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Abstract

Background: Digital noise reduction (DNR) processing is used in hearing aids to enhance perception in noise
by classifying and suppressing the noise acoustics. However, the efficacy of DNR processing is not known
under reverberant conditions where the speech-in-noise acoustics are further degraded by reverberation.

Purpose: The purpose of this study was to investigate acoustic and perceptual effects of DNR process-
ing across a range of reverberant conditions for individuals with hearing impairment.

Research Design: This study used an experimental design to investigate the effects of varying rever-
beration on speech-in-noise processed with DNR.

Study Sample: Twenty-six listeners with mild-to-moderate sensorineural hearing impairment partici-
pated in the study.

Data Collection and Analysis: Speech stimuli were combined with unmodulated broadband noise at
several signal-to-noise ratios (SNRs). A range of reverberant conditions with realistic parameters were
simulated, as well as an anechoic control condition without reverberation. Reverberant speech-in-noise
signals were processed using a spectral subtraction DNR simulation. Signals were acoustically analyzed
using a phase inversion technique to quantify improvement in SNR as a result of DNR processing. Sen-
tence intelligibility and subjective ratings of listening effort, speech naturalness, and background noise
comfort were examined with and without DNR processing across the conditions.

Results: Improvement in SNR was greatest in the anechoic control condition and decreased as the ratio of
direct to reverberant energy decreased. There was no significant effect of DNR processing on speech in-
telligibility in the anechoic control condition, but there was a significant decrease in speech intelligibility with
DNR processing in all of the reverberant conditions. Subjectively, listeners reported greater listening effort
and lower speech naturalness with DNR processing in some of the reverberant conditions. Listeners re-
ported higher background noise comfort with DNR processing only in the anechoic control condition.

Conclusions: Results suggest that reverberation affects DNR processing using a spectral subtraction algo-
rithm in such a way that decreases the ability of DNR to reduce noise without distorting the speech acoustics.
Overall, DNR processing may be most beneficial in environments with little reverberation and that the use of
DNR processing in highly reverberant environments may actually produce adverse perceptual effects. Further
research is warranted using commercial hearing aids in realistic reverberant environments.
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INTRODUCTION

earing aid performance in situations with
H background noise remains one of the most

common complaints among hearing aid users.
Many listeners report that their hearing aids merely
amplify the background noises, potentially causing
loudness discomfort (Kochkin, 2000). In response to
this, digital noise reduction (DNR) algorithms have
been developed to improve the amplification of
speech-in-noise signals by hearing aids. Briefly, DNR
operates on the principle that although hearing aids re-
ceive a combined speech-in-noise input, speech and
noise are acoustically distinct. Therefore, it is possible
to estimate the speech and noise signals from the com-
bined input using a time-variant sampling and classifi-
cation of the input signal. Combined speech-in-noise
inputs are decomposed across a number of frequency
channels, and if the estimated power of the noise is
greater than that of the speech, then gain is reduced
within that channel (Levitt, 2001; Bentler and Chiou,
2006). Using this process, DNR improves the long-term
signal-to-noise ratio (SNR) of a speech-in-noise input
(Gustafson et al, 2014).

Although these algorithms have become increasingly
advanced, the reliance on estimations of the speech and
noise source acoustics invariably leads to some misclas-
sification of the signals (i.e., speech misclassified as
noise). This misclassification introduces acoustic artifact
which distorts the speech information (Boll, 1979) and oc-
curs to a greater extent when the speech and noise are
acoustically similar (Arehart et al, 2003). As such, behav-
ioral research has overwhelmingly demonstrated either
no change in intelligibility or even a slight decrease in in-
telligibility with DNR processing (Alcantara et al, 2003;
Ricketts and Hornsby, 2005; Mueller et al, 2006; Bentler
et al, 2008; Sarampalis et al, 2009; Desjardins and
Doherty, 2014; Ng et al, 2015). Thus, the improvement
in SNR observed with DNR processing is not equivalent
to a direct improvement in SNR (i.e., adjusting the
speech or noise levels at their sources).

Although DNR processing is no longer expected to
improve speech intelligibility in noise, research has
identified other perceptual benefits associated with
DNR processing. Previous studies have found that lis-
teners experience a higher tolerance for noise and re-
port increased comfort in noisy listening situations
when listening with DNR processing (Boymans and
Dreschler, 2000; Mueller et al, 2006; Bentler et al,
2008). By suppressing the amplification of noise,
DNR addresses one of the core complaints of hearing
aid wearers that background noise is often amplified
to uncomfortably loud levels. As a result, research
has shown that listeners prefer listening in noise with
DNR processing because of increased background noise
comfort (Jamieson et al, 1995; Ricketts and Hornsby,

18

2005; Brons et al, 2014). Although background noise
comfort can be maximized with aggressive processing
parameters which suppress the noise, this may also
lead to increased misclassification and distortion of
the speech which would have a substantial impact on
speech understanding and perceived naturalness. Pre-
vious work has identified that listeners prefer DNR
when it provides optimal background noise comfort
without substantially decreasing speech understanding
and perceived speech naturalness (Brons et al, 2013;
2014).

DNR processing is also associated with decreased lis-
tening effort in noise. Listening effort is broadly defined
as the cognitive resources required for speech recogni-
tion, with greater resources being expended during
more effortful listening (Hicks and Tharpe, 2002). Lis-
tening effort is higher in listening situations with com-
peting auditory signals (e.g., background noise) because
listeners are required to use top-down processing to in-
hibit or suppress the nondesired, noise signals and fo-
cus on the speech (Ronnberg et al, 2008; 2013; Stenfelt
and Ronnberg, 2009). When DNR processing is active,
the hearing aid assists in suppressing the noise before
the combined signal is relayed to the auditory system.
In doing so, DNR may make available cognitive re-
sources that would otherwise be dedicated toward
effortful noise suppression. In support of this hypothe-
sis, previous studies have demonstrated that listeners
experience enhanced dual-task performance (Sarampalis
et al, 2009; Desjardins and Doherty, 2014), more rapid
decoding of the speech signal (Gustafson et al, 2014),
and improved consolidation of information for later re-
call (Ng et al, 2015) when listening under highly unfa-
vorable conditions with DNR processing. In summary,
so long as DNR is able to suppress the noise while min-
imizing acoustic artifact and speech distortion, then
DNR processing may decrease listening effort when
perceiving noisy speech.

Given these perceptual benefits, DNR is a ubiquitous
feature available in commercial hearing aids (Bentler
and Chiou, 2006). Yet, despite the prevalence of DNR,
poor hearing aid performance in noisy situations remains
one of the most frequently cited reasons for discontinuing
device use and hearing aid nonadoption (Kochkin,
2007; Bertoli et al, 2009; McCormack and Fortnum,
2013). Although the benefits of DNR have been relative-
ly well researched and validated under laboratory con-
ditions, listeners are still often unhappy with device
performance in realistic listening situations.

The reason for this disparity may be that realistic
listening situations frequently contain reverberation,
which may interact with DNR processing. Reverbera-
tion refers to the reflection of acoustic energy off fea-
tures in an environment, which causes a portion of
energy to arrive at listeners substantially delayed in
time relative to the direct energy. This late-arriving
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energy causes the spectral and temporal contents of the
signal received by the hearing aid microphone to be
smeared across time (Nabélek et al, 1989; Reinhart
et al, 2016). Recall that DNR must be able to accurately
identify the speech and noise signals within a channel
using time-varying estimations of the input signal. Any
factor that disrupts the ability of DNR processing to val-
idly distinguish the speech from noise will likely in-
crease the amount of artifact and speech distortion
caused by DNR. Because reverberation causes a smear-
ing of acoustic energy over time, this spread of energy
will potentially decrease the ability of the DNR algo-
rithm to accurately distinguish the time-varying speech
and noise signals. As a result, reverberation may cause
decreased noise suppression and increased artifact
rates relative to processing of anechoic signals. For
these reasons, we hypothesize that reverberation re-
duces the benefits of DNR for noisy speech perception.
Because hearing aids perform DNR processing in envi-
ronments with varying reverberation, the interaction
between DNR processing and reverberation is an im-
portant consideration for generalizing the effects of
DNR to the real world.

The purpose of this study was to investigate acoustic
and perceptual effects of DNR processing across a range
of reverberant conditions for individuals with hearing
impairment. To explore the potential interaction be-
tween DNR processing and reverberation, we examined
the effects of DNR on signal acoustics, speech intelligi-
bility, and subjective ratings, including perceived lis-
tening effort, speech naturalness, and background
noise comfort. The specific research questions were as
follows:

e What effect would DNR have on the SNR of speech-
in-noise signals across a range of reverberant condi-
tions?

e What effect would DNR have on the intelligibility of
speech-in-noise signals across a range of reverberant
conditions for older listeners with hearing impair-
ment?

e What effect would DNR have on the subjective per-
ception of speech-in-noise signals across a range of
reverberant conditions for older listeners with hear-
ing impairment?

Based on the extant literature, we predicted that
without reverberation, DNR would improve the SNR.
Furthermore, in the absence of reverberation, we
expected either no difference or a small decrease in in-
telligibility and subjective speech naturalness with
DNR processing, as well as subjective improvements
in listening effort and background noise comfort. Last,
we predicted that these acoustic and perceptual benefits
of DNR would decrease or be eliminated under varying
amounts of reverberation.

Digital Noise Reduction and Reverberation/Reinhart et al

MATERIALS AND METHODS
Participants

Twenty-six older adults with sensorineural hearing
impairment participated in the study (mean age =
73.0 years, range 60-85; 16 males, 10 females). Air-
conduction thresholds were measured at 250-8000-
Hz octave frequencies and interoctaves at 3000 and
6000 Hz. Bone conduction testing was performed at oc-
tave frequencies 250-4000 Hz. Participants had no
more than a single air-bone gap =15 dB. Participants
had symmetrical hearing loss defined as no more than
a 10-dB difference in pure-tone average (thresholds
500, 1000, and 2000 Hz) between ears. Mean partici-
pant audiograms for both ears are depicted in Figure
1. The Northwestern University Institutional Review
Board approved all study procedures. Participants com-
pleted an informed consent process before participation,
and they were compensated for their time.

Speech Stimuli
Sentences

Sentence stimuli from the IEEE corpus (IEEE, 1969)
were used in the present study. Overall, these sentences
are low-context (e.g., “The rope will bind the seven
books at once”). Sentences spoken by a single male
talker from the Inland North dialect area were locally
recorded to control for differences in regional dialect
(McCloy et al, 2015). Sentence stimuli were selected
to measure speech intelligibility because they are more
indicative of real-world listening than isolated speech
segments, such as nonsense syllables.

Story Passages

Story passages from the Discourse Comprehension
Test (Brookshire and Nicholas, 1997) were also used
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Figure 1. Mean air-conduction thresholds for participants. Er-
ror bars represent *+ 1 standard deviation.
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in the present study. These story passages were used
because they are age-appropriate for adults, and pas-
sages are controlled for length, grammatical complex-
ity, listening difficulty, and information content.
Story passages were selected to measure subjective rat-
ings because they are longer stimuli which have the
advantage of providing listeners a longer auditory sam-
ple with which to form their subjective judgments. In
addition, the length of the story passages would more
fully capture the dynamic, time-varying effects of the
DNR processor than shorter stimuli. This would better
reflect the cumulative effects of DNR processing on lis-
tener perception in the real world.

Stimuli Processing

Sentence and story passage stimuli were processed in
three stages: (a) combined with noise, (b) convolved
with simulated reverberation, and (c) processed with
simulated hearing aid DNR.

Noise

Both sentence and story passage stimuli were first
combined with unmodulated broadband noise. The
broadband noise had a flat spectrum from 0 to 20000
Hz. This noise was used because DNR may not be en-
gaged by more speech-like noises because of the acoustic
similarities between the speech and noise (Bentler et al,
2008). The noise preceded the onset of the speech stim-
uli by 2.0 sec to provide the DNR processor with an ini-
tial noise estimate. On the basis of pilot testing to avoid
floor and ceiling effects when combined with reverber-
ation, the background noise was added at 3- and 8-dB
SNR for the sentence stimuli and at 8-dB SNR for
the story passages. In addition to avoiding floor and ceil-
ing effects, these SNRs are indicative of the generally
favorable SNR conditions in which hearing aid users
typically listen (Smeds et al, 2015; Humes et al,
2018). The speech level was fixed at 65-dB SPL and
the noise level varied to yield the final SNR levels.

Reverberation Simulation

The second stage of signal processing was to process
the speech-in-noise signals using a reverberation simu-
lation. Reverberation was simulated using a MATLAB-
based program developed and validated by Zahorik
(2009), which produced binaural room response simula-
tions. Briefly, the simulation used a three-dimensional
image model (Allen and Berkley, 1979) to simulate early
specular reflections within a hypothetical room. The
simulated reflections were a computation of the direc-
tions, delays, and attenuations of different sound en-
ergy reflections across the frequency spectrum. The
direct path and 500 early reflections were spatially ren-

dered using nonindividualized head-related transfer
functions. Late response modeling was constructed
for each simulated ear using independent Gaussian
noise samples. Separate decay functions were applied
to six octave bands ranging from 125 to 4000 Hz derived
from the Sabine equation (Sabine, 1922) to estimate the
time required, in seconds, for the reflected acoustic en-
ergy to decrease by 60 dB after the offset of the source
signal. Overall, this method provided experimental con-
trol and flexibility while producing reverberant signals
that are accurate physical and perceptual approxima-
tions of those measured in real rooms (Zahorik, 2009).

In the current simulation, source—listener distance
was fixed, whereas the room size and absorptive prop-
erties of the reflective surfaces were varied to produce a
range of reverberation conditions. Source-listener dis-
tance was fixed at 1.4 m, which is a typical conversa-
tional distance. Both the speech and noise signals
had the same source position. In the real world, larger
rooms tend to produce longer reverberation times. To
reflect this, the room size was increased incrementally
with increasing reverberation time conditions. In total,
four room conditions were simulated, exploring a range
of reverberation conditions: one anechoic control condi-
tion (without any reverberation) and three experimental
conditions (containing various amounts of reverberation).
See Table 1 for a summary of these conditions and the
reverberation parameters.

Two metrics were used to quantify the degree of re-
verberant degradation: reverberation time and clarity
index. Reverberation time was calculated as the time
required for the impulse response to decay by 60 dB rel-
ative to its initial level averaged across octave bands
from 125 to 4000 Hz. Longer reverberation times are
typically indicative of greater reverberant degradation
because reverberant energy persists for a longer dura-
tion. Clarity index was calculated as the logarithmic ra-
tio of direct sound and early reflections arriving within
the first 50 msec, to the late reflections arriving after
50 msec (e.g., Martellotta, 2010). A higher clarity index is
expected to yield higher perceived clarity because there
is less reflected energy to mask out the direct energy
from subsequent speech portions. Both duration (rever-
beration time) and density (clarity index) quantifica-
tions may be important measures when it comes to
how the reverberation will affect listener perception
and interact with hearing aid processing.

DNR Simulation

The third and final stage of signal processing was
to process the reverberant speech-in-noise signals
through a DNR amplification simulation. DNR was sim-
ulated using a MATLAB-based hearing aid simulation
developed by Kates (2008). The method uses a spectral
subtraction DNR algorithm (Boll, 1979), which is a
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Table 1. Simulation Condition Details for Each of the Room Conditions

Room Condition Room Size (Length X Width X Height)

Reverberation Time (sec) Clarity Index (C50)

Control Free field

Room 1 57m X 43m X 26m
Room 2 86mMX65mMX39m
Room 3 129 m X 9.8m X 59m

0.00 o0

0.75 7.79
1.50 4.82
3.00 6.21

family of related algorithms widely implemented in
commercial hearing aids. Both channels of the reverber-
ant speech-in-noise signal were separately processed by
the DNR simulation, similar to a bilateral hearing aid
fit independently applying signal processing. Briefly,
the algorithm used an adaptive procedure described
by Arslan et al (1995), which operates in two stages:
(a) estimate the noise spectrum across frequency bands
and then (b) use the estimated SNR in frequency bands
to control a time-varying gain to subtract or attenuate
the estimated noise spectrum from noisy speech.

The initial noise spectrum estimate was calculated in
a 100-msec time window at the beginning of the digital
file. The noise spectrum estimate was then continuously
updated in 50-msec time windows in which the incom-
ing signal was windowed and the short-time Fast Four-
ier transform was computed from the windowed data
sequence. To limit the adaptive noise estimate from
fluctuating too rapidly, updated noise estimates could
not exceed 1.006 times the previous estimate or be
smaller than 0.978 times the previous estimate. Next,
the speech envelope was estimated using a peak detec-
tor with an attack time of 3 msec and release time of
50 msec. The instantaneous SNR was calculated across
frequencies using the current noise estimate and the
speech estimate obtained from the peak detector. The
noise in each frequency band is estimated from
the noisy speech segments input to the processing. If
the noisy speech segment power is greater than the cur-
rent noise estimate, the noise estimate is incremented
at arate of 10 dB/sec. If the noisy speech segment power
is less than the current noise estimate, the noise esti-
mate is decremented at a rate of —25 dB/sec at that fre-
quency region. In the current simulation, the maximum
allowed speech attenuation was set to 10 dB, which is
within the range of attenuation values typically used in
commercial hearing aids (Kates, 2008). Last, stimuli
were bandpass-filtered from 250 to 6000 Hz to represent
the typical hearing aid receiver bandwidth.

Acoustic Measure

The changes to the reverberant speech-in-noise sig-
nals as a result of DNR processing were measured as
the change in SNR (i.e., the difference between output
SNR following DNR processing and input SNR).
Change in SNR was quantified using the Inversion
Method (Hagerman and Olofsson, 2004), which has pre-

viously been used to quantify the acoustic effects of
DNR in hearing aids (Gustafson et al, 2014). This
method used signal phase cancellation to isolate speech
and noise signals following processing to compute and
compare the relative root mean square values. To iso-
late speech and noise signals, two versions of the
speech-in-noise signals were processed by the DNR sim-
ulation: (a) a phase-normal speech and noise combina-
tion; (b) a phase-normal speech and a phase-inverted
noise signal. Following DNR processing, the signals
were added together to isolate the processed speech
component. The processed noise was then isolated by
subtracting the isolated processed speech from the pro-
cessed speech-in-noise. After isolating the processed
speech and noise signals, the root mean square values
were calculated only in the sampling window where
speech was present (i.e., ignoring the effects of DNR
on noise preceding and following the speech). Isolated
speech and noise signals were then divided by two to
correct for the doubling of the phase-normal signal.
The processed SNR in dB was then calculated compar-
ing the log ratio of the processed speech with the pro-
cessed noise. Last, change in SNR was calculated as
the difference between the initial SNR of the reverber-
ant speech-in-noise signal and the output SNR of the
signal following DNR processing.

Behavioral Measures
Speech Intelligibility

Speech intelligibility scores were obtained in each of
the 16 test conditions (two SNRs, four reverberation
conditions, and either with or without DNR processing)
using 160 sentence stimuli (ten per condition). Speech
intelligibility testing was conducted in a double-walled
sound booth. Digital signals were converted to analog
by Tucker-Davis Technologies (Alachua, FL) equipment
and played through Etymotic-ER2 insert phones (Elk
Grove Village, IL). Sentences were presented binau-
rally. The speech presentation was fixed at 65-dB
SPL to represent a conversational level of speech. With
the addition of noise, final presentation levels were cali-
brated to either 66.8-dB SPL (for the 3-dB SNR condi-
tion) or 65.6-dB SPL (for the 8-dB SNR condition).
Listeners received individual NAL-NL1 shaping for
each ear to mimic the individualized frequency shaping
provided by wearable hearing aids (Byrne et al, 2001).
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Sentences were presented and scored using custom-
made MATLAB code. Each sentence contained five
key words for scoring (e.g., “The rope will bind the seven
books atonce”). Final speech intelligibility was recorded
as the percent of words correctly repeated within a
given condition (50 key words per condition).

Subjective Ratings

Subjective ratings were obtained in eight test condi-
tions (four reverberation conditions, each with/without
DNR) using nine passages from the Discourse Compre-
hension Test (one per condition + a practice story). Be-
cause of the limited number of story passages, we only
examined the effects of DNR at 8-dB SNR. Story listen-
ing was performed in a double-walled sound booth. Dig-
ital signals were converted to analog by M-Audio sound
card and played through Sennheiser HD25 supra-aural
headphones. Stories were presented binaurally. Similar
to the sentence task, speech presentation was fixed at
65-dB SPL with the noise added for a final presentation
level of 65.6-dB SPL for the 8-dB SNR condition plus
NAL-NL1 frequency shaping based on individual audio-
grams for each ear (Byrne et al, 2001).

Following presentation, listeners were asked to rate
three subjective aspects of the story listening experi-
ence: (a) how much overall listening effort it took for
them to understand the story, (b) how natural the
speech of the story was, (¢) and how comfortable the
background noise was while listening to the story.
The ratings were obtained on 7-point scales (see Appen-
dix for scales) similar to those which have been previ-
ously used in the hearing literature (e.g., Johnson

et al, 2015; Reinhart and Souza, 2016). Comprehension
scores were recorded using the original questions from
the Discourse Comprehension Test; however, results
were not analyzed given that the Yes—No answer format
yields high variability when only including one story
per condition. Instead, the comprehension questions
were included in the test protocol to keep listeners en-
gaged with the listening task. Stories were presented
and listeners made their ratings using custom-made
MATLAB code. Listeners completed 1 practice story
in quiet to acclimate them to the test procedure/inter-
face and storytelling narrative structure.

RESULTS
Acoustic Results

See Figure 2 to view the change in SNR as a result
of DNR processing for the different reverberation
room conditions and different input SNRs. One-sample
t-tests with a Bonferroni correction indicated that DNR
produced a significant change in SNR for all room con-
ditions (all p < 0.05). A two-way analysis of variance
(ANOVA) test was conducted with Input SNR and Room
Condition as fixed, independent variables and change in
SNR as the dependent variable. There was a statisti-
cally significant main effect of Input SNR [F(1, 392) =
280.013, p < 0.001, partial n? = 0.417] in which the
change in SNR as a result of DNR processing was
greater at the lower input SNR. There was also a sta-
tistically significant main effect of room condition
[F(s, 392) = 64.622, p < 0.001, partial n? = 0.331]. The
interaction between room condition and input SNR

Input SNR
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Anechoic 1 2 3 Anechoic 1 2 3

Room Condition

Room Condition

Figure 2. Change in SNR quantified using the Inversion Method as a result of DNR processing across the different room conditions. The
left and right panels show the acoustic effects at different input SNRs.
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was not statistically significant [F(3 392y = 0.634, p =
0.593, partial n2 = 0.005].

To further explore the main effect of room condition,
pairwise comparisons with a Bonferroni correction
were conducted. Change in SNR was highest in the
control room condition compared with any of the rever-
berant room conditions (p < 0.001). In addition, the
change in SNR in room condition 2 was significantly
lower than in either room condition 1 or room condition
3 (p < 0.001). There was no significant difference be-
tween room condition 1 and room condition 3 (p =
0.228).

Speech Intelligibility Results

Raw intelligibility scores were first transformed to ra-
tionalized arcsine units (RAU) to normalize the vari-
ance near floor and ceiling (Studebaker, 1985). See
Figure 3 to view the transformed speech intelligibility
scores for all the conditions. Data were analyzed using a
three-way repeated-measures ANOVA with Room Con-
dition (Anechoic, 1, 2, 3), Input SNR (3, 8), and DNR
(unprocessed, DNR) as within-subject variables. All as-
sumptions of the model were met. A summary of the re-
sults of the repeated-measures ANOVA are depicted in
Table 2.

The significant Room Condition X DNR interaction
is most relevant to the purpose of the study (research

Input SNR
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question 2) and was further analyzed. Results were
collapsed across SNR and paired-samples t-tests were
conducted for each room condition with a Bonferroni
correction. Transformed data are depicted in Figure
4. The difference in speech intelligibility for processed
versus DNR conditions was not significantly different in
the anechoic room condition (p > 0.05); however, the
difference was significant in all other room conditions
(all p < 0.05).

Subjective Ratings Results

Subjective listener ratings of listening effort, speech
naturalness, and background noise comfort during
story listening in noise across different room conditions
both with and without DNR processing can be seen in
Figure 5. All of the y-axes are oriented such that larger
numbers reflect better ratings (i.e., less listening effort,
higher speech naturalness, and greater background
noise comfort). There was a significant effect of room
condition on listening effort ratings, as indicated by a
significant Friedman test (p < 0.001). Post hoc Wil-
coxon signed-rank tests with a Bonferroni correction
showed a significant difference between the control con-
dition and room condition 2 (p = 0.010). To analyze
whether there were any benefits of DNR on subjective
listening effort, Wilcoxon signed-rank tests with a Bon-
ferroni correction were conducted between DNR and

@ Unprocessed
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Figure 3. Speech intelligibility scores in RAUs with and without DNR processing across the different room conditions. The left and right
panels show intelligibility at different input SNRs. The error bars represent = 1 standard error.
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Table 2. Results of Three-Way Repeated-Measures ANOVA on RAUs of Speech Intelligibility with Room Condition,

SNR, and DNR as within-Subject Factors

Degrees of Freedom F Value p Value Partial 2
Main effects Room condition (3,72) 234.432 <0.001 0.904
SNR (1,24) 243.769 <0.001 0.907
DNR (1,24) 36.723 <0.001 0.595
Two-way interactions Room condition X DNR (3,72) 2.781 0.046 0.101
Room condition X SNR (3,72) 2.772 0.047 0.100
SNR X DNR (1,24) 0.022 0.883 0.001
Three-way interaction Room condition X SNR X DNR (8,72) 0.559 0.644 0.022

Note: Significant main effects and interactions are in bold.

unprocessed conditions at each level of room condition.
There was a trend toward improved listening effort
with DNR in the control condition, but this relationship
failed to reach significance (p = 0.161). Listening effort
was significantly poorer with DNR processing in room
condition 2 (p = 0.035).

A Friedman test showed no effect of room condition
on speech naturalness (p = 0.316). To analyze whether
there were any effects of DNR on speech naturalness,
Wilcoxon signed-rank tests with a Bonferroni correc-
tion were conducted between DNR and unprocessed
conditions at each level of room condition. Speech nat-
uralness was significantly poorer with DNR processing
in room condition 1 (p = 0.005) and room condition 2
(p = 0.039). There was no effect of DNR processing
on speech naturalness in the control condition or room
condition 3 (both p > 0.05).

For background noise comfort ratings, a Friedman
test showed no effect of room condition (p = 0.078).
To analyze whether there were any benefits of DNR
on background noise comfort, Wilcoxon signed-rank
tests with a Bonferroni correction were conducted
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Figure 4. Speech intelligibility scores in RAUs collapsed across
input SNR for each of the room conditions. The error bars repre-
sent * 1 standard error. *p < 0.05 after Bonferroni correction.
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between DNR and unprocessed conditions at each level
of room condition. Background noise comfort was signif-
icantly higher with DNR processing in the control con-
dition (p = 0.019). There was no benefit of DNR
processing on background noise comfort in any of the
experimental room conditions (all p > 0.05).

DISCUSSION

he purpose of this study was to investigate acoustic

and perceptual effects of DNR processing across a
range of reverberant conditions for individuals with
hearing impairment. Consistent with previous work
(e.g., Gustafson et al, 2014), DNR processing improved
the SNR of speech-in-noise signals (Figure 2). However,
improvement in SNR decreased in the reverberant con-
ditions and was smallest in room condition 2, which had
the poorest ratio of direct to reverberant energy G.e.,
clarity index), although the effect was small (~1 dB).
This suggests that the presence of reverberant energy
interferes with the ability of the DNR processor to form
valid estimates of the signals and estimate the momen-
tary SNR. If the DNR processor does not have accurate
estimates of the speech and noise, then it will be more
likely to misclassify parts of the speech as noise and dis-
tort those parts of the speech signal. Although the im-
provement in SNR is not equivalent to adjusting the
speech and noise levels at their source, it is indicative
of to what extent the noise is being selectively sup-
pressed without also removing the speech. It is possi-
ble that the presence of reverberation increased the
amount of artifact removal of speech by DNR, which re-
duced the overall output speech level. This increased
acoustic artifact hypothesis would potentially explain
why there was a smaller improvement in SNR in the
reverberant conditions compared with the anechoic con-
trol condition.

The interaction effect of reverberation on DNR pro-
cessing was also evident in the speech intelligibility
data. Consistent with previous studies (e.g., Sarampalis
et al, 2009), there was a slight but nonsignificant de-
cline in speech intelligibility with DNR processing in
the anechoic control condition, suggesting that DNR
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introduced some speech distortion but not enough to
significantly hinder speech intelligibility. However,
there was a significant decline in speech intelligibility
with DNR processing (Figure 4) across all three exper-
imental reverberant conditions which all had smaller
improvements in SNR with DNR processing than the
anechoic condition. Furthermore, the average decline
in intelligibility was poorest in room condition 2, and
there was a trend such that the declines in speech in-
telligibility with DNR processing increased with poorer
ratios of direct to reverberant energy. Overall, the
speech intelligibility results are consistent with the hy-
pothesis that an increasing ratio of direct to reverberant
energy decreases the efficacy of DNR processing leading
to greater artifact and subsequent speech distortion.
Although it is generally accepted that DNR may lead
to a slight decrease in speech intelligibility, it is believed
that the perceptual benefits of DNR on listening effort
and background noise comfort will outweigh that effect.
Consistent with our prediction, listeners reported a
significant increase in background noise comfort with
DNR processing in the anechoic control condition. We
also expected a benefit of DNR processing for listening
effort; however, although we observed a trend in that
direction in the anechoic control condition (Figure
5A), that trend failed to reach statistical significance.
There could be several reasons for this. Previous studies
have often only found significant effects of DNR on lis-
tening effort in a subset of the most difficult listening
conditions (e.g., Sarampalis et al, 2009; Desjardins
and Doherty, 2014). It is possible that although the
8-dB SNR is representative of real-world listening sit-
uations in which hearing aids are used, it was not chal-
lenging enough to yield a measurable change in
listening effort with DNR. Another possibility is that
the subjective listening effort scale used in the present
study was not sensitive to changes in listening effort
with DNR processing. Previous research has suggested
that objective measures of listening effort (e.g., dual-

task) may be more sensitive to effects on listening effort
than subjective measures that rely on listener report
(Desjardins and Doherty, 2014). Thus, it is possible
we would have observed a significant improvement in
listening effort using an alternative, objective measure.
With the growing interest in listening effort as a hear-
ing aid outcome measure, there remains a lack of a
proper method to measure listening effort (Edwards,
2007; Brons et al, 2013). Moreover, properly defining
and quantifying listening effort may be particularly dif-
ficult for evaluating DNR processing in which the po-
tential listening effort benefit may occur concurrently
with a slight decrease in speech intelligibility.

The decline in speech intelligibility with DNR was
greater in the reverberant conditions than in the an-
echoic control condition. Because the primary pur-
pose of hearing aid processing is to facilitate speech
understanding, this decrease in speech intelligibility
with DNR processing may outweigh any other potential
benefits of DNR processing. In the subjective ratings,
listeners reported DNR-processed speech as signifi-
cantly less natural in room conditions 1 and 2 (Figure
5B). This finding suggests that listeners may have been
aware of the poorer overall speech intelligibility with
DNR processing in reverberant environments. Lis-
teners also indicated greater listening effort in room
condition 2 presumably because DNR processing led
to significantly decreased intelligibility of the story.
This increase in listening effort with DNR processing
is consistent with models of degraded speech percep-
tion. With the increased misclassification and degrada-
tion of speech by DNR in reverberant environments,
the fragmented bottom-up representations of speech
received by listeners do not match the phonological rep-
resentation in their mental lexicon; thus, it is necessary
for listeners to recruit top-down cognitive resources to
help compensate and resolve this phonological mis-
match (Ronnberg et al, 2008; 2013). This increased al-
location of mental resources would lead to an increase in
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listening effort. It is possible that listeners were also ex-
periencing increased listening effort with DNR in room
conditions 1 and 3 because of decreased speech intel-
ligibility; however, the listening effort scale was not
sensitive to it. Alternatively, it could be that speech
intelligibility must be reduced to a certain threshold
before listening effort is affected. Overall, these find-
ings are consistent with the hypothesis that DNR
introduces a greater amount of acoustic artifacts
and speech distortion when processing reverberant
speech-in-noise signals. Moreover, behavioral results
suggest that this increased distortion may outweigh
the potential benefits of DNR processing in reverberant
environments.

Brons and colleagues (2013; 2014) suggested that
speech naturalness and background noise comfort are
determining factors for whether listeners prefer DNR
processing compared with unprocessed. That is, lis-
teners prefer DNR most when background noise com-
fort is maximized and speech naturalness is not
degraded. Based on this, we may be able to infer
whether listeners would prefer DNR processing in an-
echoic and reverberant environments. In the anechoic
condition, there was no significant decrease in speech
intelligibility or perceived speech naturalness with
DNR processing; however, there was a significant in-
crease in background noise comfort. Therefore, it is
likely that listeners would prefer listening with DNR
processing because DNR processing provided a sig-
nificant benefit (background noise comfort) without
any significant decrement (speech naturalness).
However, in room condition 2, which had the poorest
ratio of direct to reverberant energy and poorest speech
intelligibility, listeners indicated no benefit in back-
ground noise comfort and a decrease in speech natural-
ness with DNR. In this situation, we may be able to infer
that listeners would actually prefer listening without
DNR processing because DNR processing caused a sig-
nificant decrement (speech naturalness) without pro-
viding any significant benefit (background noise
comfort). It is possible that if the experiment were con-
ducted at poorer SNRs, then listeners may have
preferred DNR processing across all reverberant con-
ditions because the weighting of background noise
comfort would dominate other factors. However, this
scenario is less extrinsically valid as hearing aid users
are not often in such unfavorable listening environ-
ments (Smeds et al, 2015; Humes et al, 2018).

We predicted that the benefits of DNR processing
would be decreased or eliminated in reverberant envi-
ronments. Interestingly, these results extend beyond
our prediction and suggest there may even be adverse
perceptual effects of using DNR processing in highly
reverberant environments. Although DNR is typically
applied in most hearing aid programs designed for
speech listening, this would suggest the use of DNR

processing in the real world should be contingent on
room acoustics. For listening in highly reverberant en-
vironments, listeners may be best served by not using a
spectral subtraction DNR algorithm. However, there
are several limitations, which prevent the results from
being immediately generalizable to clinical contexts.

Limitations

Although the present study has important implica-
tions for the application of hearing aid DNR in realistic
situations, the study is not without limitations. First,
the present study used an unmodulated broadband
noise, which has limited extrinsic validity. This noise
was selected because it represents an ideal noise to
remove and provides a theoretical framework for how
DNR might operate with other noise types. For this rea-
son, it has frequently been used in previous DNR
research (e.g., Arehart et al, 2003; Gustafson et al,
2014). Nevertheless, this type of noise is not typically
found in everyday listening environments. To investi-
gate whether reverberation has a similar effect on
DNR processing of more realistic noises, additional
acoustic analyses were conducted post hoc using a fac-
tory noise. This noise was similar to other realistic
noises in that it contained natural amplitude modula-
tions and had a time-varying spectrum. The factory
noise was combined with speech at +5-dB SNR, pro-
cessed with DNR, and the change in SNR was calcu-
lated as previously described in the Materials and
Methods section. The results are depicted in Figure 6
alongside comparison data using white noise calculated
in the same way. As expected, DNR did not improve
SNR as much for the factory noise compared with the
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Figure 6. Change in SNR quantified using the Inversion Method
as a result of DNR processing across the different room conditions.
Sentences were combined with either white noise (gray boxplot) or
factory noise (white boxplot) at an input SNR of +5 dB.
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white noise. This is likely because the time-varying
spectrum of the factory noise presents a “moving target”
which is more difficult for the DNR to accurately esti-
mate and subtract in real time. Most interestingly,
the factory noise data exhibit the same effect of rever-
beration on change in SNR as it does using a white noise
regardless of room condition. This suggests that the del-
eterious effect of reverberation on DNR processing is
consistent for varying noise types. As such, if the behav-
ioral experiments were to be conducted using a more re-
alistic noise, then results would likely be similar as
those in the present study obtained using unmodulated
broadband noise. However, further behavioral research
is warranted to examine this.

An additional limitation of the present study is
that the DNR and reverberation were implemented us-
ing simulations presented over insert phones. This
methodology was used to provide superior experi-
menter control compared with using commercial hear-
ing aids in real reverberant environments. A spectral
subtraction simulation was used because it is the basis
for most commercially implemented DNR algorithms.
However, the use of a nonspecific DNR algorithm and
only using fixed parameters (e.g., maximum 10 dB
DNR attenuation) prevents generalizing results to
any specific commercial hearing aid, which may be us-
ing a different algorithm and/or parameters. In addi-
tion, the simulation and presentation of reverberation
through insert phones prevents listeners from using
head movements and other cues, which could be impor-
tant for spatial hearing (e.g., Wightman and Kistler,
1999). The results of this study provide motivation
for further study under more realistic conditions.

CONCLUSIONS

‘ N T e conclude that reverberation affects the efficacy

of DNR processing in such a way that likely in-
creases the introduction of acoustic artifact and speech
distortion caused by DNR processing. Although DNR
processing had minimal effect on speech intelligibility
without reverberation, DNR processing has a substan-
tial effect on speech intelligibility with reverberation.
Listeners also indicated greater listening effort and
rated speech as less natural with DNR processing in
a subset of the reverberant conditions. Last, although
listeners reported listening in noise as more comfort-
able with DNR processing in the anechoic condition,
there was no increase in comfort with DNR in any of
the reverberant conditions. Overall, these results sug-
gest that DNR processing may be most beneficial in en-
vironments with little reverberation, and that the use of
DNR processing in highly reverberant environments
may actually produce adverse perceptual effects. How-
ever, further research is warranted in realistic condi-
tions using commercial hearing aids.
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APPENDIX: Subjective Rating Scales

Listening Effort Scale:

N W &~ Ot O 3

. No Effort.

. Very Little Effort.

. Little Effort.

. Moderate Effort.

. Considerable Effort.
. Much Effort.

. Extreme Effort.

Speech Naturalness Scale:

= DN W ks~ Ot O 3

. Completely Natural.

. Natural.

. Somewhat Natural.

. Neither Natural nor Unnatural.
. Somewhat Unnatural.

. Unnatural.

. Completely Unnatural.

Background Noise Comfort Scale:

N W s~ Ot O 3

. Completely Comfortable.

. Comfortable.

. Somewhat Comfortable.

. Neither Comfortable nor Uncomfortable.
. Somewhat Uncomfortable.

. Uncomfortable.

. Completely Uncomfortable.
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