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Objectives: The purpose of the present study was to investigate the 
laboratory efficacy and real-world effectiveness of advanced directional 
microphones (DM) and digital noise reduction (NR) algorithms (i.e., 
premium DM/NR features) relative to basic-level DM/NR features of 
contemporary hearing aids (HAs). The study also examined the effect 
of premium HAs relative to basic HAs and the effect of DM/NR features 
relative to no features.

Design: Fifty-four older adults with mild-to-moderate hearing loss 
completed a single-blinded crossover trial. Two HA models, one a less-
expensive, basic-level device (basic HA) and the other a more-expensive, 
advanced-level device (premium HA), were used. The DM/NR features of 
the basic HAs (i.e., basic features) were adaptive DMs and gain-reduction 
NR with fewer channels. In contrast, the DM/NR features of the premium 
HAs (i.e., premium features) included adaptive DMs and gain-reduction 
NR with more channels, bilateral beamformers, speech-seeking DMs, 
pinna-simulation directivity, reverberation reduction, impulse NR, wind 
NR, and spatial NR. The trial consisted of four conditions, which were 
factorial combinations of HA model (premium versus basic) and DM/
NR feature status (on versus off). To blind participants regarding the HA 
technology, no technology details were disclosed and minimal training 
on how to use the features was provided. In each condition, participants 
wore bilateral HAs for 5 weeks. Outcomes regarding speech understand-
ing, listening effort, sound quality, localization, and HA satisfaction 
were measured using laboratory tests, retrospective self-reports (i.e., 
standardized questionnaires), and in-situ self-reports (i.e., self-reports 
completed in the real world in real time). A smartphone-based ecological 
momentary assessment system was used to collect in-situ self-reports.

Results: Laboratory efficacy data generally supported the benefit of pre-
mium DM/NR features relative to basic DM/NR, premium HAs relative 
to basic HAs, and DM/NR features relative to no DM/NR in improving 
speech understanding and localization performance. Laboratory data 
also indicated that DM/NR features could improve listening effort and 
sound quality compared with no features for both basic- and premium-
level HAs. For real-world effectiveness, in-situ self-reports first indicated 
that noisy or very noisy situations did not occur very often in partici-
pants’ daily lives (10.9% of the time). Although both retrospective and 
in-situ self-reports indicated that participants were more satisfied with 
HAs equipped with DM/NR features than without, there was no strong 
evidence to support the benefit of premium DM/NR features and pre-
mium HAs over basic DM/NR features and basic HAs, respectively.

Conclusions: Although premium DM/NR features and premium HAs 
outperformed their basic-level counterparts in well-controlled labora-
tory test conditions, the benefits were not observed in the real world. In 

contrast, the effect of DM/NR features relative to no features was robust 
both in the laboratory and in the real world. Therefore, the present study 
suggests that although both premium and basic DM/NR technologies 
evaluated in the study have the potential to improve HA outcomes, older 
adults with mild-to-moderate hearing loss are unlikely to perceive the 
additional benefits provided by the premium DM/NR features in their 
daily lives. Limitations concerning the study’s generalizability (e.g., par-
ticipant’s lifestyle) are discussed.

Key words: Directional microphone, Hearing aid, Hearing loss, Noise 
reduction algorithm.
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INTRODUCTION

Hearing aid (HA) amplification is the primary interven-
tion for sensorineural hearing loss and its related psychoso-
cial consequences in elderly adults (Chisolm et al. 2007). Of 
those who could benefit from HAs, only one in ten with mild 
hearing loss and less than four in ten with moderate to severe 
hearing loss use HAs (Kochkin 2009; Lin et al. 2011). One of 
the most commonly reported reasons for not seeking amplifi-
cation intervention is its expense (Kochkin 2007). HA adop-
tion rates are even lower for older adults with lower incomes 
and for those of racial and ethnic minorities (Bainbridge & 
Ramachandran 2014). Therefore, there is an urgent need to 
promote affordable and accessible hearing health care (Dona-
hue et al. 2010). Toward this end, it is important to determine 
if the high cost of premium HAs, which are often equipped 
with more sophisticated (i.e., high-end or premium) signal 
processing technologies, can be justified by a demonstrable 
benefit additional to that obtained using less expensive and 
more basic technologies.*

Among various HA technologies, it is arguable that technol-
ogies designed to reduce noise are one of the most important as 
difficulty in listening in noisy environments is often reported by 
HA users (Takahashi et al. 2007). These technologies include 
directional microphones (DMs; or beamformers) and noise 
reduction (NR) algorithms. The former utilizes multiple micro-
phones to achieve spatially dependent sound sensitivity, thereby 
improving signal to noise ratio (SNR), while the latter analyzes 
the incoming signal and alters the gain/output characteristics to 
enhance speech and attenuate noise.

Efficacy and Effectiveness of Advanced Hearing Aid 
Directional and Noise Reduction Technologies for Older 

Adults With Mild to Moderate Hearing Loss
Yu-Hsiang Wu,1 Elizabeth Stangl,1 Octav Chipara,2 Syed Shabih Hasan,2  

Sean DeVries,3 and Jacob Oleson3

1Department of Communication Sciences and Disorders, The University 
of Iowa, Iowa City, Iowa, USA; 2Department of Computer Science, The 
University of Iowa, Iowa City, Iowa, USA; and 3Department of Biostatistics, 
The University of Iowa, Iowa City, Iowa, USA.

Supplemental digital content is available for this article. Direct URL cita-
tions appear in the printed text and are provided in the HTML and text of 
this article on the journal’s Web site (www.ear-hearing.com).

2018

*  The definitions of low-end and high-end technologies are relative and 
evolve across time. A current low-end technology could have been consid-
ered high-end technology years ago. There is little consensus about the use 
of terminologies of high-end/low-end, complex/simple, and premium/basic 
to describe the difference in HA technology level. In this article, the terms 
premium and basic are used in accordance with the works published by Cox 
and colleagues (2014, 2016; Johnson et al. 2016, 2017).
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Over the past decades, both DM and NR technologies have 
been evolving from basic algorithms into more sophisticated 
and complicated designs. For DMs, the most basic design is 
a fixed DM that cannot alter its spatially-dependent directivity 
pattern (i.e., the polar pattern). In contrast, a more advanced 
design is a multichannel adaptive DM that can steer the least 
sensitive area of its directivity pattern (i.e., the null) to the 
direction of the noise source with each channel working inde-
pendently. Multichannel DMs of high-end HAs typically have 
more channels than low-end HAs. The most advanced DM tech-
nologies implemented in contemporary HAs include bilateral 
beamformers and “speech-seeking DMs.” The former utilizes 
the microphones of paired HAs on two ears to achieve high 
directivity, and the latter can detect the location of speech and 
steer the most sensitive area of the directivity pattern (i.e., the 
lobe) to the direction of speech when speech is not in front of 
the listener. In addition to improving speech understanding in 
noise, DM technologies have been used to replicate the natural 
directivity provided by the pinna at high frequencies to improve 
front-to-back sound localization (denoted as “pinna-simulation 
directivity”). In terms of NR, advanced NR generally have more 
working channels and are faster than basic NR. Advanced NR 
can also detect and process a broader range of sounds to reduce 
their adverse effect, including reverberation, impulse noises, 
and wind noises. Finally, advanced NR can work in conjunction 
with DMs such that the NR system uses the spatial information 
provided by the DM system to decide the amount of gain reduc-
tion (i.e., “spatial NR”). For more details about each DM/NR 
technology, see Holube et al. (2014) and Launer et al. (2016). In 
the present article, more sophisticated and complicated designs 
of DM and NR technologies are referred to as premium DM/
NR features.

Previous research has sought to determine the relative effect 
of DM and NR features compared with no features. In labo-
ratory studies, DMs have consistently been shown to improve 
speech recognition performance in noise compared with their 
omnidirectional counterparts (Valente et al. 1995; Bentler et al. 
2004; Walden et al. 2005; Wu & Bentler 2010a). Laboratory 
data also indicate that NR features could increase ease/comfort 
of listening, reduce listening effort, and are highly preferred 
by listeners (Ricketts & Hornsby 2005; Mueller et al. 2006; 
Bentler et al. 2008; Sarampalis et al. 2009; Ohlenforst et al. 
2017; Wendt et al. 2017). However, compared with the strong 
evidence from laboratory research, the evidence supporting the 
contribution of DMs and NR to outcomes in the real world is 
quite limited (Bentler 2005; Bentler & Chiou 2006). Although 
some field studies have shown that DMs produce a perceived 
benefit (Preves et al. 1999; Ricketts et al. 2003), more studies 
have not (Walden et al. 2000; Cord et al. 2002; Gnewikow et al. 
2009; Humes et al. 2009; Wu & Bentler 2010b). Field studies 
for NR are relatively scarce and results have been mixed (Boy-
mans & Dreschler 2000; Bentler et al. 2008; Zakis et al. 2009).

Researchers also have tried to determine if premium DM 
and NR technologies deliver more benefit than basic tech-
nologies. Laboratory research has consistently shown that 
bilateral beamformers (Picou & Ricketts 2018) and speech-
seeking DMs (Wu et al. 2013a, b) outperform basic-level 
DMs. Pinna-simulation directivity can improve front-to-back 
localization (Keidser et al. 2009). In terms of NR, previous 
laboratory studies have demonstrated the benefit of reverbera-
tion reduction (Fabry & Tehorz 2005), impulse NR (Korhonen 

et al. 2013), and wind NR (Latzel & Appleton 2013; Korhonen 
et al. 2017) algorithms. In contrast, evidence supporting the 
effect of premium DM/NR features in the real world is lim-
ited. Recently, Cox and colleagues (2014, 2016; Johnson et al. 
2016, 2017) conducted a clinical trial to examine the relative 
effect of premium-feature HAs compared with basic-feature 
HAs in improving speech understanding, listening effort, 
sound localization, and quality of life. Results indicated that 
there were no statistically significant or clinically important 
differences in improvement between premium and basic HAs 
in most laboratory tests and in the real world. Although Cox 
and colleagues did not directly compare the effect of premium 
and basic DM/NR technologies, their findings seem to suggest 
that premium and basic DM/NR features would yield similar 
outcomes.

The main purpose of the present study was to comprehensively 
determine the relative efficacy (how well a feature can work given 
the best possible scenario; Cox 2005) and effectiveness (how well 
a feature actually works in real-world settings; Cox 2005) of pre-
mium DM/NR features compared with basic DM/NR features. 
This effect is referred to as the effect of premium DM/NR fea-
tures in this article. The present study also investigated the relative 
efficacy and effectiveness (1) of premium HAs compared with 
basic HAs and (2) of DM/NR features compared with no DM/
NR features. Determining the effect of premium HAs would clar-
ify that the results of the research by Cox and colleagues (2014, 
2016; Johnson et al. 2016, 2017) could be replicated. Examin-
ing the effect of DM/NR features would help elucidate the mixed  
results observed in previous research.

In the present study, efficacy was assessed using laboratory 
test materials and conditions designed specifically for each DM/
NR feature. In short, many premium DM/NR technologies have 
the potential to provide their maximum benefit and outperform 
their more low-end predecessors only in certain best-case situa-
tions. For example, premium multichannel adaptive DMs (more 
channels) would provide greater benefit than basic adaptive 
DMs (fewer channels) only in sound fields that have multiple 
discrete noises with different frequencies presented from vari-
ous directions; speech-seeking DMs would surpass traditional 
adaptive DMs only when the talker is not located in front of 
the listener. The laboratory test conditions of the present study 
were designed to create the best-case situations for each DM/
NR feature.

In terms of real-world effectiveness, retrospective self-
reports (i.e., standardized questionnaires) were used. Although 
retrospective self-reports have been widely used in audiology 
research, they could be subject to recall bias (Bradburn et al. 
1987) and therefore may not have the sensitivity to detect the 
difference between features. To address this issue, the ecologi-
cal momentary assessment (EMA) was also used to assess real-
world effectiveness. EMA, also known as experience sampling 
or ambulatory assessment, is a methodology involving repeated 
assessments/surveys to collect data describing respondents’ 
current or very recent (i.e., momentary) experiences and related 
contexts in their natural (i.e., ecological) environments (Shiff-
man et al. 2008). Because experiences are recorded almost 
immediately in each assessment, EMA is less affected by recall 
bias. Research has shown that EMA is a valid methodology in 
audiology research (Wu et al. 2015; Timmer et al. 2017). The 
assessments delivered using EMA are referred to as in-situ self-
reports in this article.
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MATERIALS AND METHODS

Older adults with hearing loss were recruited and fitted 
with bilateral HAs. Two HA models, one a less-expensive, 
basic-level device (basic HA) and the other a more-expensive, 
advanced-level device (premium HA), were used. The DM and 
NR features of the HAs were turned on or off to create four 
HA conditions: basic-on, basic-off, premium-on, and premium-
off (2 × 2 factorial design). A single-blinded, crossover repeated 
measures design was used. During the field trial of each HA 
condition, participants wore the devices in their daily lives for 
5 weeks. HA outcomes were measured using laboratory tests, 
retrospective self-reports, and in-situ self-reports.

The present study was part of a larger study. One of the goals 
required participants to carry digital audio recorders to record 
environmental sounds with and without wearing HAs. There-
fore, an unaided condition was included in the study in addi-
tion to the four HA conditions. Portions of the audio recording 
results (Klein et al. 2018; Wu et al. 2018) have already been 
published and will not be reported in the present study. Further-
more, because the larger study also aimed to examine the test–
retest reliability of the EMA methodology, participants repeated 
one of the four HA conditions (randomly selected) before the 
end of the study. The results of the retest conditions will not be 
reported in the present article either.

Participants
Fifty-four participants (26 males and 28 females) were 

recruited from cities, towns, and farms around eastern Iowa 
and northwestern Illinois and completed the study. Their ages 
ranged from 65 to 88 years with a mean of 73.6 years. Partici-
pants were eligible for inclusion in the study if their hearing loss 
met the following criteria: (1) postlingual, bilateral, sensorineu-
ral hearing loss (air-bone gap < 10 dB); (2) pure-tone average 
across 0.5, 1, 2, and 4 kHz greater than 25 dB HL but not worse 
than 60 dB HL (ANSI 2010); and (3) hearing symmetry within 
20 dB for all test frequencies. The study focused on mild-to-
moderate hearing loss because of its high prevalence (Lin et al. 
2011). The mean pure-tone thresholds are shown in Figure 1. 
All participants were native English speakers. On entering the 
study, 30 participants had previous HA experience for at least 1 
year. While 54 participants completed the study, 6 participants 
withdrew from the study due to scheduling conflicts (n = 4) or 
unwillingness to record other people’s voices (n = 2).

The subject number of the present study was determined 
by a power analysis. To calculate the power, field studies that 
evaluated the effect of DM were reviewed (Ricketts et al. 2003; 
Palmer et al. 2006; Gnewikow et al. 2009). It was estimated that 
the outcome difference between DMs turned on and off mea-
sured using self-reports (converted to a scale ranging from 0 
to 10) was from 0.3 (i.e., 3%) to 0.6 points (6%), which would 
be a clinically relevant difference. It was then assumed that the 
effect of premium DM/NR relative to basic DM/NR was similar 
to the effect of DM relative to no feature. Because in the present 
study EMA was used, the variations in EMA data within and 
between subjects were further estimated from the literature (Wu 
& Bentler 2012a). With these estimations, Monte Carlo simu-
lations were conducted using statistical software SAS. Results 
indicated that the research (2 × 2 factorial repeated measures 
design) required 54 subjects to detect the effect of premium 
DM/NR features, assuming α = 0.05 and β = 0.2.

HAs and Fitting
Two commercially available behind-the-ear HA models were 

used in the present study: basic (retail price per pair ≈ $1500) 
and premium (retail price per pair ≈ $5000) HAs. The HAs were 
released in 2013 and are still on the market at this writing. Both 
models were from the same manufacturer and shared the same 
hardware and chip. Participants were unable to recognize the HA 
model based on the device’s case. Table 1 compares the DM/NR 
features of basic and premium HAs. In short, automatic adap-
tive DMs were available in both basic and premium HAs. The 
major difference was that the basic HAs had 1 beamforming 
channel while the premium HAs had 33 beamforming channels. 
Bilateral beamformers were only available in the premium HAs. 
This feature could be set to a fixed or an automatic mode. In the 
automatic mode, the beamformer would be activated when the 
speech is in front of the hearing instrument and the noise level 
is higher than 70 dB SPL. The speech-seeking DM, which is 
also a premium feature, could only be manually activated by 
users. After activation, the algorithm could detect the direction 
of the talker and automatically steer the directivity lobe to left, 
right, or back of the user. As for the NR, the only NR feature of 
the basic HAs was a 12-channel gain-reduction NR (Ricketts 
et al. 2018) which analyzes the variations of sound over time 
and reduces gain for different frequency bands whenever noise 
is detected. The premium HAs had the same NR feature, but 
with more (20) working channels. The reverberation reduction 
of the premium HAs looks for repeated signals of an original 
signal. It is designed to reduce reverberant signal components 
in speech pauses and works best in an environment with high 
SNRs (e.g., speech in quiet). The impulse NR of the premium 
HAs detects the leading edge of a transient by sensing a rapidly 
rising level. The transient could be attenuated within microsec-
onds of detection. As for the wind NR, it uses information from 
both microphone ports on a hearing device (rather than from 
paired HAs on two ears) to detect wind noise. The algorithm 

Figure 1. Average audiograms for left and right ears of study participants. 
Error bars = 1 SD.
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then applies a reduction of gain below 1000 Hz to reduce the 
annoyance from wind noise. Finally, the spatial NR of premium 
HAs uses the DM system to estimate the direction-of-arrival of 
the sounds. The algorithm then uses this spatial information to 
selectively reduce the gain for noise coming from behind, even 
when the noise contains speech. This feature works best when 
speech signals are from the front and noise are from the back 
of the listener.

HAs were coupled to the participant’s ears bilaterally using 
slim tubes and custom canal earmolds with clinically appropri-
ate vent sizes. The devices were programmed to meet real ear 
aided response (REAR) targets (±3 dB) specified by the second 
version of the National Acoustic Laboratory nonlinear prescrip-
tive formula (NAL-NL2, Keidser et al. 2011) and was verified 
using a probe-microphone HA analyzer (Audioscan Verifit; 
Dorchester, Ontario, Canada) with a 65 dB SPL speech signal 
presented from 0° azimuth in quiet. The status of DM/NR fea-
tures (on versus off) of basic and premium HAs were manipu-
lated to create four HA conditions. The REARs were equalized 
across all conditions. Note that none of the DM/NR features 
would be activated during the REAR measurement (speech 
presented from 0° azimuth in quiet in a low-reverberant labo-
ratory). Therefore, equalizing the REARs across the four HA 
conditions would not eliminate the effect of the DM/NR fea-
tures. The frequency-lowering feature was disabled. All other 
features (e.g., wide dynamic range compression, adaptive feed-
back suppression, and low-level expansion) remained active at 
default settings. Because the main purpose of the study was to 
determine the effect of premium DM/NR features, the volume 
control of the device was disabled.

Because HA users often do not switch between programs 
(or memories) of the device (Kuk 1996; Cord et al. 2002), it 
was desirable that all DM/NR features evaluated in the present 
study could be enabled or disabled automatically in the default 
program, minimizing the likelihood that participants would not 
use the features in the field trial. Therefore, in the two feature-
on conditions (basic-on and premium-on), the default program 
was configured with all DM/NR features set to the automatic 
mode as recommended by the manufacturer. In the premium 
HA, the speech-seeking DM could not be enabled as part of the 
automatic DM/NR features in the default program. For this rea-
son, the speech-seeking DM was added in a manual program for 
the premium-on condition, with the directivity steering mode 
(i.e., steering the directivity lobe to left, right, or back) set to 

automatic. Participants were instructed to use this program in 
situations where speech was not from in front and they were 
unable to turn their faces toward the talker of interest, such as 
in the car. In keeping with the premium-on condition, the basic-
on condition included a manual program with the adaptive 
DM enabled. Participants were instructed to use this program 
in noisy situations where speech was from in front. Note that 
although HA features may not yield their maximum benefits 
unless users know how the features work and when to use them, 
extensive instruction and training on features could reveal the 
technology level to participants and compromise the blinding 
of the study. Therefore, for both premium and basic HAs, the 
instructions about the manual program were brief and did not 
involve any technology details. Questions regarding the exact 
programming of the devices were discouraged to minimize 
bias. The strength and sensitivity of DM/NR features was set to 
default as recommended by the manufacturer.

In the two feature-off conditions (basic-off and premium-
off), all DM/NR features were turned off in the default pro-
gram. Because all DM/NR features were disabled, no manual 
program was used. A fake manual program that was identical 
to the default program was not used. This is because should the 
participants have obtained an impression that there was no dif-
ference between the default and manual programs, this impres-
sion could reduce their willingness to switch between programs 
in the two feature-on conditions. Participants were told that 
the devices were fully automatic and did not have selectable 
programs. Again, the explanations about the (lack of) manual 
program were brief and did not involve any technology details.

Laboratory Tests
Speech Recognition Test  •  Speech recognition test condi-
tions were designed to examine the efficacy of premium DM 
features, including multichannel adaptive DM, bilateral beam-
former, and speech-seeking DM. The Hearing in Noise test 
(HINT; Nilsson et al. 1994), which is an adaptive SNR sentence 
recognition test, was used. During testing, the participant was 
asked to repeat a block of 20 sentences against speech-shaped 
noise. The HINT noise was fixed at 65 dBA and was presented 
continuously during the testing. The speech level was adjusted 
adaptively depending on the listener’s responses using the one-
up-one-down procedure. The correct response for each sentence 
was based on the repetition of all the words in the sentence, with 
minor exceptions such as “a” and “the.” The SNRs of the final 
17 presentations were averaged to derive the HINT score, which 
was the SNR where the listeners could understand 50% of the 
speech. Lower HINT scores represent better performance.

The HINT was administered in a low-reverberant sound 
field (reverberation time = 0.21 sec) created using eight Tan-
noy (Coatbridge, Scotland) i5W loudspeakers. The loudspeak-
ers were placed 1.2 m from the seated participant at 0°, 45°, 
90°, 135°, 180°, 225°, 270°, and 315° azimuth. Five listening 
conditions were created and each condition was designed for 
a specific DM feature. See Table 2 for the details of each con-
dition. The name of the condition suggests the characteristics 
of the sound field. For example, in the S0Ndiffuse condition, 
speech (denoted by the capital S) was presented from 0° azi-
muth and uncorrelated noise (denoted by the capital N) was pre-
sented from all eight loudspeakers. This test condition served 
as a baseline because even DMs with the most basic of designs 

TABLE 1.  Differences, as described by the manufacturer, 
between basic and premium hearing aids used in the study

 Hearing Aid

Feature Basic Premium

Automatic adaptive DM Yes (1 channel) Yes (33 channels)
Bilateral beamformer No Yes
Speech-seeking DM No Yes
Pinna-simulation directivity No Yes
Noise reduction Yes (12 channels) Yes (20 channels)
Reverberation reduction No Yes
Impulse noise reduction No Yes
Wind noise reduction No Yes
Spatial noise reduction No Yes

DM, directional microphone.
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can provide benefit in this scenario. For the S0Ndiscrete condi-
tion which was designed to demonstrate the effect of multichan-
nel adaptive DMs, 2 band pass filtered HINT noises (between 1 
and 3 kHz) were presented from 90° and 270° azimuth, respec-
tively, and a band stop filtered noise (cutoff frequencies 1 and 
3 kHz) was presented from 180° azimuth. These three uncorre-
lated noises had the same sound level and the overall level was 
65 dBA. The S0Ndiffuse-BBF condition had the same sound 
field configuration as the S0Ndiffuse condition, but the bilat-
eral beamformer was enabled and set to a fixed mode (rather 
than automatic) in the premium-on condition. In the S90Ndif-
fuse and S180Ndiffuse conditions, speech was presented from 
90° and 180° azimuth, respectively, to examine the effect of the 
speech-seeking DM. HAs were switched to the manual program 
in the premium-on and basic-on conditions to enable the associ-
ated DM feature. All five listening conditions of the HINT were 
administered after participants completed each HA field trial 
(see below), with participants wearing HAs configured for that 
trial condition.
Paired Comparisons: Listening Effort and Sound 
Quality  •  The main purpose of the paired comparisons was to 
examine the effect of premium NR features, including rever-
beration reduction, impulse NR, wind NR, and spatial NR algo-
rithms. In short, speech or speech in noise stimuli was recorded 
through the HAs. The recorded stimuli were presented to par-
ticipants via earphones to assess their preference in terms of 
listening effort and sound quality using a paired comparison 
paradigm.

The stimuli were recorded using the basic and premium HAs 
with DM/NR features configured to the feature-on and feature-
off conditions. HAs were programmed to fit NAL-NL2 targets 
for a bilateral, symmetrical sloping hearing loss (thresholds 30, 
40, 50, 60, and 65 dB HL for octave frequencies from 250 to 
4000 Hz). The recorded stimuli were then processed to com-
pensate for each participant’s hearing loss using the procedures 
described by Wu et al. (2013b). In short, each participant’s 

NAL-NL2 targets for a 65-dB SPL speech input were compared 
with the REAR targets for the sloping hearing loss used in the 
recording. The difference was compensated by applying a filter, 
one for each ear of each participant, to shape the spectrum of 
the recorded stimulus.

During stimuli recording, a pair of HAs were coupled to the 
two ears of a manikin (Knowles Electronics Manikin for Acous-
tic Research; KEMAR). The outputs of the HAs were recorded 
using a pair of G.R.A.S. (Holte, Denmark) Type RA0045 ear 
simulators. The recording was completed in a sound-treated 
booth. Two Grason-Stadler (Eden Prairie, MN) sound booth 
loudspeakers, which were placed 1.2 m from the KEMAR at 
0° and 180° azimuth, were used to present stimuli. Stimuli were 
recorded in five main listening conditions, with each condi-
tion designed to assess a specific NR feature (Table  3). Four 
of the five main conditions had two subconditions (A and B, 
see Table 3), resulting in a total of nine subconditions. For all 
listening conditions, sentences of the revised Speech Perception 
in Noise (SPIN) test (Bilger et al. 1984) were concatenated and 
presented from 0° azimuth. In the S0N0-babble condition, the 
babble noise of the SPIN was presented from 0° azimuth with 
the speech. The levels of speech and noise were varied to create 
2 SNRs (6 and 0 dB) for the two subconditions. To create the 
reverberation in the S0-reverberation condition, the SPIN sen-
tences were processed using the reverberation presets “church” 
(reverberation time = 2.45 sec) and “small club” (reverberation 
time = 1.25 sec) of the Adobe Audition version 1.0 software. 
Because most reverberation reduction algorithms implemented 
in commercially available HAs detect and suppress the rever-
beration tail after the offset of the sound source (Launer et al. 
2016), the reverberation simulation used in the present study is 
likely to demonstrate the effect of this feature. For the S0N0-
transient condition, the transient sounds of a can dropping on 
a tile floor and of a hammer hitting on a piece of wood were 
used. The transient sounds were first created and recorded using 
a Larson-Davis (Depew, NY) 2560 0.5 inch microphone. The 

TABLE 2.  Listening conditions for the speech recognition test

 Speech Location Noise Level and Location Designed for

S0Ndiffuse 0° 65 dBA; 8 loudspeakers Baseline
S0Ndiscrete 0° 65 dBA; 90°, 180°, and 270° Multichannel adaptive DM
S0Ndiffuse-BBF 0° 65 dBA; 8 loudspeakers Bilateral beamformer
S90Ndiffuse 90° 65 dBA; 8 loudspeakers Speech-seeking DM
S180Ndiffuse 180° 65 dBA; 8 loudspeakers Speech-seeking DM

BBF, bilateral beamformer; DM, directional microphone.

TABLE 3.  Listening conditions for paired comparisons and scale ratings

 Speech Level and Location Noise Level and Location Designed for

S0N0-babble A. 60 dBA; 0°
B. 70 dBA; 0°

A. Babble; 54 dBA; 0°
B. Babble; 70 dBA; 0°

Baseline

S0-reverberation A. 60 dBA; 0°; church
B. 60 dBA; 0°; small club

No noise Reverberation reduction

S0N0-transient 60 dBA; 0° A. Can drop (90 dBA); 0°
B. Hammer hit (90 dBA); 0°

Impulse noise reduction

S0N180-wind 60 dBA; 0° Wind, 3.8 m/s; 180° Wind noise reduction
S0N180-babble A. 60 dBA; 0°

B. 70 dBA; 0°
A. Babble; 54 dBA; 180°
B. Babble; 70 dBA; 180°

Spatial noise reduction
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recorded transient sounds were calibrated to 90 dBA (measured 
using the impulse detector of a Larson Davis 824 sound level 
meter) in the sound booth. The transient sounds were then pre-
sented to the KEMAR with the 60-dB SPIN sentences from 
0° azimuth and recorded via the HAs. Each SPIN sentence 
was mixed with one transient sound. To generate wind for the 
S0N180-wind condition, an electric fan was placed at 180° azi-
muth of the KEMAR with the wind blowing at the back of the 
KEMAR’s head. The wind speed measured at the center of the 
KEMAR’s head was 3.8 m/s, which was lower than the average 
wind speed recorded in cities in United States on a typical non-
windy day (4.5 m/s; Chung et al. 2010) but was high enough to 
activate the premium HA’s wind NR feature based on the manu-
facturer’s document. The noise generated by the fan was 49.8 
dBA. Finally, to demonstrate the effect of the spatial NR fea-
ture, the SPIN babble noise was presented from 180° azimuth 
in the S0N180-babble conditions.

Paired comparisons were conducted in a sound-treated 
booth. The processed stimuli were presented to participants 
via a pair of Sennheiser (Wedemark, Germany) IE8 insert ear-
phones. Psychological testing software E-prime 2.0 was used 
to present the stimuli and collect the participant’s responses. 
A forced-choice paired-comparison paradigm was used. In 
each comparison, two recordings of the same SPIN sentence, 
which were recorded through two different feature conditions 
of a given HA model (e.g., basic-on versus basic-off), were 
presented. In other words, the feature-on condition was com-
pared with the feature-off condition within each of the basic 
and premium HAs. After listening to the stimuli, participants 
clicked the buttons on a computer monitor to express their 
preference based on one of the three criteria: listening effort, 
sound naturalness, and sound annoyance (Brons et al. 2013). 
For each judgment criterion, the comparison was repeated two 
times using different SPIN sentences. The presentation order 
of listening condition, HA model, feature status, and judgment 
criteria was randomized. The entire test consisted of 108 com-
parisons (9 listening subconditions × 2 HA models × 3 prefer-
ence criteria × 2 presentations). The entire test was repeated 4 
times, 1 at the end of each HA field trial condition, resulting in a 
total of 432 comparisons for each participant (108 comparisons 
× 4 trial conditions).

The probability of a participant selecting the feature-on 
condition was calculated for each preference criterion and each 
listening subconditions. To simplify data presentation and anal-
ysis, for each preference criterion, the results of the two sub-
conditions in a given main listening condition (e.g., the A and B 
subconditions of the S0N0-babble; see Table 3) were averaged. 
The data of sound naturalness and annoyance were further aver-
aged for each participant. The averaged results were referred to 
as laboratory sound quality results in this article.
Scale Rating: Listening Effort and Sound Quality  •  Although 
paired comparison is a sensitive test paradigm, it did not take 
into account the possible adjustment or acclimatization effect 
that could have occurred during the field trial. Therefore, the 
effect of DM/NR features on listening effort and sound quality 
was also measured using a scale-rating paradigm. After the field 
trial of each HA condition, participants were seated in the same 
sound booth that was used to record the stimuli for paired com-
parisons, wearing the HAs configured for that trial condition. 
The speech and noise shown in Table 3 were presented to par-
ticipants in the same manner as the paired comparison stimuli 

recording. For each of the 9 listening subconditions (Table 3), 
participants listened to the stimuli for 20 sec and then used a 
21-point scale ranging from 0 to 10 to report the perceived lis-
tening effort, sound naturalness, and sound annoyance. The rat-
ings of listening effort and sound annoyance were then reversed 
so that higher ratings represented better outcomes. Similar to 
paired comparisons, the ratings of the two subconditions of a 
given main listening condition were averaged for each partici-
pant. The results of sound naturalness and annoyance were also 
averaged.
Localization Test  •  A front/back localization test was admin-
istered to examine the effect of pinna-simulation directiv-
ity. The stimulus was 3-kHz octave band-filtered pulsed pink 
noises, which consisted of a 750-msec train of 4 pulses with 
a 150-msec pulse duration, a 50-msec interpulse interval, and 
10-msec rise/fall times. Research has shown that this high-fre-
quency stimulus was able to demonstrate the benefit of pinna-
simulation directivity (Keidser et al. 2009). The stimuli were 
presented from 0° or 180° azimuth of participants. The stimuli 
were presented at 70 dB SPL with a ±3 dB roving effect added 
to the base level. The participants were seated in the sound-
treated booth that was used for scale ratings. Participants wore 
HAs and were instructed not to move their heads during the 
experiment. Before testing, each participant completed practice 
sessions where feedback was provided. During testing, the stim-
uli were presented randomly from the front or back loudspeak-
ers with equal probability. The participants indicated whether 
the stimulus was coming from front or back. No feedback was 
provided. In total 56 trials were conducted. The localization test 
was administered at the end of each HA trial condition, with 
participants wearing HAs configured for that trial condition. 
Localization accuracy (percent correct) was calculated for each 
participant.

Retrospective Self-Reports
Abbreviated Profile of Hearing Aid Benefit  •  The Abbrevi-
ated Profile of Hearing Aid Benefit (APHAB) (Cox & Alexan-
der 1995) is a 24-item inventory designed to evaluate benefit 
experienced from HA use and to quantify the degree of com
munication difficulty experienced in various situations. The 
questionnaire consists of four subscales. The ease of commu-
nication, background noise, and reverberation subscales are 
focused on speech communication and therefore the global 
score of the APHAB is the mean of the scores of these three 
subscales. The aversiveness (AV) subscale evaluates the indi-
vidual’s response to unpleasant environmental sounds. The 
global score (referred to as APHAB-Global) and the AV sub-
scale score (APHAB-AV) were used in data analysis.
Speech, Spatial, and Qualities Hearing Scale  •  The 49-item 
Speech, Spatial, and Qualities (SSQ) Hearing Scale (Gatehouse 
& Noble 2004) is a validated scale designed to measure a range 
of hearing disabilities across several domains. The SSQ consists 
of three subscales that measure the ability of an individual to 
understand speech (denoted as SSQ-Speech), to localize acous-
tic events (SSQ-Spatial), and to evaluate auditory experience 
including music perception and the clarity and naturalness of 
sound (SSQ-Qualities). The SSQ-Qualities also contains three 
items that directly assess listening effort (items 14, 15, and 18) 
and have been referred to as the listening effort subscale (Dawes 
et al. 2014; Alhanbali et al. 2018). This subscale was referred to 
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as SSQ-Effort in this article. The scores of these four subscales 
were used in the analysis.
Satisfaction With Amplification in Daily Life  •  The Satisfac-
tion With Amplification in Daily Life (SADL; Cox & Alexander 
1999) is a 15-item inventory designed to evaluate an individual’s 
satisfaction with his/her HAs. The questionnaire is divided into 
four subscales. The positive effect subscale quantifies improved 
performance while using HAs, such as reduced communication 
disability. The personal image subscale evaluates the domain of 
self-image and stigma. The negative features subscale assesses 
undesirable aspects of HA use, such as feedback problems. The 
service and cost subscale measures the adequacy of service pro-
vided by the professional and the cost of the devices. The mean 
of the scores for all items (except for the item related to cost, 
as HAs were provided at no cost in the present study) formed 
the global score (SADL-Global) and was used in data analysis.

The three retrospective questionnaires were administered at 
the end of each HA trial condition. The participants were asked 
to retrospectively recall their listening experiences during the 
field trial. For all questionnaires, the original scores (global or 
subscale scores) were linearly transformed so that the score 
ranged from 0 to 10, with higher scores representing better 
outcomes.

In-Situ Self-reports
The EMA methodology was used to collect the participant’s 

real-time experience with HAs in real-world listening situations. 
In the present study, EMA was implemented using Samsung 
(Seoul, South Korea) Galaxy S3 smartphones (i.e., smartphone-
based EMA). Smartphone application software (i.e., app) was 
developed to deliver electronic surveys (Hasan et al. 2013). The 
app prompted participants to complete surveys at randomized 
intervals approximately every 2 hr within a participant’s speci-
fied time window. The 2-hr interprompt interval was selected 
because it seemed to be a reasonable balance between partici-
pant burden, compliance, and the amount of data that would 
be collected (Stone et al. 2003). Participants were instructed to 
answer survey questions based on their experiences during the 
past 5 min, so that recall bias was minimized. Participants were 
also encouraged to initiate a survey whenever they had a new 
listening experience lasting at least 10 min.

In each survey, a series of questions regarding listening envi-
ronments and experience were asked. The survey was designed 
for the larger study, but only the questions that are relevant to the 
present study are reported in this article. See Hasan et al. (2014) 
for the complete set of survey questions. The survey first asked 
“Were you listening to speech?” and provided two options for 
the participants to select (yes/no). If participants were not lis-
tening to speech, the survey then asked “What were you listen-
ing to?” and provided two options (nonspeech sound listening/
not actively listening). The survey then presented a question to 
assess the noisiness level (“How noisy was it?”, quiet/somewhat 
noisy/noisy/very noisy). This question was included because 
the effect of DM/NR features is a function of noise level or 
SNR (Walden et al. 2005; Wu & Bentler 2010a). Participants 
also answered a question regarding HA use (“Were you using 
hearing aids?”, yes/no). For these questions, participants tapped 
a button on the smartphone screen to indicate their responses.

Next, the app presented a series of questions to assess the 
participant’s listening experience. The first question assessed the 

participant’s speech understanding (“How much speech did you 
understand?”). The response was collected using a visual analog 
scale with 2 anchors (from “0%” to “100%”). This question is 
referred to as EMA-Speech in this article. The app then pre-
sented questions to assess listening effort (EMA-Effort; “How 
much effort was required to listen effectively?”, from “very 
easy” to “very effortful”), loudness satisfaction (EMA-Loud-
ness, “Were you satisfied with the loudness?”, from “not good 
at all” to “just right”), sound localization (EMA-Localization, 
“Could you tell where sounds were coming from?”, from “not 
at all” to “perfectly”), and HA satisfaction (EMA-Satisfaction, 
“Were you satisfied with your hearing aids?”, from “not at all” 
to “very satisfied”). The survey questions were presented adap-
tively such that certain answers determined whether follow-up 
questions would be elicited. For example, the EMA-Speech 
would be presented only when participants indicated that they 
were listening to speech at the beginning of the survey. The 
EMA-Effort would be presented when participants indicated 
that they were actively listening to either speech or nonspeech 
sounds. The EMA-Satisfaction would be asked only when par-
ticipants indicated that they were using HAs. For all listening 
experience questions, participants used the sliding bar on the 
visual analog scale to mark their perception. The ratio of the 
distance between the left end of the scale and the participant’s 
mark to the length of the entire scale defined the score. All 
scores were linearly transformed so that the score ranged from 0 
to 10, with higher scores representing better outcomes. Finally, 
to obtain an insight about the overall HA outcomes in the real 
world, the scores of the five EMA questions that assessed listen-
ing experience (EMA-Speech, EMA-Effort, EMA-Loudness, 
EMA-Localization, and EMA-Satisfaction) of a given survey 
were averaged. This variable was referred to as EMA-Global.

Procedures
The study was approved by the Institutional Review Board at 

the University of Iowa. After signing the consent form, partici-
pants’ hearing thresholds were measured using pure-tone audi-
ometry. If participants met all of the inclusion criteria, earmold 
impressions were taken by an audiologist. Next, demonstrations 
of how to work and care for the smartphone, as well as taking 
and initiating EMA surveys on the phone, were provided. Par-
ticipants were instructed to respond to the auditory/vibrotactile 
prompts to take surveys whenever it was possible and within 
reason (e.g., not while driving). Participants were also encour-
aged to initiate a survey during or immediately after they had 
a new listening experience lasting at least 10 min. Each partici-
pant was given a set of take-home written instructions detailing 
how to use and care for the phone, as well as when and how 
to take the surveys. Once all of the participants’ questions had 
been answered and they demonstrated competence in the ability 
to perform all of the related tasks, they were sent home with 
one smartphone and began a 3-day practice session. Participants 
returned to the laboratory after the practice session. If partici-
pants misunderstood any of the EMA/smartphone-related tasks 
during the practice session, they were reinstructed on how to 
properly use the equipment or take the surveys.

Next, the HAs of all four conditions were fit and the first field 
trial condition began. The order of the four HA trial conditions 
was randomized across participants. Participants were allowed 
to return to the laboratory for HA gain adjustments during the 
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first 2 weeks of the first field trial condition. If adjustments 
were needed, the same gain modifications were applied in the 
other three HA trial conditions so that the REARs were equal-
ized across the four trial conditions. The settings of the DM/
NR features (e.g., strength and sensitivity) were not adjusted 
to blind the participants. Twelve of 54 participants requested 
gain adjustment. Their first HA conditions were basic-off (n 
= 2), basic-on (n = 3), premium-off (n = 4), and premium-on 
(n = 3). In each HA condition, participants familiarized them-
selves with the hearing instrument settings for 4 weeks. Par-
ticipants then returned to the laboratory and the first part of the 
laboratory testing (paired comparisons and scale ratings) was 
conducted. Participants were then given smartphones and the 
assessment week in which participants carried smartphones to 
conduct EMA surveys began. Participants were encouraged to 
go about their normal daily routines during the week. One week 
later, participants brought the smartphones back to the labora-
tory and the second part of the laboratory testing (the HINT 
and the localization test) and retrospective questionnaires were 
administered. HAs were inspected, cleaned, and reprogrammed. 
The functionality of DM and NR features was verified in the 
test box of the Audioscan Verifit. Then, the instructions about 
the device’s manual program were provided and the field trial of 
the next HA condition began. Figure 2 shows the flow diagram 
of the study.

Recall that the larger study also included an unaided condi-
tion. Twenty-nine participants (5 experienced HA users and 24 
new users) agreed to complete the unaided condition (4 weeks 
without wearing HAs plus 1 week for EMA) in addition to the 4 
HA conditions. For these participants, the order of the unaided 
condition was randomized with the four HA conditions. Mon-
etary compensation was provided to the participants on comple-
tion of the study.

Data Organization and Reduction
The rich set of laboratory tests, retrospective self-reports, 

and in-situ self-reports allowed HA outcomes to be assessed 
comprehensively from different perspectives, though at the 
potential expense of increased data complexity. To facilitate 
result presentation and to reduce the number of measures to 
a more manageable set, the outcome measures were grouped 
into five domains (Table  4). Specifically, the speech under-
standing domain included the HINT, the APHAB-Global, the 
SSQ-Speech, and the EMA-Speech. The APHAB-Global and 
the SSQ-Speech scores (transformed score, ranging from 0 to 
10) were further averaged for each participant because they 
were significantly correlated (r = 0.59 to 0.76 across four HA 
conditions, all p values <0.001). The listening effort domain 
included paired comparisons and scale ratings in which listen-
ing effort was used as the judgment criterion. This domain also 
included the SSQ-Effort and the EMA-Effort. For the sound 
quality domain, the sound quality results, which were the aver-
age of sound naturalness and annoyance data, from the paired 
comparisons and scale ratings were included. This domain also 
included the APHAB-AV and the SSQ-Qualities; these two sub-
scale scores were not averaged because they were not correlated 
(r = 0.08 to 0.22, p = 0.10 to 0.54). The localization domain 
included the front/back localization test, the SSQ-Spatial, and 
the EMA-Localization. Finally, the satisfaction domain con-
sisted of the SADL-Global and the EMA-Satisfaction and did 

not include any laboratory tests. Note that the domains shown in 
Table 4 were created to facilitate data presentation and therefore 
the measures included in a given domain may not assess identi-
cal construct. For example, in the sound quality domain, paired 
comparisons and scale ratings evaluated sound naturalness 
and annoyance, the SSQ-Qualities contained items regarding 
sound segregation, while the EMA-Loudness assessed loudness 
satisfaction.

RESULTS

Recall that the present study had four HA conditions (basic-
off, basic-on, premium-off, and premium-on). To evaluate the 
relative effect of premium DM/NR features compared with basic 
DM/NR features, linear mixed models were used. The mod-
els included a random intercept for subject to account for the 
repeated observations per participant, with fixed effects being 
HA model (basic versus premium), feature status (off versus 
on), and the interaction between HA model and feature status. A 
significant interaction indicates that the effect of premium DM/
NR features differs from the effect of basic DM/NR features. 
To determine the effect of premium HA relative to basic HA 

Figure 2. Flowchart for the study. EMA indicates ecological momentary 
assessment; HA, hearing aid; HINT, the Hearing in Noise Test.
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and the effect of DM/NR features relative to no features, a simi-
lar linear mixed model that used HA condition (four levels) as 
the fixed effect was used. The outcomes of the premium-on and 
basic-on conditions were compared to determine the effect of 
premium HAs; the outcomes of the feature-on and feature-off 
conditions were compared within each HA model to determine 
the effect of DM/NR features. Finally, the outcomes of basic-off 
and premium-off conditions were also compared; the outcomes 
of these two conditions should be very similar because the basic 
and premium HAs used the same hardware and chip. To adjust 
for multiple comparisons, a Tukey-Kramer p value adjustment 
was used. Statistical software SAS version 9.4 was used for all 
analyses.

Laboratory Testing
Speech Understanding Domain  •  The mean HINT score, 
the SNR at which the participants could understand 50% of 
the speech, of each HA condition as a function of five listen-
ing condition is shown in Figure  3A. Circles and triangles 
represent basic and premium HAs, respectively. Solid and 
open symbols represent the feature-off and feature-on condi-
tions, respectively. The y axis has been reversed so that the top 
of the figure represents better performance. Separate linear 
mixed models were created for each listening condition and the 
analysis results are shown in the figure. Significant interaction  
(p < 0.05) between HA model and feature status is indicated by 
“INT” and significant difference (p < 0.05) between HA con-
ditions is indicated by bracket. Detailed statistics are available 
in the Appendix (Supplemental Digital Content 1, http://links.
lww.com/EANDH/A478).

Results from the models first indicated that the interactions 
in all five listening conditions were significant (p = <0.001 to 
0.02), suggesting that the effect of premium DM/NR features 
on improving speech recognition performance was larger (bet-
ter) than the effect of basic DM/NR features. Linear mixed 
models further revealed that the HINT score of the premium-on 
condition was better (lower) than that of the basic-on condi-
tion in four out of five listening conditions (indicated by wide 
brackets in Fig. 3A; adjusted p = <0.001 to 0.016), supporting 

that the premium HAs outperformed the basic HAs. In 7 of 10 
comparisons between the feature-on and feature-off conditions, 
the feature-on conditions yielded better (lower) HINT scores 
(indicated by narrow brackets in Fig. 3A; adjusted p = <0.001 
to 0.001), suggesting the beneficial effect of DM/NR features 
relative to no features. However, basic DM/NR features had a 
detrimental effect on speech understanding in the S180Ndiffuse 
condition (adjusted p <0.001). Finally, none of the differences 
between the premium-off and basic-off conditions was statisti-
cally significant (adjusted p = 0.06 to 0.99).

The results of Figure 3A are summarized in Table 5. In short, 
because the interactions in all five listening conditions were sta-
tistically significant, “P > B” is used in Table 5 to indicate the 
effect of premium DM/NR features compared with the basic 
features (denoted by “Feature: P versus B” in Table 5, letters P 

TABLE 4.  Summary of outcome measures

 
 

Outcome Domain

Speech Understanding Listening Effort Sound Quality Localization Satisfaction

Laboratory tests
 ��� Speech recognition test HINT — — — —
 ��� Paired comparison — Listening effort Naturalness and 

annoyance
— —

 ��� Scale rating — Listening effort Naturalness and 
annoyance

— —

 ��� Localization test — — — Front/back localization —
Retrospective self-reports
 ��� APHAB APHAB-Global and 

SSQ-Speech
— APHAB-AV — —

 ��� SSQ SSQ-Effort SSQ-Qualities SSQ-Spatial —
 ��� SADL — — — — SADL-Global
In-situ self-reports
 ��� EMA EMA-Speech EMA-Effort EMA-Loudness EMA-Localization EMA-Satisfaction

EMA-Global

APHAB, Abbreviated Profile of Hearing Aid Benefit; AV, aversiveness subscale of the APHAB; EMA, ecological momentary assessment; HINT, Hearing in Noise Test; SADL, Satisfaction with 
Amplification in Daily Life; SSQ, Speech, Spatial, and Qualities hearing scale.

Figure 3. A, Mean score of the HINT of each hearing aid condition as a 
function of listening condition. Lower scores represent better performance. 
The y axis has been reversed so that the top of the figure represents better 
performance. B, Localization accuracy of each hearing aid condition as 
a function of listening condition. “INT” represents significant interaction 
between hearing aid model and feature status. Bracket represents significant 
difference. Error bars = 1 SD. BBF indicates bilateral beamformer; HINT, 
Hearing in Noise Test.

http://links.lww.com/EANDH/A478
http://links.lww.com/EANDH/A478
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and B denote premium and basic, respectively). Next, because 
the HINT scores of the premium-on conditions were either bet-
ter (lower) than or equal to the basic-on conditions, “P ≥ B” was 
used to indicate the effect of the premium HA (denoted by “HA: 
P versus B” in Table 5). Finally, because the feature-on condi-
tions were either better (lower) than or equal to the feature-off 
conditions except for the basic HA in the S180Ndiffuse con-
dition, “On ≥ Off ” was used to suggest the effect of DM/NR 
features (denoted by “Feature: On versus Off ” in Table 5) and a 
footnote was used to indicate the exception.
Listening Effort Domain  •  The laboratory tests included in 
this domain were paired comparisons and scale ratings based 
on the listening effort judgment criterion (Table 4). For paired 
comparisons, recall that the comparisons were made between 
the feature-on and feature-off conditions within each HA 
model. Figure 4A shows the probability of a participant select-
ing the feature-on condition of each HA model as a function 
of listening condition. The dashed line represents chance prob-
ability (0.5). Linear mixed models with a random intercept 
were used to determine if the probability of the premium-on 
condition being preferred (over premium-off) was different 
from the probability of the basic-on condition being preferred 
(over basic-off). Significant differences (p < 0.05) are labeled 
using brackets in the figure. Because comparisons were made 
within each HA model, paired comparison data could not deter-
mine the effect of premium HA relative to basic HA. Finally, to 
examine the effect of DM/NR features relative to no features, 
linear mixed models were implemented to determine if the 
probability of a participant preferring the feature-on condition 
over the feature-off condition was significantly different from 
the chance level. Significant differences (p < 0.05) are labeled 
using asterisks in Figure  4A. Detailed statistics are available 
in the Appendix (Supplemental Digital Content 1, http://links.
lww.com/EANDH/A478).

Model results suggest that the probability of the premium-on 
and basic-on conditions being selected were not different in all 
listening conditions (p = 0.32 to 0.79), except for the S0N180-
wind condition (bracket in Fig.  4A; p < 0.001). However, in 

the S0N180-wind condition the probability of the premium-
on condition being preferred was significantly lower than the 
chance level (asterisks in Fig. 4A; p < 0.001), indicating a detri-
mental effect of premium DM/NR features. For both basic and 
premium HAs in the S0N0-babble and S0N180-babble condi-
tions, the probability of feature-on condition being preferred 
was significantly higher than the chance level (all p < 0.001), 
suggesting the effect of DM/NR features relative to no features. 
A small beneficial effect was also observed for premium HAs 
in the S0N0-transient condition (p = 0.037). No effect in the 
S0-reverberation condition was statistically significant.

Figure 4B shows the results of scale ratings in the listening 
effort domain. Higher ratings represent better outcomes. The 
significant interaction of the S0N0-babble condition (“INT” in 
Fig. 4B; p = 0.044) indicates that the effect of premium DM/
NR features on improving listening effort was better than that 
of basic features. In the S0N180-babble condition, although the 
interaction between HA model and feature status was not sig-
nificant at the 0.05 level (p = 0.058), the feature-on condition 
had higher ratings than the feature-off condition for both HA 
models (brackets in Fig. 4B; adjusted p = <0.001 and 0.002). No 
other interactions and effects were statistically significant. The 
laboratory results of the listening effort domain, paired com-
parisons and scale ratings combined, are summarized in Table 5.
Sound Quality Domain  •  Results of paired comparisons and 
scale ratings in the sound quality domain are shown in Fig-
ures  4C, D, respectively. These results were similar to those 
observed in the listening effort domain in all listening condi-
tions, except for the S0N0-transient and S0N0-babble con-
ditions. Specifically, in the S0N0-transient condition of the 
paired comparisons, the premium-on condition was preferred 
more often than the basic-on condition (bracket in Fig. 4B; p < 
0.001) and the probability of preferring the basic-on condition 
was lower than the chance level (p = 0.005). The sound quality 
results of the S0N0-babble condition of scale ratings (Fig. 4D) 
differed from the listening effort results of the same condition 
(Fig. 4B) in that none of the interaction and effects were signifi-
cant. See Table 5 for the result summary.

TABLE 5.  Summary of results

 
 

Outcome Domain

Speech Understanding Listening Effort Sound Quality Localization Satisfaction

Laboratory tests
 ��� Feature: P vs. B P > B P = B*† P = B*‡ P > B —
 ��� HA: P vs. B P ≥ B P = B P = B P = B —
 ��� Feature: on vs. off On ≥ off§ On ≥ off¶ On ≥ off¶║ On ≥ off —
Retrospective self-reports
 ��� Feature: P vs. B P = B P = B P = B P = B P = B
 ��� HA: P vs. B P = B P = B P = B P = B P = B
 ��� Feature: on vs. off On ≥ off On = off On ≥ off On = off On > off
In-situ self-reports
 ��� Feature: P vs. B P = B P ≤ B P ≥ B P ≤ B P ≥ B
 ��� HA: P vs. B P = B P = B P ≥ B P = B P = B
 ��� Feature: on vs. off On = off On ≥ off On ≥ off On ≥ off On ≥ off

*P < B in the S0N180-wind condition of paired comparisons.
†P > B in the S0N0-babble condition of scale ratings.
‡P > B in the S0N0-transient condition of paired comparisons.
§On < off for basic HAs in the S180N-diffuse condition.
¶On < off for premium HAs in the S0N180-wind condition of paired comparisons.
║On < off for basic HAs in the S0N0-transient condition of paired comparisons.
B, basic; HA, hearing aid; P, premium.

http://links.lww.com/EANDH/A478
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Localization Domain  •  Figure 3B shows the front/back local-
ization accuracy (percent correct) of each HA condition. Linear 
mixed models indicated that the interaction between HA model 
and feature status was significant (“INT” in Fig. 3B; p = 0.033). 
Mixed models further indicated that the difference between the 
premium-on and basic-on conditions was not statistically sig-
nificant (adjusted p = 0.14). However, the localization accuracy 
of the feature-on condition was higher than that of the feature-
off condition when participants were wearing premium HAs 
(bracket in Fig. 3B; adjusted p = 0.002).

Retrospective Self-Reports
Figure 5 shows the mean score of retrospective self-reports. 

Recall that all scores have been linearly transformed so that the 
score ranged from 0 to 10, with higher scores representing bet-
ter outcomes. Linear mixed models first revealed that none of 
the interactions between HA model and feature status was sig-
nificant (p = 0.058 to 0.90), nor was the difference between the 
premium-on and basic-on conditions (adjusted p = 0.32 to 0.98). 
In contrast, the feature-on score was significantly higher (bet-
ter) than the feature-off score for premium HAs in the speech 

understanding domain (i.e., the mean of the APHAB-Global 
and SSQ-Speech; p < 0.001) and the sound quality domain  
(the APHAB-AV; adjusted p = 0.021). The APHAB-AV score 
of the premium-off condition was also found to be significantly 
lower (poorer) than that of the basic-off condition (adjusted p = 
0.036). Finally, for both basic and premium HAs, participants 
were more satisfied with HAs when the DM/NR features were 
turned on (both adjusted p = 0.007). Results of Figure  5 are 
summarized in Table 5. Detailed statistics are available in the 
Appendix (Supplemental Digital Content 1, http://links.lww.
com/EANDH/A478).

In-Situ Self-Reports
Across the 4 HA conditions, a total of 8608 EMA surveys 

were completed by the 54 participants. On average each partici-
pant completed 5.69 surveys per day. Because the main focus 
of the present study was the effect of HA features, the surveys 
that were completed when participants did not wear HAs were 
excluded. For the remaining 7579 surveys, 5000 (66%) were 
prompted by the EMA app and the 2579 (34%) were initiated 
by the participants. It was determined a priori that both the 

Figure 4. Listening effort (A and B) and sound quality (C and D) results of paired comparisons (A and C) and scale ratings (B and D) as a function of listening 
condition. For (B) and (D), higher ratings represent better outcomes. Brackets and asterisks represent significant difference. “INT” represents significant 
interaction between hearing aid model and feature status. Error bars = 1 SD.

http://links.lww.com/EANDH/A478
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app-initiated and participant-initiated surveys would be pooled 
together for analysis.

Recall that in each EMA survey, participants reported the 
noisiness level in four categories. Among the 7579 surveys 
used in analyses, “quiet,” “somewhat noisy,” “noisy,” and “very 
noisy” were reported 56.4%, 32.8%, 8.1%, and 2.7% of the 
time, respectively. Because the effect of DM/NR features is a 
function of noise level (Walden et al. 2005), it was determined 
a priori that the EMA data would be analyzed separately in each 
noisiness category. However, comparing the EMA data across 
the four HA conditions within each noisiness category would 
be less meaningful if participants did not report noisiness level 
consistently across the entire field trial or if HA condition had 
an effect on how participants reported nosiness level. Therefore, 
analysis was first conducted to determine the effect of HA con-
dition on the distribution of the four noisiness levels. A linear 
mixed model with a random intercept was used to model the 
number of the surveys completed by a participant using the 
covariates of noisiness level, HA condition, and their interac-
tion. The result revealed that the interaction between noisiness 
and HA condition was not significant (p = 0.83), suggesting that 
the distribution of the survey numbers across the noisiness lev-
els were similar in the four HA conditions. Because HA condi-
tion was unlikely to affect how participants reported the four 
noisiness levels used in the present study, EMA data across the 
four HA conditions could be compared in each noisiness level.
Speech Understanding Domain  •  Recall that there were five 
EMA survey questions assessing a participant’s listening experi-
ence, one for each outcome domain (Table 4). Figure 6A shows 
the mean score of the EMA-Speech as a function of noisiness 
level. The scores ranged from 0 to 10, with higher scores rep-
resenting better outcomes. The number of surveys completed 
in each noisiness category is also shown in the figure (four HA 
conditions combined). Linear mixed models indicated that none 
of the interactions and effects were significant.

Listening Effort, Sound Quality, and Localization 
Domains  •  Figures 6B–D show the mean outcome scores of 
the EMA-Effort, the EMA-Loudness, and the EMA-Localiza-
tion. The significant interaction between HA model and feature 
status in the EMA-Loudness (“INT” in somewhat noisy cat-
egory of Fig. 6C; p = 0.002) indicated that premium DM/NR 
features yielded better outcomes relative to basic features. How-
ever, the significant interactions in the EMA-Effort (Fig.  6B; 
quiet category; p = 0.01) and the EMA-Localization (Fig. 6D; 
noisy category; p = 0.001) suggested the opposite. In terms of 
the effect of premium HA, the premium-on condition yielded 
higher scores than the basic-on condition in the somewhat 
noisy category of the EMA-Loudness (wide bracket in Fig. 6C; 
adjusted p = 0.013). As for the comparison between the feature-
on and feature-off conditions, all significant differences (fea-
ture-on better than feature-off) stemmed from the basic HAs 
(adjusted p = 0.001 to 0.03), except for the premium HA in 
the somewhat noisy category of the EMA-Loudness (Fig. 6C; 
adjusted p = 0.014).
Satisfaction Domain  •  The EMA-Satisfaction results shown 
in Figure 6E revealed that the interaction between HA model 
and feature status was significant in the somewhat noisy cate-
gory (p = 0.015), suggesting that the effect of premium DM/NR 
features on improving user’s satisfaction was larger than that of 
basic features. Although none of the differences between the 
premium-on and basic-on conditions was significant (adjusted p 
= 0.14 to 0.88), participants were more satisfied with HAs in the 
feature-on than the feature-off conditions (adjusted p = <0.001 
to 0.035). The exceptions were the basic HAs in the somewhat 
noisy category (adjusted p = 0.094) and the premium HAs in the 
very noisy category (adjusted p = 0.051). The results of in-situ 
self-reports in each outcome domain are summarized in Table 5. 
Detailed statistics are available in the Appendix (Supplemental 
Digital Content 1, http://links.lww.com/EANDH/A478).
EMA-Global  •  Figure 6F shows the mean EMA-Global score 
as a function of noisiness level. The interaction in the noisy 
category was significant (p = 0.042), suggesting that the par-
ticipants perceived basic DM/NR features to be better than 
premium features. None of the differences between the pre-
mium-on and basic-on conditions was significant (adjusted p 
= 0.28 to 0.98). Finally, three of the four significant differences 
between the feature-on and feature-off conditions stemmed 
from the basic HA (adjusted p = <0.001 to 0.001).

DISCUSSION

The purpose of the present study was to determine the effect 
of premium DM/NR features relative to basic DM/NR features, 
the effect of premium HAs relative to basic HAs, and the effect 
of DM/NR features relative to no DM/NR features. Outcomes 
in five domains were measured using laboratory tests, retro-
spective self-reports, and in-situ self-reports.

Laboratory Tests
For the speech understanding domain, the HINT results 

consistently supported the beneficial effect of premium DM/
NR features, premium HAs, and DM/NR features (Fig.  3A). 
Although in the present study, the effects of DM and NR fea-
tures were not examined separately, it is likely that the benefit 
observed in the HINT was mainly from DM technologies. The 

Figure 5. Mean outcome scores of retrospective self-reports of each hearing 
aid condition. Higher scores represent better outcomes. “INT” represents 
significant interaction between hearing aid model and feature status. 
Brackets represent significant difference. Error bars = 1 SD. APHAB-AV 
indicates abbreviated profile of hearing aid benefit aversiveness; SADL, 
satisfaction with amplification in daily life; SSQ, speech, spatial, and 
qualities hearing scale.

http://links.lww.com/EANDH/A478
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robust findings across all five listening conditions agree with 
previous literature regarding the efficacy of multichannel adap-
tive DMs (Blamey et al. 2006), bilateral beamformers (Picou 
& Ricketts 2018), and speech-seeking DMs (Wu et al. 2013b).

For the listening effort and sound quality domains, the results 
were mixed (Fig. 4). For example, although the significant inter-
action in the S0N0-babble condition of scale ratings supported 
the effect of premium DM/NR features on reducing listening 
effort (Fig. 4B), this effect was not observed in the paired com-
parisons (Fig. 4A) and in the sound quality domain (Figs. 4C, 
D). Regardless, the paired comparison data obtained from 
the S0N0-babble condition were consistent with the literature 

(Ricketts & Hornsby 2005; Sarampalis et al. 2009; Wendt et al. 
2017), suggesting that NR features could reduce listening effort 
and improve sound quality. For the S0-reverberation condition, 
none of the interactions and comparisons were significant, sug-
gesting that the reverberation reduction algorithm of the pre-
mium HA had a minimal effect in the test conditions used in the 
present study. Recall that the reverberation was created using 
software simulation. The reverberation reduction algorithm 
might work differently in a true reverberant sound field. For the 
S0N0-transient condition, the paired comparison results were in 
line with the literature (Korhonen et al. 2013), supporting the 
effect of impulse NR algorithms in improving sound quality.

Figure 6. Mean outcome scores of in-situ self-reports of each hearing aid condition. Higher scores represent better outcomes. “INT” represents significant 
interaction between hearing aid model and feature status. Brackets represent significant difference. Error bars = 1 SD. EMA indicates ecological momentary 
assessment.
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Unexpectedly, paired comparisons of the S0N180-wind con-
dition suggested that the premium wind NR algorithm had a det-
rimental effect on listening effort and sound quality (Figs. 4A, 
C). After examining the recorded stimuli used in the test, it was 
found that although the premium feature effectively attenuated 
the level of wind noise, it also generated artifacts and highly 
degraded the speech. It has been suggested that the wind NR 
strategy could reduce wind noise at the cost of worsening low-
frequency speech audibility, resulting in limited benefit (Rick-
etts et al. 2018). Newer wind NR strategies that wirelessly route 
the signal from the HA with less wind noise to the other HA 
to replace the signal with more wind noise (Latzel & Appleton 
2013) and that use least mean squares filtering to attenuate wind 
noise (rather than simply reduce low frequency gain) (Korho-
nen et al. 2017) could be more effective in reducing wind noise 
while preserving the quality or audibility of speech. Of note, 
the results of the S0N180-wind condition shown in Figure  4 
should be viewed as the combined effect of the wind NR and 
gain-reduction NR. This is because the noise of the fan used 
to generate wind (49.8 dBA) would trigger the gain-reduction 
NR. A wind tunnel should be used to record stimuli for paired 
comparisons to more precisely assess the effect of the wind NR 
feature. Finally, although the data obtained from the S0N180-
babble condition strongly supported the effect of DM/NR fea-
tures relative to no features, there was no evidence to support 
the benefit of the spatial NR algorithm.

For the localization domain (Fig.  3B), premium DM/NR 
features improved front/back localization accuracy more than 
basic features did. This is consistent with the literature (Keidser 
et al. 2009) supporting the effect of pinna-simulation directiv-
ity. On the other hand, although the localization accuracy of the 
premium HA was higher than the basic HA by 8.5%, this differ-
ence was not statistically significant (adjusted p = 0.14).

Table 5 summarizes all laboratory tests of the present study. 
In short, although premium DM/NR features examined in 
the study could have a detrimental effect in windy situations 
wherein speech is presented, the laboratory tests of the present 
study generally supported the beneficial effect of premium DM/
NR features, premium HAs, and DM/NR features, especially in 
the speech understanding and localization domains.

Retrospective Self-Reports
Contrary to laboratory tests, retrospective self-reports did 

not demonstrate any differential effect of premium DM/NR fea-
tures compared with basic features across all outcome domains 
(Fig. 5). Furthermore, consistent with the research by Cox and 
colleagues (2014, 2016; Johnson et al. 2016, 2017), premium 
HAs and basic HAs yielded similar real-world outcomes. Retro-
spective self-reports, however, did indicate that DM/NR features 
significantly improved speech understanding (by 0.33 points, or 
3.3%, for premium HAs) and satisfaction (by 4.4% and 4.2% 
for premium and basic HAs, respectively), although the small 
amount of improvement might not be clinically important. 
Retrospective self-reports also indicated that DM/NR features 
significantly improved APHAB-AV scores for premium HAs. 
However, this effect was due to the poor APHAB-AV scores in 
the premium-off condition. The reason for this poor APHAB-
AV score is unclear.

In short, although the effect might not be considered clini-
cally important, the retrospective self-report results supported 

the effect of DM/NR features in the real world, especially in the 
satisfaction domain. However, the evidence supporting the ben-
efit of premium DM/NR features and premium HAs was limited 
(Table 5).

In-Situ Self-Reports
Among the 7579 surveys used in analyses, only 10.9% were 

completed in noisy or very noisy situations. This is consistent 
with previous research showing that older adults with hearing 
loss spent most of their time in quiet (Wu & Bentler 2012a). In 
quiet and somewhat noisy situations, the mean EMA-Speech 
scores were quite high (i.e., >8 points, or 80%). Therefore, it is 
not surprising that the EMA-Speech scores were essentially the 
same across the four HA conditions in the quiet, the somewhat 
noisy and even in the noisy categories (Fig. 6A). Research has 
shown that the benefit of HA features would be minimal when 
speech understanding is at the ceiling level (Walden et al. 2005; 
Wu & Bentler 2010a, 2012b). In the very noisy category, the 
feature-on scores were higher than feature-off scores by 14% 
(i.e., 1.4 points) and 9% for basic and premium HAs, respec-
tively. However, the difference was not statistically significant 
which may be due to the small number of survey responses in 
this noisiness category.

The statistical results of the EMA-Effort, the EMA-Loud-
ness, and the EMA-Localization were not consistent across 
noisiness levels (Figs. 6B–D). This was in part due to the sub-
stantial variation in sample size (number of completed sur-
veys) across the noisiness categories. The large sample size in 
the quiet and somewhat noisy categories allowed the analysis 
to detect very small outcome variation across the HA condi-
tions, while the large outcome difference in noisier situations 
might not be statistically significant due to the small sample 
size. Because statistical results are confounded by sample size, 
the data pattern across HA conditions and across noisiness lev-
els was inspected to obtain insight regarding the effect of fea-
tures and HAs. For the EMA-Loudness (Fig. 6C), there seemed 
to be a pattern of higher scores for feature-on than feature-off 
conditions, except for the somewhat noisy category. For the 
EMA-Localization (Fig.  6D), the outcome scores of the four 
HA conditions were almost identical in the quiet, somewhat 
noisy, and noisy categories, while in the very noisy category, 
the DM/NR features seemed to provide some benefit relative to 
no features. In contrast, the data of the EMA-Effort (Fig. 6B) 
did not show a clear pattern, especially across the noisy and 
very noisy categories. This could be due to that the direction of 
the visual analog scale of the EMA-Effort (right side indicat-
ing more effortful) was opposite to other EMA questions. Par-
ticipants might accidentally answer this question in the wrong 
direction, resulting in less reliable data. To summarize, the data 
pattern of the EMA-Effort, the EMA-Loudness, and the EMA-
Localization seemed to suggest that the feature-on condition 
had better outcomes than the feature-off condition. However, 
because statistical analyses results were mixed, there was no 
strong evidence to support any effects of features or HAs on 
listening effort, sound quality, and localization.

In contrast, the results of the EMA-Satisfaction were more 
consistent and robust (Fig. 6E). Participants were more satis-
fied with HAs in the feature-on conditions than the feature-off 
conditions across all noisiness levels. In very noisy situations, 
the DM/NR features could improve satisfaction by 1.2 points 
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(or 12%, basic HAs), which is considered clinically important. 
Finally, the results of the EMA-Global (Fig. 6F) were in line 
with the EMA-Satisfaction supporting the effect of DM/NR 
features. Neither the EMA-Satisfaction nor the EMA-Global 
provided robust evidence to support the effect of premium DM/
NR features and the effect of premium HAs.

In short, in-situ self-reports of the present study supported 
the effect of DM/NR features relative to no features. The evi-
dence supporting the effect of premium DM/NR features and 
premium HAs, however, was weak (Table 5).

Discrepancy Between Laboratory and Real-World 
Outcomes

Similar to previous studies that examined the effect of HA 
features (Gnewikow et al. 2009), the present study indicated 
that the effect of premium DM/NR features and premium HAs 
observed in the laboratory did not translate to the real world. 
Several reasons could explain the discrepancy between labo-
ratory and real-world outcomes. First, although statistically 
significant in the laboratory, the benefit of premium features 
might not be large enough to be noticed in the real world. For 
example, the just-noticeable difference of SNR measured in 
well-controlled listening conditions in the laboratory is 3 dB 
(McShefferty et al. 2015). Because most differences in HINT 
scores across the four HA conditions were smaller than 3 dB 
(Fig. 3A), participants might not notice the difference in the real 
world and therefore did not report it in retrospective and in-situ 
self-reports.

Second, the listening situations wherein premium DM/NR 
features and premium HAs could outperform their basic-level 
counterparts might not occur very often in the real world. In a 
study designed to characterize the behavior of automatic fea-
tures in the real world, Banerjee (2011) found that the DM and 
NR features of a mid-level HA model (compared with the cur-
rent technology level) were enabled only approximately 10% 
and 20% of the time, respectively. Therefore, it is unlikely that 
the premium DM/NR features would be enabled very often 
in the real world. If the benefit of premium features rarely 
occurred, participants might not remember or notice it enough 
to report it in retrospective questionnaires. In terms of in-situ 
self-reports, the number of the surveys that recorded the benefit 
of premium features would be too small for statistical analysis 
to detect significant differences. A smartphone-based EMA sys-
tem that allows smartphones to wirelessly retrieve the feature 
status information from HAs and use this information to trigger 
the delivery of surveys (e.g., surveys are triggered when DM is 
activated) could address this issue in future research.

Third, the benefit of premium features could be offset by 
the negative effect, such as distortions and artifacts, generated 
by these features. For example, although the wind NR feature 
could attenuate wind noise level, it could also degrade the 
speech (Ricketts et al. 2018 and Figs.  4A, B). In the present 
study, several participants reported that they did not appreciate 
premium HAs in the feature-on condition because they could 
hear HAs switching between processing schemes, which gener-
ated unpleasant distortions and artifacts.

Fourth, the benefit of premium DM/NR features and pre-
mium HAs observed in the laboratory might not be realized 
in the real world. For example, research has suggested that 
many real-world factors such as visual cues (Wu & Bentler 

2010a) could decrease the benefit of DM technologies. Further, 
although HA’s automatic algorithms may work well in simple 
and static sound fields in the laboratory, they may not enable or 
disable features appropriately in the complex and dynamic real-
world. For example, research has demonstrated that HA users’ 
voices could affect how automatic algorithms select micro-
phone modes (omnidirectional versus speech-seeking DM; Wu 
et al. 2013a). Ricketts et al. (2017) further suggested that the 
microphone mode (DM versus omnidirectional) selected by 
HA’s automatic algorithms was inappropriate 38% of the time 
in real-world listening situations.

EMA Methodology
Although in the present study, the results of the retrospective 

and in-situ self-reports were generally consistent, the EMA data 
were more informative than the retrospective questionnaires. 
For example, the noisiness information collected in each in-
situ assessment allowed the effect of features and HAs to be 
examined at different noisiness levels. More specifically, the 
data shown in Figure  6 indicated that the difference between 
feature-on and feature-off scores increased as noisiness level 
increased. In the very noisy category, the differences (especially 
in the satisfaction domain) could be as large as 10% (or 1 point), 
which is considered clinically important and is larger than those 
reported by retrospective questionnaires (3 to 4%). The EMA 
data further suggested that although DM/NR features could 
yield clinically important benefit, older HA users would rarely 
perceive this benefit because the very noisy category occurred 
only 2.7% of the time in the present study. Such context-specific 
information is not available from retrospective questionnaires.

Although EMA seems to be a useful methodology in HA 
outcome research, the EMA system used in the present study 
has room for improvement. First, the EMA questions used in the 
study were created specifically for the study and, therefore, their 
wordings and response formats were not vigorously validated. 
It would be beneficial to establish and validate a set of standard-
ized questions that can be used in future EMA research. Second, 
although a visual analog scale with a sliding bar allowed fine-
grained data to be collected, some participants reported diffi-
cultly using them on the small touchscreens of smartphones. 
A five- or seven-point scale with buttons could be a better 
response format for smartphone-based EMA. Third, very few 
surveys (11%) were completed in the noisy and very noisy cat-
egories in which DM/NR features are supposed to have a larger 
effect, precluding statistical analysis to detect significant dif-
ferences in these situations. A context-sensitive EMA system 
that can use smartphones or other sensors to characterize the 
environments and deliver surveys more evenly across different 
situations could address this issue.

Limitations
The present study has several limitations. First, the volume 

controls of the HAs were disabled. Although this would ensure 
that the study results are not confounded by volume control 
setting, it limits the generalizability to a clinical setting. Previ-
ous research has shown that the effect of HA signal process-
ing could be minimized if users can adjust the volume of the 
device (Souza & Kitch 2001). Second, the study procedures 
designed to blind the participants may have affected the results. 
For example, the DM/NR feature settings were set to the default 
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and were not fine-tuned during the field trial. Because the pre-
mium DM/NR features had more flexibility in setting adjust-
ment (e.g., strength and sensitivity) than the basic features, the 
effect of the premium DM/NR features might be underesti-
mated in the present study. To blind the participants regarding 
the HA technology, no technology details were disclosed and 
minimal training on how to use the manual program was pro-
vided. However, some features (especially DM technologies) 
may not yield their maximum effect if users do not know how 
the features work and when to use them. Further, the outcomes 
of the feature-off conditions could be slightly inflated because 
the participants were told that HAs were fully automatic (and 
therefore did not have selectable programs), which could lead 
to an impression of high-end technologies.

Third, all real-world outcomes of the present study were 
measured using self-reports. It is well known that self-reports 
are not always consistent with behavioral or physiological 
measures. For example, previous studies have suggested that 
listening effort measured using self-reported ratings are not 
necessarily correlated with the effort assessed using pupil-
lometry (Zekveld et al. 2010) and dual-task paradigms (Wu 
et al. 2016). Therefore, even though the perceived effort is not 
affected by DM/NR features or HAs in the real world (Figs. 5 
and 6), changes in listening effort might still occur.

Fourth, the older participants in the present study, who lived 
in eastern Iowa and northwestern Illinois, could have quiet life-
styles (Fig. 6). This might preclude them from perceiving the 
benefit of premium DM/NR features. It is unknown if the results 
of the present study could generalize to older adults who lived 
in urban areas and have very active lifestyles. Finally, the pres-
ent study examined only two HA models from one major manu-
facturer. Therefore, although the present study (HAs released 
in 2013) and the research by Cox and colleagues (2014; HAs 
released in 2011) used different devices but generated similar 
results regarding the effect of premium HAs, the generalizabil-
ity of the study results to other devices is unknown.

Future Data Analysis
Recall the present study was part of a larger study. The data 

collected for the larger study may help explain why the effect of 
premium features and HAs was observed in the laboratory but 
not in the real world. For example, the EMA survey designed 
for the larger study contained the questions that assessed the 
location of the listening activity (indoor, outdoor, or traffic) and 
the location of the talker of interest (from the listener’s front, 
side, or back). In the HA conditions wherein the HAs had a 
manual program (i.e., the basic-on and premium-on condi-
tions), the EMA survey also asked if the participant was using 
the default or manual program. With these data, it is possible 
to compare HA outcomes in specific real-world listening situ-
ations. Figure  7 shows the mean EMA-Satisfaction scores of 
the basic-on and premium-on conditions (1) in outdoor listen-
ing situations and (2) in the situations wherein the speech was 
from the side or back of the listener and the HAs were in the 
manual program (refer to as the “side/back speech” situations 
in the figure). See the figure legend for the details of these situa-
tions. It is hypothesized that the premium HA’s wind NR feature 
and speech-seeking DM (activated in the manual program of 
the premium HAs) could improve user’s satisfaction in outdoor 
listening situations which are often windy and in situations 

wherein speech was not from the front of the listener, respec-
tively. Figure  7 shows that the mean EMA-Satisfaction score 
of the premium-on condition is higher (better) than that of the 
basic-on condition by 7% and 9% in the two situations, respec-
tively, consistent with the hypothesis. However, likely due to 
the small number of the surveys completed in these situations, 
none of the differences between the basic-on and premium-on 
conditions shown in Figure 7 are statistically significant. These 
results seem to suggest that the premium HAs could outperform 
their basic-level counterparts, despite the relatively low occur-
rence of these situations in the real world. More analyses on 
the EMA data to explore the relationship between HA features 
and listening situations are needed. Further, the audio record-
ings collected for the larger study could be used to characterize 
the listening environments (Klein et al. 2018; Wu et al. 2018), 
which might be useful in explaining the effect of HAs and fea-
tures in the real world.

CONCLUSIONS

The present study investigated the laboratory efficacy and 
real-world effectiveness of premium DM/NR features relative 
to basic features, of premium HAs relative to basic HAs, and 
of DM/NR features relative to no features. Outcomes regard-
ing speech understanding, listening effort, sound quality, local-
ization, and satisfaction were measured using laboratory tests, 
retrospective self-reports, and in-situ self-reports. Results of 
laboratory tests supported the effect of premium DM/NR fea-
tures, premium HAs, and DM/NR features on improving speech 
understanding and localization accuracy. Laboratory data 

Figure 7. Mean EMA-satisfaction scores of the basic-on and premium-on 
conditions in two types of listening situations. For the “outdoor” situations, 
only the surveys that meet the following criteria are included: location of 
the activity = outdoor; noisiness = somewhat noisy, noisy, or very noisy. For 
the “side/back speech” situations, only the surveys that meet the following 
criteria are included: speech location = side or back; noisiness = somewhat 
noisy, noisy, or very noisy; hearing aid program = manual program. For 
both listening situations, only the participants who had survey data from 
both of the basic-on and premium-on conditions are included (19 and 7 
participants in the outdoor and side/back speech situations, respectively). 
The numbers of the survey completed in each type of the situation are 
shown at the bottom of the figure (basic-on and premium-on combined). 
EMA indicates ecological momentary assessment.
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also suggested that DM/NR features could improve listening 
effort and sound quality compared with no features. However, 
although both retrospective and in-situ self-reports demon-
strated that participants were more satisfied with HAs when the 
DM/NR features were turned on than turned off, there was no 
strong evidence to support the effectiveness of premium DM/
NR features and premium HAs in the real world. The study has 
limitations that concern its generalizability, including disabled 
HA volume controls (which could overestimate the effect of 
features), minimal participant training on features, and par-
ticipants’ quiet lifestyles (which could underestimate the effect 
of features). Despite these limitations, the present study sug-
gests that although both premium and basic DM/NR technolo-
gies evaluated in the study have the potential to improve HA 
outcomes, older adults with mild-to-moderate hearing loss are 
unlikely to perceive the additional benefits provided by the pre-
mium DM/NR features in their daily lives.
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