microphones (DIRMs) and noise reduction (NR).
However, speech testsmay not fully capture all thebenefits. In

addition, it may be more meaningful to quantify benefits
under realistic signal-to-noise ratio (SNR) conditions (e.g.,
Smeds et al, 201541). This study examined the feasibility of
using the recently developedRepeat-Recall Test (RRT, Slugocki
et al, 201839) to capture performance with DIRMs and NR.
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Abstract Background Many studies on the efficacy of directional microphones (DIRMs) and
noise-reduction (NR) algorithms were not conducted under realistic signal-to-noise
ratio (SNR) conditions. A Repeat-Recall Test (RRT) was developed previously to partially
address this issue.
Purpose This study evaluated whether the RRT could provide a more comprehensive
understanding of the efficacy of a DIRM and NR algorithm under realistic SNRs. Possible
interaction with listener working memory capacity (WMC) was assessed.
Research Design This study uses a double-blind, within-subject repeated measures
design.
Study Sample Nineteen listeners with a moderate degree of hearing loss participated.
Data Collection and Analysis The RRTwas administered with participants wearing the
study hearing aids (HAs) under two microphones (omnidirectional versus directional) by
two NR (on versus off) conditions. Speech was presented from 0° at 75 dB SPL and a
continuous noise from 180° at SNRs of 0, 5, 10, and 15 dB. The order of SNR and HA
conditions was counterbalanced across listeners. Each test condition was completed twice
in two 2-hour sessions separated by one month.
Results The recall scores of listeners were used to group listeners into good and poor
WMC groups. Analysis using linear mixed-effects models revealed significant effects of
context, SNR, andmicrophone for all four measures (repeat, recall, listening effort, and
tolerable time). NRwas only significant on the listening effort scale in the DIRMmode at
an SNR of 5 dB. Listeners with good WMC performed better on all measures of the RRT
and benefitted more from context. Although DIRM benefitted listeners with good and
poor WMC, the benefits differed by context and SNR.
Conclusions The RRT confirmed the efficacy of DIRM and NR on several outcome
measures under realistic SNRs. It also highlighted interactions between WMC and
sentence context on feature efficacy.
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DIRMs inHAs havebeen available since the 1970s (Ricketts,
200135). Fromsinglemicrophonedesignswith twoports to the
multiple microphone designs of today, the laboratory efficacy
of DIRMs has been demonstrated to range from a 1- to 2-dB
improvement in SNR in the open-fit mode (Kuk et al, 2005a17)
to ~6 dB in a closed-fit mode (Ricketts and Hornsby, 200636).
Other studies have shown that DIRMs also reduce listening
effort (Holmes et al, 201814) and improve the acceptable noise
level (Freyaldenhoven et al, 200511).

Data on the efficacy of NR algorithms are less clear. Chong
and Jenstad (20187) reviewed studies from2000 to 2016 on the
efficacy of commercially available single microphone NR algo-
rithms on adults and children. Most of the studies failed to
report any improvement in speech intelligibility. Rather, these
studies report improved sound quality, reduced annoyance,
increased listening comfort, reduction in effort, reduced pupil
dilation, improved acceptable noise level, improved ability to
learn novel stimuli, improved secondary visual tracking,
improved word recall, and increased preference. These results
suggest thatpresent-daycommercialNRalgorithmsmayreduce
the cognitive load on the listeners but may not improve SNR
sufficiently to improve speech understanding. Ofnote, some
non-real-time NR systems, such as the binary mask algorithm,
reportedly show improvements in speech intelligibility in noise
(e.g., Wang et al, 200945).

One of the issues with laboratory studies is that many are
conducted under test conditions that optimize the outcome of
the HA evaluation. However, such test conditions may or may
not represent the range of SNRs that listeners encounter in real
life. Many studies test at listeners’ individualized speech
reception thresholds (SRTs) for 50% (e.g., Brons et al, 2014;5

Desjardins, 2016;9 Miller et al, 201725) and/or 95% correct
identification (e.g., Ng et al, 2013;28 2015;29 Wendt et al,
201746). Hence, actual SNRs cover a broad range at the group
level. For example, for SRT50, Miller et al (2017)25 reported
mean SNRs around 0 dB (range from 0 to �1.57 dB) and Brons
et al (2014)5 reported ameanof 1.5 dB (range from0 to 2.4 dB).
Ng et al (2013;28 201529) reported a mean SRT95 of 4.1 dB
(standard deviation [SD] = 1.85 dB) and 7.5 dB (SD = 1.9 dB) in
their 2013 and 2015 studies, respectively. Neher et al (2018)27

used an SNRof 6 dB,whereas Desjardins andDoherty (2014)10

used an SNR of 8 dB to optimize the likelihood of an observed
benefit. Other studies optimize test conditions based on func-
tional considerations of the feature under evaluation. For
example, Wang et al (2009)45 studied the efficacy of an ideal
binary mask NR algorithm and reported a SRT ranging
from �8 dB with a speech-shaped noise to �20 dB with a
cafeteria noise. Magnusson et al (2013)24 demonstrated that a
DIRM(occludedandopenfit) improvedSNRs fromaround0 dB
to �10 or �12dB. It is commonly known that directional
benefits decrease as SNRs increase (e.g., Kuk et al, 1999;16

Ricketts and Hornsby, 200636).
Clearly, differences in technology or algorithm implementa-

tion impose unique requirements on the test design. However,
individualization and/or optimization of test conditions leads
one to question whether the efficacy observed in laboratory
studies may be generalized to more realistic SNR conditions.
Smedset al (2015)41andWuetal (2018)48 reported thatpeople

with amild-to-moderate degree of hearing loss tend to experi-
ence day-to-day communication at SNRs of ~5 and 10dB. If this
is true, then the results of some of the studies reported
previously may occur infrequently in real life. Thus, a speech
measure that includes a realistic range of SNRs may help
streamline the evaluation of HA features for all patients. On
the other hand, testing at realistic SNRs will likely result in
performance ceilings and will decrease the sensitivity of the
test to possible differences between HA signal processing
conditions (e.g., Smeds andWolters, 201740). Speechmaterials
that yield a shallower slope on the performance-intensity (P-I)
functions and/or that prevent plateaus at realistic SNRsmay be
useful in overcoming these issues. A solution is the use of low-
context (LC) speech materials. This could make correct identi-
ficationmore difficult and reduce the slope of the P-I function,
making the test more sensitive to changes at the higher, more
realistic SNRs (>5-10 dB). Indeed, in a previous study (Kuk et al,
201920), wewere able to demonstrate a difference in SRT at an
85% performance criterion between variable speed compres-
sion and fast/slow compression using LC sentences.

Recently, the concept of working memory capacity (WMC)
has been introduced to explain a listener’s speech-in-noise
difficulties (Lunner, 2003;21 Akeroyd, 2008;1 Ronnberg et al,
2008;37 Rudner et al, 2011;38 Besser et al, 2013;4 Pichora-
Fuller et al, 201633). WMC is defined as the collection of
cognitive resources that individuals use to encode, store, and
process information (Baddeley and Hitch, 19742). Listeners
with largeWMCsmay be able to allocate resources to process-
ing degraded speech and still have spare capacity for storage.
Conversely, listeners with limited WMCs may engage all of
their cognitive resources to process speech in noise, leading to
feelings of effortful listening and leaving less room for storage.
Hence, individual variability in WMC might explain some of
the variance observed in studies on the efficacy of specific HA
features. Indeed, Gatehouse et al (2006)12, Lunner and Sunde-
wall-Thoren (2007)23, and Souza et al (2015)42 observed that
listeners with poor WMCs performed better with slow-acting
compression, whereas those with a larger WMC performed
better with fast-acting compression. Ng et al (2013;28 201529)
and Lunner et al (2016)22 observed that listeners with better
WMCs recalled more speech in noise with a NR algorithm.
Although there is no reason to believe that a DIRM selectively
favors good or poor WMC listeners, a difference in benefit
between the two groups may be revealed under conditions
where the performance of one grouphas plateaued and that of
the other has not. In those scenarios, people with poor WMC
may continue to experience DIRMbenefit because there is still
room for improvement, whereas those with good WMC may
not. A test that includes an estimate ofWMCandvarying levels
of difficulty may provide evaluative (i.e., actual performance)
and explanatory (i.e., why such performance) value.

TheRRT (Slugockietal,201839) assessesspeech intelligibility
and WMC at realistic SNRs (0, 5, 10, 15 dB, and quiet; Smeds
et al, 2015;41Wu et al, 201848) using high-context (HC) and LC
sentences.During the test, listeners repeat a list of six sentences
one at a time. The correct target words are scored. After all six
sentences are repeated, listeners recall asmanyof the sentences
(or fragments of the sentences) as theycan. Afterward, listeners
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rate howmuch effort they spent listening to the sentences (i.e.,
listening effort) and estimate the time they arewilling to spend
(i.e., tolerable time) communicating under the specific SNR
condition.

To date, Slugocki et al (2018)39 have determined the list
equivalence of the speech materials. The P-I functions, test-
retest reliability, and validity of the test on 20 normal hearing
listeners and 16 hearing-impaired listeners were also deter-
mined. Repeat performance (SRT50) correlates with the
listeners’ Hearing in Noise Test scores (r¼ 0.40, p< 0.05)
and recall performance correlates with the listeners’ scores
(p¼ 0.53, < 0.01) on the Reading Span Test (Van den Noort
et al, 200844). Furthermore, intra-class correlation coeffi-
cients (ICC) indicate that a single administration of the RRT
produced reliable measures of repeat (ICC¼ 0.83) and recall
(ICC¼ 0.75) performance. Together, these results suggest
that the integrated RRT produces a valid measure of
speech-in-noise performance and that the recall scores
may be used to assess a listener’s WMC.

The purpose of this study was to reconfirm the efficacy of
DIRMs and NR using the RRT. First, we wanted to evaluate
whether the range of realistic SNRs included in the RRT is
sufficient to demonstrate the efficacy of DIRMs and NR. If so,
the results of the evaluation may offer some insights into the
real-world effectiveness of these noise management algo-
rithms. Second, wewanted to use the recall score on the RRT
to examine potential interactions between WMC and effica-
cy of HA features. Previous studies had not examined the
interaction between WMC and DIRM benefit. Third, we
wanted to confirm that the RRT could capture differences
in how DIRMs and NR affect behavioral measures of speech-
in-noise processing. Previous research has shown that a
DIRM results in changes in speech intelligibility and listening
effort, whereas NR only results in changes in listening effort.
Because the RRT uses the same set of stimuli and test
conditions for all four outcome measures, it may offer a
more comprehensive single-test approach to evaluating a
listener’s speech-in-noise difficulties.

Methods

Participants
Twenty hearing-impaired adults (mean age¼ 73.6 years,
range¼ 56-86years)were recruited fromthe local community.
All participantswere native speakers of American English. Two
participants discontinued after the first session because of an
illness in the family. A new participant was recruited after
the second dropout. Thus, the data analyzed and reported here
were from this final sample of 19 participants (8 females).

The four-frequency pure-tone average of the participants
was 48.6 and 49.8 dB HL (SD¼ 3.6) for the left and right ears,
respectively (►Figure 1). Two of the 19 participants never
wore HAs, although both had participated in HA studies
previously. Of the HAwearers, six wore Widex HAs of various
models, four wore Phonak HAs, and the rest wore HAs from
other manufacturers. All but one participant scored above 23
(out of 30) on the Montreal Cognitive Assessment (MoCA,
Nasreddine et al, 200526), which is considered as normal

performance (Carson et al, 20186). The data of the participant
with a MoCA score of 22 were included in the analysis. The
study was approved by an external independent institutional
reviewboard.Written informed consentwasobtained fromall
participants before the study. Participants were financially
compensated for their time.

Hearing Aid Conditions
Participants completed all testing in the aided mode with
bilaterally fitted receiver-in-canal HAs. The study HA used a
15-channel automaticadaptiveDIRMwith speechpreservation
(Kuk et al, 2005b18). A fixed hypercardioid mode was used
during the testing to eliminate any unpredictable change in
polarity. The Speech Enhancer NR algorithm is a modulation-
based algorithm that reshapes the frequency response in noise
to optimize the speech intelligibility index. When activated, it
provided amaximum gain reduction of 12dB and a maximum
gain increase of 4 dB in themid-frequencies (Kuk and Paludan-
Muller, 200619). The study HAswere coupled to a receiver that
had a peak output sound pressure level at 90 dB SPL input
(OSPL90) 114 dB SPL as measured in a 2-cc coupler. All fittings
used fully occluding “double-dome” instant-fit ear tips to
minimize the influence of direct sounds mixing with the
processed sounds. The target gain of the HAs was set based
on theNational Acoustics Laboratory-Nonlinearfitting formula
version 2 (NAL-NL2) rationale (Keidser et al, 201115). Output
from the HAs was verified using the SoundTracker feature
(Oeding and Valente, 201331) on the HA fitting software to
ensure audibilityof thetestmaterials in the reference condition
(omnidirectional, no NR). Only one of the participants had
previous experience with the study HA. Listener performance
in noise was assessed at four combinations of microphone and
NR conditions: omnidirectional microphone (OMNI) with NR

Fig. 1 Average pure tone thresholds for the left (black exes) and right
(gray circles) ears of 19 hearing-impaired listeners. Error bars repre-
sent one SD.
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enabled (OMNI.NR.ON), OMNI with NR disabled (OMNI.NR.
OFF), directional microphone with NR enabled (DIRM.NR.ON),
and directional microphone with NR disabled (DIRM.NR.OFF).

Test Materials
The RRT (Slugocki et al, 201839) drew speech materials from
five sets of thematically related sentences. The themes
included food and cooking, books and movies, music, shop-
ping, and sports. Under each theme, seven lists of six
sentences (in a list) were available so that a unique list was
used for each SNR. Each sentence contained three to four
target words (mostly nouns, adjectives, and verbs) so that 20
target words were scored for every list. All sentences were
targeted at a fourth-grade reading level as measured by the
Flesch-Kincaid reading level scale.

Semantic context has been documented as a cue for speech
understanding in noise (e.g., Pichora-Fuller et al, 199534;
Obleser and Kotz, 201030; Davis et al, 2011;8 Zekveld et al,
2011;49Winn,2016;47Holmesetal,201814). TheRRTestimated
context use by comparing listener performance for HC and LC
sentences. HC sentences were meaningful sentences that were
related to thesametheme(or topic) such that listeners candraw
upon within-sentence and between-sentence cues for word
identity. LC sentences were generated by randomizing target
words among theHC sentences in a list. This process resulted in
six sentences that were syntactically valid but semantically
meaningless (both within-sentence and between-sentence).
This process also ensured that the word difficulty and long-
term spectra of HC and LC materials were similar.

Procedure
The study followed a double-blind within-subjects design.
Participants completed two 2-hour sessions at the Widex
ORCA-USA office. All testing took place in a double-walled
sound-treated booth (Industrial Acoustics, Bronx, NY; inter-
nal dimensions: 3�3�2m,W� L�H). At thebeginning and
end of each visit, participants’ thresholds at 500 Hz and
4000 Hz were measured to ensure no change in threshold
occurred.

Onqualifying for the study, participants’behavioral speech-
in-noise abilities were assessed using the RRT. A unique
sentence set (i.e., sports, shopping, music, and books and
movies) was used to assess each HA condition. Listeners
were instructed on the RRT using a standardized script. A
practice RRT trial was administered using a dedicated LC
passage presented at 75 dB SPL at an SNR of +10 dB. Testing
was then carried out in blocks,where each block assessedboth
LC andHCpassages across all SNRs for a givenHAcondition. To
minimizeanycarry-over effects fromsemanticallymeaningful
sentences, testing always beganwith LC passages. The order of
HA program blocks and SNRs within a block was counter-
balanced across listeners. The HAs were programmed by
another staff member who did not participate in data collec-
tion. At no time was the participant or the tester aware of
which HA features were enabled on the study aids. Each list of
six sentences tookabout twotothreeminutes to complete. The
whole RRT (LC/HC sentence lists at four SNRs) was completed
within 20–25minutes for a single HA condition.

Speech stimuli were delivered in the free-field at a fixed
level of 75 dB SPL via a KRK ST6 loudspeaker (KRK systems,
Nashville, TN) (�2 dB from 62Hz to 20 kHz) driven by the
output of a Rotel 1048 power amplifier (Rotel, North Reading,
MA). The amplifier received input fromaShureAuxpander line
mixer that routed channel output from an Echo Audio Gina 24
(Echo, Santa Barbara, CA) sound card. The speech loudspeaker
was positioned at a distance of 1 m directly in front (i.e., 0°) of
the participant. The center of the loudspeaker driver was
107 cm above the floor. A spectrally matched, continuous
speech-shaped noise was presented from a second KRK ST6
loudspeaker, driven by a different channel on the same equip-
ment, located at a distance of 1 m directly behind the listener
(i.e., 180°). Background noise was presented at fixed levels to
produce SNRs of 0, 5, 10, and 15 dB.A sound levelmeter (Quest
Technologies Model 1800; TSI incorporated, Shoreview, MN)
was used for daily calibration of the stimulus levels. Visual
prompts used in the RRT (to alert listeners to respond) were
presented on a touchscreen computer monitor (17” Planar PT
1700 MU; Planar, Beijing, China) placed on a small table
directly in front of the participant at a 45° downward angle
in the median plane. The position of the monitor did not
obstruct a direct line between the loudspeaker and the lis-
tener’s ears.

All test participants returned in about amonth for a retest
on the RRT. Testing followed the same procedure outlined for
the first visit but with a new counterbalancing order. Before
analysis, performance metrics (i.e., repeat and recall) and
subjective ratings (i.e., listening effort and tolerable time)
from the RRTwere averaged across tests and retests for each
combination of SNR and HA condition.

Results

To group listeners based on WMC, we first examined the
distribution of repeat scores for HC speech materials to deter-
mine which test condition showed perfect or near-perfect
repeat performance. Repeat performance at SNR¼ +15 dB in
the DIRM.NR.OFF condition was at or above 97.5% for all
participants. Based on previous research (Slugocki et al,
201839), this level of performance satisfied the requirements
of adequate audibility while requiring some effort from the
listeners (average listening effort ratings¼ 4). At this test
condition, recall scores ranged from 28% to 65%, with the
median at 43%. Hence, participants with recall performance
�43%were placed into the “good”WMCgroup and thosewith
recall performance <43% were placed into the “poor” WMC
group.Therewere tenparticipants in thegoodWMCgroupand
nine in the poor WMC group. Good and poor WMC groups
were similar inmean age (73 years� 9.4 SD versus 74 years�
7.6 SD), four-frequency pure-tone averages (47 dBHL� 6.5 SD
versus 51 dB HL � 10.5 SD), and MoCA scores (27 � 2.2 SD
versus 26� 2.1 SD). It should be noted that herewe used good
versus poorWMC in a relative sense. Other measures ofWMC
may result in different groupings and different outcomes.

The lme4 package (Bates et al, 20153) for R was used to
compute linear mixed-effects models that assessed the fixed
effects of microphone (OMNI versus DIRM), NR(NR On versus
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NROff), passage context (HC versus LC), SNR (0, 5, and 10), and
group (good WMC versus poor WMC) on each of the RRT
outcome measures. Whereas the P-I functions displayed sub-
sequently includedscoresat SNR+15dB, thisSNRwasexcluded
from all statistical analyses because recall performance at this
SNRwasused togroup subjects andbecauseofpotential ceiling
effects. Unique slopes were modeled as random effects across
SNRs for each participant. Before statistical analysis, listeners’
repeat and recall scores were transformed into rationalized
arcsine units according to the method defined in Studebaker
(1985)43. Visual inspection of residual plots did not reveal any
obvious deviations from normality. p values were obtained by
Wald tests (Type IISS)of linearhypothesesusing theChi-square
statistic. Only significant factors and interactions were
reported in the corresponding text describing the P-I functions
of the repeat, recall, listening effort, and tolerable time in good
and poor WMC groups for HC and LC speech materials.

Repeat Performance
Repeat performance was measured as the number of correct
target words repeated after each sentence.►Figure 2 summa-
rizes repeat performanceover the rangeofSNRs forbothgroups
of participants. Repeat scores increased as the SNR increased
[χ2(2)¼ 484.62, p< 0.000] and plateaued at z10 dB for the HC
materials. Repeat scores for the HC sentences were higher
than those for the LC sentences [χ2(1)¼ 249.68, p< 0.000] and
were higher for the DIRM mode than for the OMNI mode
[χ2(1)¼ 1,406.28,p< 0.000]. Itwashigherbyover50percentage
points at the SNR of 0 dB condition. This is equivalent to about
6.5 dB improvement in SNRwhen estimated at the 75% correct
level. Participants in the goodWMC group outperformed those

in the poorWMCgroup [χ2(1)¼ 3.9,p¼ 0.048]. Amicrophone�
SNR interaction confirmed that the slope of the P-I function
with the DIRM was shallower than that of the OMNI condition
[χ2(2)¼ 118.76, p< 0.000]. This occurred because repeat perfor-
mancewas less sensitive to SNR changes at or above 5 dB in the
DIRM compared with the OMNI mode. A context � SNR
interaction [χ2(2)¼ 23.12,p< 0.000]occurredbecausetheeffect
of context was small at the poorest SNRs of 0 and 5 dB. Last,
there was a three-way interaction of microphone � context �
SNR [χ2(2)¼ 10.57, p¼ 0.005] reflecting a different behavior
between OMNI and DIRMs with context at the poorest SNRs.
With DIRM processing, the repeat P-I functions for HC and LC
passages were similar, albeit offset (HC> LC). With OMNI
processing, repeat performance did not differ between HC
and LC passages at SNR¼ 0 dB, presumably because of a floor
effect. Above that SNR, repeat performance increased by a
greater amount with SNR for HC than for LC sentences. It was
also noted that the DIRM benefit (DIRM minus OMNI repeat
scores) at SNR¼ 15 dB differed between good WMC and poor
WMC listeners, especially between HC and LC materials.
Because performance at SNR¼ 15dB was used to group listen-
ers, dataat that SNRwerenot included into thestatisticalmodel
for testof significance.AnyobservedpositiveeffectsofNR(2–6%
improvement) were not significant (p> 0.05).

Recall Performance
Recall performance was measured as the number of correctly
recalled target words that were also correctly repeated.
►Figure 3 shows the P-I functions. Recall performance of the
goodWMC groupwas higher than that of the poorWMC group
[χ2(1)¼ 17.45, p< 0.000]. With DIRM processing, recall

Fig. 2 P-I functions of repeat performance for HC (top panels) and LC
(bottom panels) passages in good (left) and poor (right) WMC listeners.
Data are shown for directional (solid lines) and omnidirectional (dashed
lines) microphones with NR enabled (black) and disabled (gray). Error bars
represent 95% confidence intervals of the mean.

Fig. 3 P-I functions of recall performance for HC (top panels) and LC
(bottom panels) passages in good (left) and poor (right) WMC listeners.
Data are shown for directional (solid lines) and omnidirectional (dashed
lines) microphones with NR enabled (black) and disabled (gray). Error bars
represent 95% confidence intervals of the mean.
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plateaued at SNRs of 5 and 10 dB for HC and LC passages,
respectively. It was about 10–15 dB for the OMNI condition
with theHCmaterials. In addition, therewere significant effects
of microphone [χ2(1)¼ 468.27, p< 0.000], context
[χ2(1)¼ 411.72, p< 0.000], and SNR [χ2(2)¼ 204.45, p< 0.000].
A group � microphone interaction [χ2(1)¼ 11.25, p< 0.001]
confirmed the greater difference in recall between the DIRM
and OMNI conditions in the goodWMC group than in the poor
WMC group. In addition, a context � group effect reflected a
greater difference in recall between HC and LC materials in the
good WMC group than in the poor WMC group [χ2(1)¼ 14.03,
p< 0.000]. Microphone, context, and SNR interacted with each
other in two-way (microphone � context [χ2(1)¼ 5.0,
p¼ 0.025]; microphone � SNR [χ2(2)¼ 122.93, p< 0.000]; and
context� SNR [χ2(2)¼ 18.19, p< 0.000]) and three-way (micro-
phone � context � SNR [χ2(2))¼ 22.6, p< 0.000]) interactions.
These interactions occurred when context improved perfor-
mance in the DIRM but not the OMNI mode at SNR¼ 0 dB
condition. Again, NR did not result in any significantdifferences
in recall performance.

Ratings of Listening Effort
Ratings of listening effort and tolerable time were provided
after all six sentences were repeated and recalled. ►Figure 4

summarizes the changes in reported listening effort with
SNRs. Listening effort decreased with increasing SNRs
[χ2(2)¼ 191.35, p< 0.000] and was generally lower for the
DIRM than for the OMNI microphone condition
[χ2(1)¼ 480.75, p< 0.000]. In addition, HC materials were
generally rated as less effortful than LC materials
[χ2(2)¼ 218.29, p< 0.000]. Even at SNR¼þ15 dB, participants

still rated thetestconditions tobesomewhateffortful (i.e.,>4).
A group � context interaction [χ2(1)¼ 11.88, p< 0.001]
reflected that the good WMC group rated HC materials as
less effortful and LC materials as more effortful than did the
poor WMC group. A significant microphone � NR � SNR
interaction [χ2(2)¼ 8.2, p< 0.017] occurred because NR
reduced listening effort at SNR¼ 5 dB when used with the
DIRMbut not for other SNRs orwhenusedwith theOMNI. The
benefit of NR also appeared to be stronger in listeners with
poor WMC, although this trend was not significant. A micro-
phone � context interaction [χ2(1)¼ 3.86, p¼ 0.049] occurred
when the DIRM was associated with lower ratings oflistening
effort relative to OMNI, but this difference was larger for
HC than for LC materials. A context � SNR interaction
[χ2(2)¼ 27.54, p< 0.000] reflected a greater decrease in listen-
ing effort for HC than for LC materials with increasing SNR. A
three-way microphone � context � SNR interaction
[χ2(2)¼ 8.32, p¼ 0.016] reflected a constant effect of context
in the DIRM mode but not in the OMNI mode at SNR¼ 0 dB.

Estimates of Tolerable Time
Estimates of tolerable time were transformed into log units
before display and statistical analysis. Such a transformation
made the visual display of tolerable time (►Figure 5) more
closely resemble those of the other measures. Tolerable time
significantly increased with SNR [χ2(2)¼ 83.7, p< 0.000] and
was longer in theDIRMthan in theOMNImode [χ2(1)¼ 328.45,
p< 0.000] by about 15minutes. A significant two-way SNR �
microphone interaction [χ2(2)¼ 75.94, p< 0.000] occurred
wherein the benefit of the DIRM decreased with increasing
SNR.Tolerable timewasalso longer forHCthan forLCmaterials

Fig. 4 P-I functions of listening effort for HC (top panels) and LC (bottom
panels) passages in good (left) and poor (right) WMC listeners. Data are
shown for directional (solid lines) and omnidirectional (dashed lines)
microphones with NR enabled (black) and disabled (gray). Error bars
represent 95% confidence intervals of the mean.

Fig. 5 P-I functions of log-transformed tolerable time for HC (top panels)
and LC (bottom panels) passages in good (left) and poor (right) WMC
listeners. Data are shown for directional (solid lines) and omnidirectional
(dashed lines) microphones withNRenabled (black) and disabled (gray).
Error bars represent 95% confidence intervals of the mean.
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[χ2(1)¼ 80.0, p< 0.000]. The main effects of context and
microphone were further qualified by significant two-way
context � group [χ2(1)¼ 6.0, p¼ 0.014] and microphone �
group interactions [χ2(1)¼ 10.11, p< 0.001]. Listeners with
good WMC exhibited a greater difference in tolerable time
with DIRM over OMNI modes, and with HC over LC materials
than did listeners with poor WMC. The effect of NR was not
statistically significant.

Discussion

The current study reaffirmed the efficacy of DIRM and NR
algorithms on the RRT. The range of realistic SNRs used in the
RRT is sufficient to capture some of the multidimensional
effects of these HA features in listeners evaluated in this
study. Furthermore, recall scores were useful in grouping
participants. This grouping revealed that listeners with good
WMC performed better on all measures of the RRT and
benefitted more from context than those with poor WMC.
They also differed in how they benefitted from a DIRM.

The benefits of DIRMs permeated all RRT outcome meas-
ures and decreased with increasing SNRs. For the repeat task,
both groups of listeners benefitted from DIRMs to a
similar degree for HC sentences at low to moderate SNRs.
However, differences between groups were noted for the LC
sentences at SNR¼ 15 dB. ►Figure 2 shows that the perfor-
mance of listeners with goodWMC plateaued at SNR¼ 15 dB,
offering no room for improvement on repeat scores even if the
SNR is improved. On the other hand, listeners with poorWMC
only scored 65%, suggesting that there is room for improve-
ment if available. Thus, the improvement in SNR from DIRMs
resulted in as much as 20% DIRM benefit for the poor WMC
(and not in the good WMC) listeners with the LC materials.

►Figure 3 shows that the improvement in recall of LC
materials associated with DIRM (over OMNI) processing was
greater for the good WMC group than for the poor WMC
group. One interpretation is that the poor WMC group was
unable to use the SNR improvement provided by the DIRM to
help with recall of the LC materials. In other words, the
improvement in SNR brought by the DIRMwas not sufficient
to improve recall to the same magnitude as that of the good
WMC group or that for the HC materials. That is, ensuring
similar repeat scores (from better SNR) is a necessary but not
a sufficient condition for proper recall. The WMC of the
individuals and contextual cues are also important deter-
miners. These two observations advance our understanding
of the benefits of DIRMs in that contextual cues, the WMC of
the listeners, the SNR of the environment, and the outcome
measures used (such as repeat or recall tasks) also affect the
expression of the DIRM benefits.

The current study confirmed previous reports that NR
algorithms improve subjective listening effort (e.g., Holmes
et al, 201814). When in the DIRMmode, NR lowered ratings of
listening effort, most significantly at SNR¼ 5 dB. Hoetink et al
(2009)13 suggest that the efficacy of NR is dependent on the
input SNR. At SNR¼ 0 dB, the improvement by NRmay not be
perceptible because of a potential floor effect. As the SNR
increases to 10or 15 dB, the amount of gain reduction fromNR

decreases, thus reducing the contrasts between NR states. We
speculate that the subjective improvement associated with
activation ofNR, such as captured by ratings of listening effort,
likely results from an internal comparison between changes in
cognitive load from the NR and cognitive resource allocation
for the task. If this ratio is large (i.e., large reduction in cognitive
load compared with small cognitive resource allocation),
listeners may notice a subjective improvement; otherwise,
nochange inperception is likely. In theOMNImode, listening is
effortful for both groups of listeners; thus, more cognitive
resource is required. Because the improvement in cognitive
load from NR may be small, it would be a small percentage of
the total cognitive resources that thelistenersneed tospendon
the task. Thus, no appreciable improvement with NR is
reported. In the DIRM mode, listening is not as effortful as in
theOMNImode, thusnecessitatinga relatively smaller amount
of cognitive resource. As such, the same small decrease in
cognitive load from NR, when compared with the smaller size
of the allocated cognitive resource, would result in a larger
ratio and lead to theperceptionof less effort. Becausepeople in
the poor WMC group have less cognitive resources to allocate
than those in the good WMC, the same decrease in cognitive
load fromNRwouldmake the effect evenmore pronounced in
the poor WMC group than in the good WMC group.

These observations suggest that it could be beneficial to
test over a range of SNRs instead of testing at one fixed SNR.
On the other hand, if a fixed SNR were to be used to examine
the benefit of DIRMs and NR algorithm, this study suggests
that an SNR of 5 dB may be the most optimal because this is
the only condition where statistically significant NR and
DIRM effects were seen. This SNR is similar to the mean
SNRused in several studies that evaluated the efficacyof a NR
algorithm (e.g., Ng et al, 2013;28 Brons et al, 2014;5 Neher
et al, 2018;27 Ohlenforst et al, 201832).

Determining the WMC using the RRT under a speech-in-
noise conditionwhere speech intelligibility is near perfect may
help explain the communication difficulties of listeners. In this
study, listeners with goodWMC, as compared with those with
poorerWMC, have significantly higher repeat and recall perfor-
mance, report less listening effort and longer tolerable time, are
able to use more context cues (resulting in a higher HC score),
and show different patterns of benefits from DIRMs, at least
under some conditions. Conversely, listeners in the poor WMC
group are less able to take advantage of the available cues from
signal processing (e.g., DIRMs) or from context to help improve
their listening experience even though theymay have a greater
need to do so.

Abbreviations

DIRM directional microphone
HA hearing aid
HC high context
ICC intra-class correlation coefficients
LC low context
MoCA Montreal Cognitive Assessment
NR noise reduction
OMNI omnidirectional microphone
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P-I performance-intensity
RRT Repeat-Recall Test
SD standard deviation
SNR signal-to-noise ratio
SRT speech reception threshold
WMC working memory capacity

Conclusions

These findings suggest that the RRT may provide a frame-
work for demonstrating themultidimensional benefits of HA
features under more realistic SNRs. Using the RRT, a DIRM
provides significant benefit on all four outcomemeasures. On
the other hand, the use of NR algorithm is not likely to
improve speech intelligibility but may reduce listening effort
in some noisy conditions. The extent of the benefit varies
with the WMC of the listener, the SNR of the listening
condition, and the amount of context provided by the speech
materials.

Notes
All authors are employees of Widex A/S.
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