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Introduction: Current hearing aids have an abundance of feature options and

technologies. It is important to understand the clinical impact of hearing aid

technology selection and how to individualize fittings to optimize hearing

aid performance according to listening environment. To probe the naturalistic

listening experiences researchers can use in-situ outcome measures. Survey-

based real-world assessments can increase knowledge of hearing aid users’

everyday scenarios, beyond the limits of lab-based scenarios. This study aimed

to assess the relationship between subjective preference ratings of adult listeners

and hearing aid technology level using Ecological Momentary Assessment (EMA).

A secondary research question explored survey completion as a function of

real-world participation in socially involved situations.

Methods: This study aimed to capture and assess in-the-moment listening

situations and participant preference for hearing aid technology levels, using

EMA through an app-based survey. Surveying was completed indoors (at home),

indoors (away from home); and outdoors, and while in a listening situation with

at least one communication partner. Fourteen older adults, aged 61–82 years,

who were experienced bilateral hearing aids users were included in this study.

Participants completed a 2-week acclimatization period wearing study-provided

hearing aids, and a 2-week data collection period. In-situ surveying was used to

evaluate technology-level preference in real-world listening situations with at

least one communication partner. Survey data captured in-the-moment details

surrounding environment, activity, and listening preference. Mixed methods

were used to analyze the data, including Bayesian analyses for preference data

and content analysis for text-based survey responses, including the use of

the International Classification of Functioning, Disability and Health to guide

activity categorization.

Results: Across a wide variety of categorized activities, participants

demonstrated a preference formid- to high-level hearing aid technologies when

compared to the lowest level. Technology preference also varied according to

reported activity location.

Discussion: The use of in-situ surveying provided a broader understanding of

hearing aid users’ listening environments when conversing with one or more

communication partners and related technology preferences. EMA was found
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to be a feasible method of data collection for this cohort and may help guide

clinical, person-centered selection of technology level.

KEYWORDS

Ecological Momentary Assessment, hearing aids, listening e�ort, loudness perception,

self-report, patient preference

1 Introduction

Hearing aid technologies are traditionally evaluated using in-
lab measures involving pre-recorded stimuli and sound treated
rooms. These methods are effective in establishing performance
benchmarks using standardized materials; however, resulting
outcomes may not generalize to performance in real-world
listening situations. When looking at the correlates of hearing aid
use, research suggests that adult hearing aid users are likely to
be involved in more social activities than nonusers (Sawyer et al.,
2019). Furthermore, participation in socially involved listening
situations (defined as a listening environment where the hearing
aid user is involved in conversing with one or more people) is
one of the most important use cases for hearing impaired listeners
wearing hearing aids (Sawyer et al., 2019; Holman et al., 2021).
Hearing aid users often report difficulties in challenging socially
involved listening situations, including effects on social isolation
and emotional wellbeing (Yadav et al., 2023). Social interactions
generally involve one or more communication partners, with
increased communication effort in the presence of background
noise (Pasta et al., 2022). Recognizing situation-specific challenges
can help address technology needs.

To better probe the naturalistic listening experiences from
the user’s perspective, researchers often incorporate outcome
measurement options, such as real-world assessments involving the
use of surveys, questionnaires, or interview-style follow-up. This
allows for the exploration of everyday scenarios encountered by
users of hearing aids in real life. With the abundance of feature
options and technology levels available in current hearing aids, it
is important to learn how to best individualize fittings, to optimize
hearing aid performance for each listening environment, and to
utilize hearing aid technology to the fullest.

Experience Sampling Methods (ESM) can be used to collect
data surrounding unique real-world listening environments. One
type of ESM that captures repeated sampling of participants’
behaviors and experiences in real-world natural environments is
known as Ecological Momentary Assessment (EMA; Schinkel-
Bielefeld et al., 2020; Shiffman et al., 2008). EMA data can

Abbreviations: 4PTA, Four frequency pure-tone average; CI, Credible interval;

Db HL, Decibels Hearing Level; DB SPL, Decibels Sound pressure level;

EMA, Ecological Momentary Assessment; ELPD, Expected log predictive

density; ESM, Experience Sampling Methods; ICF, International Classification

of Functioning, Disability and Health; MCMC, Markov chain Monte Carlo; P,

Program; PSIS-LOO, Pareto smoothed importance sampling leave-one-out

cross-validation; RECD, Real ear to coupler di�erence; RIC, Receiver-in-the-

canal; SE, Standard error.

be collected in-the-moment via questionnaires delivered through
paper-and-pencil survey formats or through electronic surveys,
during or shortly after an activity of interest (often referred to
as real-time sampling, or near-real-time sampling). Studies that
use traditional survey methods are often subject to systematic
errors in self-reporting resulting from memory decay, also known
as recall-bias (Khare and Vedel, 2019). This memory decay
occurs when participants are required to retroactively complete
surveys that are not simultaneously occurring with the activity
of interest. This bias is reduced by using EMA, which allows for
the assessment of individual experiences in day-to-day life and
in real-time, when using mobile devices to administer (Shiffman
et al., 2008). In a recent study, in-situ self-reports collected through
EMA methods were found to be more sensitive to measures of
outcomes between different hearing aid listening conditions than
retrospectively collected data (Wu et al., 2020). EMA is described
as a feasible and valid research methodology to assess hearing aid
users’ individualized hearing experiences and can inform more
responsive, personalized, and family-centered hearing care (Galvez
et al., 2012; Glista et al., 2021; Timmer et al., 2017; Wu et al.,
2015; Xu et al., 2020; Christensen et al., 2024a; Vercammen et al.,
2023). While EMA can be used to collect information at certain
times or upon detection of specific environmental parameters (e.g.,
through hearing-aid integrated applications), it is also commonly
self-initiated, allowing listeners to decide when an event of interest
takes place as the trigger to report on their experiences by manually
accessing a survey (Holube et al., 2020). Additionally, EMA can
provide the opportunity to describe experiences or environments
using an open-text field.

Mobile device-based EMA methods have been used more
recently to capture daily life listening experiences from individuals
wearing hearing aids (Wu et al., 2020, 2015, 2023). One common
type of evaluation completed using EMA is a preference assessment,
which can be used to help assess an individual’s understanding
and provide clarity of their personal values, health care situations,
treatment options, and likely outcomes through an iterative,
cognitive process (Brennan and Strombom, 1998). Preference
ratings are highly valued by clinicians as one of the most important
factors in decision-making processes, especially when considering
patient-centered care (Boisvert et al., 2017; Bridges et al., 2012).
Additionally, being able to infer preference in real-world settings
using EMA, may make clinical decision-making about hearing aid
technology levels more relevant and contextualized for the hearing
aid users. Outside of EMA methods and over the past decade,
studies have begun to focus on end-user preferences for different
technology levels, including a comparison of basic and premium
hearing aids, evaluations with new hearing aid users, evaluations
of audiological parameters such as noise reduction, brightness,
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and soft gain, and in field trial or lab-based environments (Pasta
et al., 2022; Christensen et al., 2024a; Cox et al., 2016; Hausladen
et al., 2022; Plyler et al., 2021; Saleh et al., 2022; Houmøller
et al., 2023; von Gablenz et al., 2023). Several of these field trial
studies used recall-based assessments, identifying that participants
indicated varying levels of preference for premium hearing aids,
from just over half, to a strong majority (Hausladen et al., 2022;
Plyler et al., 2021; Saleh et al., 2022; Christensen et al., 2024b). In
contrast, Cox et al. (2016) found no significant differences between
hearing aid technology level preferences across four pairs of hearing
aids from various brands. While there are studies evaluating
technology levels and user preference, there remains a gap in
the literature surrounding knowledge of users’ in-the-moment
preference for real-world scenarios, rather than retrospective
evaluation or simulated environments, and evaluations of hearing
aid technology levels beyond basic and premium. Additionally, no
studies were found to capture the complexity of a listening situation
through the use of pre-established categorization frameworks.

Hearing aid manufacturers spend considerable research and
development resources creating new and updated iterations of their
technology (referred to as platforms). These platforms are offered
at different price points (often associated with technology level)
that are differentiated by varying degrees of device performance.
Typically, the latest product at the highest price point will include
the newest features and offer the best performance. Products at a
lower price point may not offer the newest features or will offer
features with reduced performance capability. For example, the
highest price point may include an automatic program that can
characterize the listening situation based on acoustic classification
and adjust the performance according to the demands of the
situation. Such a product may have a fine resolution in acoustic
classification (e.g., number of classes) and included the latest signal
processing features. At lower price points the device may still
include an automatic program, but with fewer situations that can be
detected and may not include the most advanced signal processing
features or reduced performance of the features that are available.
Portfolios of hearing aid technology levels are often marketed to
the consumer as successive “sophistication levels”, ranging from
entry-level devices to premium, each of which provide a prescribed
set of features or feature capabilities. More channel numbers or
levels (i.e., feature potential) have been found to relate to more
technologically advanced devices, with the potential to be fitted
with a higher level of sophistication (Lansbergen and Dreschler,
2020). Innovations such as environmental adaptation and binaural
data streaming may be embedded in higher-end devices, whereas
more simplified technologies would be incorporated into basic-
level devices, such as limited environmental classifications,
fixed microphone directionality, and fewer compression channels
(Hausladen et al., 2022; Plyler et al., 2021; Johnson et al., 2016).
Although cost often plays a large contributing role in device-level
selection, there may be perceptible differences in sound quality,
listening difficulty/effort, and program options that may influence
end-user decisions (Johnson et al., 2016). It is important to note
that perceptual differences may be viewed as a benefit to some
hearing aid users and as a barrier to use for others (Searchfield et al.,
2024; Windle et al., 2023). As part of a holistic aural rehabilitation
and fitting process, these functional differences may have a greater

contribution than device cost in influencing the listener’s overall
experience with their hearing aids, including how they perceive
daily life activities.

To better understand the activities that hearing aid users
engage in as a function of real-world hearing aid use, we can use
classification frameworks, such as the International Classification
of Functioning, Disability, and Health (ICF) (World Health
Organization, 2004) or the common sound scenarios (CoSS)
(Wolters et al., 2016). These frameworks offer further information
a common language for describing health-related states. For
example, the ICF domain activities and participation offers
classification information including (1) learning and applying
knowledge; (2) general tasks and demands; (3) communication;
(4) mobility; (5) self-care; (6) domestic life; (7) interpersonal
interactions and relationships; (8) major life areas; and (9)
community, social, and civic life. The CoSS can be used to
categorize a listening environment into (1) main intention
categories (speech communication, focused listening, and non-
specific), (2) task categories (number of people, live or media
device sounds, or monitoring surroundings and passive listening),
and (3) the sound scenario (conversation at home, conversation
on metro, meeting in office, car ride with family, phone call at
home, mobile call in the street, lecture, at a concert, watching tv,
listening to car radio, vacuum cleaning, city walk, relaxing with
a book, relaxing on train). The ICF framework was selected to
categorize the execution of a task of action, related to participation
in conversation with listening partner(s), without overlapping
with additional survey questions or evaluating listeners’ intent.
The use of the ICF classification framework for the purpose of
collecting and distilling important details linking hearing aid users’
technology preference with associated daily activities is a novel
addition to field trial literature. The current study is part of a
larger project investigating objective and subjective metrics of
hearing aid technology level in socially involved situations. The
primary objective of this study was to assess the correlation between
subjective preference ratings of adult listeners and hearing aid
technology level using in-the-moment EMA methods. Specifically,
this study explored technology level (or maximum reported device
performance by product price point) separate from automatic
configuration depending on device classification of listening
situation. Device-level preferences were evaluated in the context
of participant location at the time of EMA surveys, as well as
participant-reported background noise exposure. The secondary
objective of this study was to investigate the open-text responses
of the EMA survey using content analyses to guide systematic
categorization of activities reported.

2 Methods

2.1 Participant characteristics

This study was approved by the Western University Research
Ethics Board. All participants received details of the study in the
form of an electronic letter of information and provided electronic
written consent prior to participation. Fourteen participants, with
an equal split of males and females between the ages of 61 and
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82 years (M = 71.9; SD = 6.3), were recruited to participate in
this study. One additional participant withdrew during the trial
period of the study, prior to initiating data collection, due to
health-related reasons, two participants were deemed ineligible to
participate due to their hearing loss falling outside the fitting range
of the devices used for the study. This study took place following
the onset of the COVID-19 pandemic, with participant enrollment
beginning in December 2021 through to September 2022. Study
delays and participant recruitment challenges related primarily to
public health restrictions and/or participant illnesses. Participants
were recruited from a database held at the National Center for
Audiology and using snowball sampling methods.

Participants were included in the study if they fulfilled the
following criteria: (a) adult listeners (minimum 18 years of age);
(b) those with self-reported frequent social interactions with one
or more friends, family members, or acquaintances; (c) those who
presented with symmetrical mild to severe hearing loss thresholds
[with a four frequency pure-tone average (4PTA), calculated using
500, 1,000, 2,000, and 4,000Hz values, not exceeding 70 dB HL,
bilaterally; symmetry not exceeding 15 dB HL using the 4PTA], and
(d) with at least 12months’ experience of hearing aid use (American
Speech-Language-Hearing Association, 2020; Dawes and Munro,
2017; Yamada et al., 2017). Participant self-reported frequency
of social interactions suggested that participants would be able
to fulfill the required social interaction component of the study,
reducing barriers to participate for those whomay bemore prone to
social isolations. Air conduction audiometric assessment included
pure-tone threshold measurement at octave and inter-octave
frequencies between 250 and 8,000Hz, in addition to otoscopy and
middle ear analyses. Participants were also required to be able to
use the technologies involved in the study on their own with a
pre-trial demonstration, the hearing aids (including the program
and volume toggle and the charging unit), and the Bluetooth
functionality of the tablet. These capabilities were assessed by a
member of the research team at the initial appointment.

2.2 Hearing aid fitting

Participants attended 2–3 appointments during this study,
depending on whether the participant required additional hearing
aid adjustments. During the first study appointment, participants
underwent audiometric threshold measurements and real ear to
coupler difference (RECD) measures. In the case that a recent
clinical audiogram was available (i.e., within 6 months), the recent
audiogram was then used as the basis for the hearing aid fitting.
Participants were loaned Unitron Discover Next (DX) Moxi Move
rechargeable hearing aids, fitted with medium power (M) receivers.
Participants were fit with vented domes (n = 10), power domes
(n = 2), or open domes (n = 1), and one participant was fit
with a vented dome in one ear and an open dome in the other;
dome selection (herein referred to as acoustic coupling) depended
on (1) evidence-based best fit for their hearing loss, (2) previous
experience, or (3) participant preference. On-ear hearing aid fitting
included the application of the DSL v5.0 adult prescriptive method
(Scollie et al., 2005), incorporating foam-tip RECD values and
real-ear probe tube measurements using the Audioscan Verifit

2 (Version 4.24.4). Fine-tuning was completed using the Verifit
2 standard speech signal at input levels of 55, 65, and 75 dB
SPL, and for tone bursts at 90 dB SPL to assess the maximum
power output. Further adjustments were made to the hearing aids
to address participant subjective reports. Fit-to-target deviations
were within 5 dB root mean square error using 500, 1,000, 2,000,
4,000, and 6,000Hz, for speech input levels at 65 dB SPL, aligning
with recommendations for hearing aid fittings (Baker and Jenstad,
2017; Brennan et al., 2017; Dao et al., 2021). In addition, feedback
optimization was enabled for three participants and frequency
compression for seven participants. Frequency compression was
activated to maximize audibility of calibrated/s/stimuli and verified
using on-ear measurements (Scollie et al., 2016).

2.2.1 Hearing aid configuration
In studies evaluating hearing aid technology levels, it is often

necessary to have the different technology levels represented in
different pairs of hearing aids. For the purposes of this study, it
was not feasible to provide the participants with three different
pairs of hearing aids to fully represent the technology levels, where
greater burden would have been placed on the participants to
bring along additional hearing aids and swap out the devices
during each listening environment evaluation. Instead, we created
manual programs which emulated the best capability that could be
delivered at each product price point. This was achieved through
creating three user activated (manual) programs, removing features
and reducing the performance capability of the remaining adaptive
features in each consecutive manual program. It is acknowledged
that the use of manual programs removes the benefits of an
automatic program that can adjust the HI performance based on
classification of the situation. Instead, this investigation focused
on the subjective benefit of the emulated technology levels when
each manual program was user activated and delivered the best
performance that would be possible in that device (when running
in a fully automatic mode).

The study worn hearing aids included the highest technology
level of the Unitron Discover Next hearing instruments, with
access to the automatic program and the specifically configured
manual programs. The automatic program (termed SoundNav)
automatically adjusts the strength of the signal processing features
based on an environmental classification (i.e., conversations in
quiet, small group, crowd, and noise; no conversation in quiet
and noise; and music). For this study, hearing aid configuration
included four programs (Table 1): Program 1 (P1) was set to
SoundNav; Programs 2 through 4 (P2, P3, and P4) included
manual programs that did not include the use of SoundNav. P1
functioned as the base fitting program in which individualized
frequency gain adjustments were made; this was held constant
across all manual programs. For the automatic program (P1),
each signal processing feature’s maximum strength varied based on
environmental classification.

For all programs, the amount of signal processing adjusted
adaptively between a setting of zero and the maximum fitted
strength. For noise reduction and speech enhancement, the amount
of signal modification was adaptively adjusted based on the signal-
to-noise-ratio (SNR) and the fitting strength of the feature. The
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TABLE 1 Comparison of signal processing features and settings across programs representing varying technology levels.

Feature Program 1 Program 2 Program 3 Program 4

Program access Automatic (SoundNav) Manual Manual Manual

Technology level Adaptive Premium Mid Basic

Sound optimizationa Range 1–6 Strong (6) Moderate (4) Weak (2)

Speech enhancement Range 0–3.2 dB +3.6 dB +2.8 dB +2.0 dB

Noise reduction Range:−5.8 to 0 dB −6.4 dB −5.2 dB −4.0 dB

Optimization for
localization/speech understanding

Pinna effectb or fixed wide directional SpeechProc with fixed wide directional Fixed wide directional Spatial awareness

aIncorporates speech enhancement and noise reduction with microphone strategy to maximize signal to noise ratio (Howard, 2014).
bPinna effect is enabled for conversation in quiet or small group, no conversation in quiet, andmusic; fixed wide directional is enabled for conversation in a crowd or in noise and no conversation

in noise.
cIncludes ability to dynamically locate a target speech signal in one of four quadrants (front, right, left, back) around a listener and to modify directionality, noise cancellation, and speech

enhancement, including asymmetrically for speech targets to the side.

microphone mode included a level dependent characteristic such
that at average and lower input levels the microphone mode
replicated a head related transfer function, while at higher levels
the fitted strength determined the microphone mode (such as an
adaptive directional beamformer).

The three manual programs under investigation were
configured to offer the maximum signal processing of each
feature representative of three different technology levels (highest,
mid-level, and lowest). The manual program which emulated the
highest technology level included the ability to binaurally and
asymmetrically adjust several adaptive features (the beamformer,
noise canceller, and speech enhancement) based on the location
of a speech target in one of four quadrants around the listener
(for SpeechPro, the device performance was asymmetrical for
speech targets to the side). The other two manual programs
which emulated lower price points did not include the ability to
modify performance based on a speech target location and did
not include any asymmetrical adjustments. The manual program
which emulated the lowest technology level included a restricted
beamformer setting which replicated an average head related
transfer function.

To reduce the likelihood of bias, the automatic program
was configured to perform similarly to a mid-level device.
Specifically, in the automatic program, SpeechPro was disabled
(the microphones were configured as a fixed wide directional
beamform) and the adaptive signal processing features (speech
enhancement and noise cancellation) were set to a mid-level
strength (not the maximum that would be achieved in the
highest-level technology product). For all manual programs, the
following features were kept at default settings: Wind control
(off), AntiShock2 (Moderate), Phase Canceller (Moderate). Feature
modification included functionality for speech understanding,
localization, and noise reduction.

Programs were preloaded into the hearing aids to limit
the number of times the participants had to return for fitting
modifications during COVID-19. Participants were instructed
to stay in P1 during the acclimatization phase of the study,
which also remained the default program throughout the study.
P2, P3, and P4 were manually accessible using the multi-
function button with program switching functionality (on the
top of the hearing aid). Participant instructions for accessing

programs P2 through P4 during the trial period included
randomization (refer to Phase 2). The use of manual programs
made it possible to provide the equivalence of three different
hearing aids in the one device by replicating the feature settings
that are commercially offered in the chosen technology level.
Participants were single blinded to all aspects of hearing aid
program feature settings. Participants were instructed to identify
the different programs through the number of beeps presented
when toggling between the programs (e.g., P2 beeped twice, P4
beeped four times).

2.3 Study phases

Following the hearing aid fitting portion of the study, each
participant began a two-phase real-world hearing aid trial. Phase 1
consisted of a 2-week acclimatization period allowing participants
to become familiar with the new study-worn hearing aid fitting.
If participants required additional fine-tuning or adjustments
to their study hearing aids, they were instructed to contact
the research team prior to beginning the next phase. Phase 2
included a data collection period, spanning a minimum of 2 weeks,
and included the use of a proprietary EMA survey application,
MobEval3, to survey contextual and perceptual information. This
app was installed on loaner tablets (Asus ZenPad 8.0 or Samsung
Galaxy Tab A7 Lite- 7

′′

or A8- 8
′′

) that were provided to
participants for the duration of the trial, along with a travel
case. The tablets did not require internet access; all data was
stored locally on each device. During the hearing aid fitting
appointment, participants were given a personalized tutorial of the
physical hearing aid features (volume/program switches/charging),
tablet features (power and applications), and survey execution
within the app. Participants practiced utilizing all features in
the laboratory, with a member of the research team until
they were comfortable with the technology, prior to starting
the trial. Participants also received paper instructions outlining
general hearing aid use guidelines and all study procedures; these
instructions contained both written and visual representations
of the steps involved. Paper instructions were presented to
participants to refresh participants on study steps following the
acclimatization period.
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2.4 Data collection

2.4.1 Ecological Momentary Assessment
Following the 2 week acclimatization phase, participants were

asked to complete EMA surveys using event-based monitoring
(Shiffman et al., 2008), in alignment with three pre-identified
listening situations over a 14-day period. In this study, participants
were instructed to complete surveys when in a social listening
situation with at least one communication partner. In addition,
they were instructed to complete a minimum of three surveys
in each of the following situations, for a total of nine surveys:
(1) indoors (at home), (2) indoors (away from home), and (3)
outdoors. If a participant chose to collect extra survey data, these
data were included in the analyses. Each survey contained a series
of short questions and ratings of their listening activity with
paired comparisons of hearing aid program preference. Participants
were instructed to stay in a listening situation for a minimum
of 2minutes prior to initiating an EMA survey. EMA responses
were collected using a variety of question types, including multiple
choice, text-based responses, and Likert response scales. A study
checklist was provided to each participant to allow them to
keep a record of the listening situations they had completed.
EMA studies often include prompted survey entries using random
or scheduled notifications; however, the research team felt that
notifications would not align well to the pre-determined location
types, therefore, this study allowed the participants to select the
days and times in which they completed the surveys in situations
of interest and in the pre-determined location types. Reporting of
communication partner type was included as part of the EMA (refer
to Section 3.3).

The EMA portion of this study first surveyed participant
eligibility according to their in-the-moment involvement in a social
situation (with one or more communication partners). In the
case where a participant indicated they were not with at least
one communication partner, the survey was terminated, and the
participant was directed to repeat the survey in an appropriate
situation. In the case where the participant indicated they were
in an eligible social situation they were prompted to continue
the survey.

The EMA survey next collected information to better describe
the listening situation the participant was in. Participants were
asked to categorize their listening location as either: indoors
(at home), indoors (away from home), or outdoors. This was
followed by a prompt to include a text-based description of the
activity completed in the specified location. Participants were also
asked to indicate how many people they were with, according
to the following categories: a partner (1), a small group (2–
3), or a large group (4 or more); this was followed by a
prompt to enter a text-based description of the people/person
they were with (provided examples included “my spouse”,
“my two children”). In addition, participants were asked to
indicate where their communication partner(s) was in relation
to themselves (e.g., located to the front, to the side, or behind).
To subjectively assess the presence and type of background
noise, participants were asked if they could hear background
sounds during the EMA survey; if they answered “yes,” they
were then asked to describe the noise as either speech, music,
or non-speech.

The next step of the EMA survey was to assess program
preference. Depending on the testing condition, participants
were asked to toggle to their first evaluation program (P2,
P3, or P4), and were then prompted to toggle between the
remaining programs to make their evaluations. They were asked
to be in the chosen listening situation for at least 2min and
to indicate a preferred program or no preference according
to blocks of program pairs (e.g., P4 vs. P2, P2 vs. P3, and
P3 vs. P4); these were presented as multiple-choice questions;
evaluation order varied between the five testing conditions.
All surveys included the same questions; however, the order
of preference testing differed; individual program ratings were
set to occur in different orders (testing order could have
included P3–P4–P2, as one example). Using block randomization,
participants were assigned to one of five pre-determined EMA
testing orders.

2.5 Data analysis plan

Data from the MobEval3 application were stored locally on
each tablet and exported upon each participant’s completion
of Phase 2. Survey data were analyzed using mixed methods
with the application of descriptive and statistical analysis to
draw quantitative inference and content analyses to describe
qualitative data.

2.5.1 Mixed methods analyses
2.5.1.1 Text-based content analyses

An content analysis approach was used to guide a systematic
categorization scheme for the open text-based responses reported
as part of the EMA (Huxley, 2020). Activity-based responses were
categorized in alignment with the World Health Organization’s
International Classification of Functioning, Disability and Health
(ICF) using the Activities and Participation categories (World
Health Organization, 2004); this provided a description of the
types of listening activities across location types, in which the
preference data was collected. The ICF categories are separated
according to broad coding, first level, and narrowed down to
second- and third-level coding. A member of the research team
coded each text-based response, verified by a secondmember of the
team. Coding applied the ICF in a systematic manner, including
categorizing activities into the nine first level codes. For example,
the activity “having supper with my spouse” was categorized as Self-
Care (ICF D5), Domestic Life (ICF D6), and as Communication
(ICF D3). A second-level item coding method was used, as
applicable, for each written entry in the EMA based on participant
involvement in a life situation (World Health Organization, 2004).
For our example, Self-Care was categorized into Eating (ICF
D550) and Domestic Life was categorized into Other Specified
Domestic Life such as discussing day’s appointments with spouse.
A common component of the ICF is the evaluation of capacity and
performance; this evaluation was beyond the scope of the current
study. Communication-partner-based responses were categorized
according to perceived familiarity (immediate family, extended
family or friends, acquaintances or groups, and strangers or
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tradespeople); one text-based entry could have multiple categories
of communication partners.

2.5.1.2 Generalized linear mixed e�ects regression

analyses

Quantitative data analyses were conducted with a generalized
linear mixed effects regression model under a Bayesian framework.
This Bayesian framework estimates the joint probability
distribution of generative model parameters (Leijon et al.,
2023). Our model implemented an extension of the Bradley-Terry
model to allow for ties in preference ratings (i.e., no preference)
to model paired-comparison preference (Critchlow and Flinger,
1991). We included contrast-coded programs (e.g., P3 and P4),
location, background noise type, and the interaction between
location and background noise type as population-level effects with
varying effects for participants. The model was constructed using
the Stan programming language (Carpenter et al., 2017) through
the cmdstanr package (Gabry and Cešnovar, 2021) in R statistical
computing software (R Core Team, 2022).

The model estimated a posterior distribution of the probability
of preference rating for each combination of participant, location,
and background noise type for each Markov chain Monte Carlo
(MCMC) iteration (Gallagher et al., 2009). To derive a single
estimate of preference ratings for each participant, location, and
background noise type, a sum-score was calculated for eachMCMC
iteration as follows:

Sum− Scoreiteration =

5
∑

k=1

(

p
(

k
)∗

k
)

where p(k) is the probability of each preference rating. A
sum-score represents the means of the probability distributions
for each response choice, i.e., the central tendency of the
response distributions.

3 Results

3.1 Participants

A total of 14 individuals participated in this study. Participants
presented with mild to moderately severe symmetrical hearing
losses according to better ear 4PTA values (M = 47, SD = 7.3).
The range in group-level pure-tone audiometric thresholds, as well
as group-level mean thresholds per ear, are displayed in Figure 1.
Between-ear symmetry ranged from 0 to 15 dB HL, across all
participants. Audiometric thresholds were measured using a GSI
AudioStar Pro audiometer with ER-3A insert earphones coupled to
foam tips; middle ear analyses were completed using a Titanmiddle
ear system as a screen for normal middle ear function.

3.1.1 Social interactions
Participants reported daily social interactions (71%) or frequent

interactions (29%), as defined by their report of interaction within
the last 3 days. Many participants reported living with one
person (50%), living alone (14%), or living with two or more
people (7%); the remaining participants did not report their living
situation (29%).

FIGURE 1

Mean group-level and individual audiometric thresholds.

3.1.2 Participant experience with technology
Thirteen participants reported owning receiver-in-the-canal

(RIC) hearing aids of various makes/models outside of this study
(one participant was unable to report this information). All
participants were experienced hearing aids users, with at least
1 year of hearing aid experience. Twelve participants reported
wearing hearing aids for at least 8 h per day, in their daily
life, with the remaining two reporting 6 h or less of hearing
aid use.

When asked to report on mobile device ownership and
usage, most participants reported owning a tablet (n = 12),
smartphone (n = 12), and/or laptop/desktop (n = 13), with
variable ratings of smartphone or tablet comfort level [novice
(n = 1), average (n = 7), above average (n = 5), and
expert (n = 1)]. Ten participants reported using these devices
every day, in situations both inside and away from their
home. When asked how they felt about using new mobile
applications (apps), eight reported that they would be comfortable
using apps on their own and two indicated that they would
need help.

3.2 EMA survey compliance

Participants were asked to complete nine surveys each over
their 2-week period, for a total of 126 surveys. In fact, participants
completed 128 surveys (102% compliance; Table 2). On one
occasion a participant initiated a survey and indicated they were
in a listening situation without a communication partner, hence
the survey self-terminated and is not included in the analysis,
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TABLE 2 Participant survey compliance by location.

Participant Completed surveys

n (% compliance)

Indoors at home Indoors-away from home Outdoors

1 2 (67) 3 (100) 3 (100)

2 3 (100) 3 (100) 3 (100)

3 3 (100) 2 (67) 3 (100)

4 3 (100) 3 (100) 3 (100)

5 3 (100) 3 (100) 3 (100)

6 4 (133) 3 (100) 5 (167)

7 4 (133) 1 (33) 2 (67)

8 4 (133) 1 (33) 5 (167)

9 4 (133) 2 (67) 2 (67)

10 3 (100) 4 (133) 3 (100)

11 6 (200) 0 (0) 0 (0)

12 3 (100) 4 (133) 2 (67)

13 3 (100) 2 (66) 1 (33)

14 6 (200) 5 (167) 6 (200)

A 100% compliance rate was based on the collection of 3 EMA surveys per location.

Individual participant compliance rates varied from 66 to 188%
across all situations. Six participants completed the minimum
required location-specific surveys for each location; one participant
only completed EMA surveys indoors (at home). Participants had
the highest compliance in completing surveys indoors (at home),
with only one participant not completing the minimum three
surveys; compliance was lowest for indoors (away from home),
with six participants not completing the minimum surveys. The
group average compliance rate was 121% compliance indoors (at
home), 86% compliance indoors (away from home), and 98%
compliance in outdoor situations. Participants took an average
of 17 days to complete Phase 2 (SD = 9.16). Hearing aid
data logging was not used to measure compliance; the Log-
it-All feature (i.e., data logging) in the hearing aids is only
capable of capturing the cumulative average percentage of time
in each environment between fitting appointments and could not
have been used to capture details around hearing aid usage per
program, per day, or down to the exact time stamps required to
evaluate compliance. According to the data collected as part of
the EMA survey, the average completion time of the survey was
7:47min (SD = 4:07); this first included an average of 3:20min
of general questions used to describe the listening situation (i.e.,
location, communication partner, and type of background noise),
completed as part of the block-randomization. Participants first
assigned to P2 completed the general questions in an average
time of 3:08min, 3:16min (P3), and 3:52min (P4). Time stamps
that related to the program switching notification in the survey
were used to estimate how long each participant was in each
program for. Participants were in P2 for an average of 1:20min
(SD = 0:38), P3 for 1:15min (SD = 0:38), and P4 for 0:55min
(SD= 0:39).

3.3 Location-based activity and
participation

As all open-text responses contained communication aspects
and at least one communication partner, all data points were
coded as a communication activity (ICF: d3). The following
Activity and Participation domains applied to the dataset:
learning and applying knowledge (ICF: d1); mobility (ICF:
d4); self-care (ICF: d5); domestic life (ICF: d6); interpersonal
interactions and relationships (ICF: d7); major life areas (ICF:
d8); and community, social, and civic life (ICF: d9). Table 3
outlines the frequency of reported activities according to ICF
second-level coding and according to participant-reported
listening situation; sample statements and communication
partners are listed for each category. Communication partners
were described using open-ended responses and categorized
according to immediate family (68%), extended family/friends
(23%), acquaintances/groups (9%), strangers/tradespeople (5%),
and pets (2%).

3.4 EMA reported listening situations

Data from the 128 completed EMA surveys were analyzed
to better describe the listening situations experienced during the
project by this group of participants, as outlined in Table 4. EMA
surveys were completed in all three locations with 40% of all surveys
completed indoors (at home), 28% indoors (away from home), and
32% outdoors. Participants were in a variety of listening situations,
with most participants in situations with one listening partner
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TABLE 3 Listening activities by location and sample communication partner, according to ICF categorization.

ICF second-level code
(ID)

Paraphrased definition Sample statement
(communication partner/s)

Absolute frequency as reported per location n (%)

All locations
(N = 128)

Indoors at home
(N = 51)

Indoors-away from
home (N = 36)

Outdoors (N
= 41)

Communication (d3) Carrying out conversations All statements 128 (100) 51 (100) 36 (100) 41 (100)

Community, social, and civic life
(d9)

Engaging in organized social life outside
the family, including ceremonies,
recreation, and leisure (sports, crafts,
socializing), and political life.

Movie night gathering of six people, at
friend’s house discussing movie we’ve
just seen (three couples).

60 (47) 9 (18) 28 (78) 23 (56)

Domestic life (d6) Engaging in domestic and everyday
actions and tasks, including acquisition
of goods and household chores.

Shoveling snow in driveway (spouse). 56 (44) 36 (71) 3 (8) 17 (41)

Learning and applying knowledge
(d1)

Applying knowledge that is learned,
thinking, solving problems, and making
decisions. Including watching, listening,
and acquiring complex skills.

In a hockey arena watching a game (my
spouse, daughter, son-in-law, two
great-grandchildren).

22 (17) 20 (39) 2 (6) 0 (0)

Self-care (d5) Caring for oneself and looking after
one’s health. Including eating meals.

Eating dinner, with the humming of the
fish tank filter-system in the background
(partner).

12 (9) 4 (8) 6 (17) 2 (5)

Interpersonal interactions and
relationships (d7)

Engaging in basic and complex
interactions with people, including
formal, informal, and intimate
relationships.

[In a] hotel room, speaking with my
wife (spouse).

4 (3) 2 (4) 2 (6) 0 (0)

Mobility (d4) Movement including walking, running,
or climbing, and various forms of
transportation.

Walking to store from car (spouse). 4 (3) 0 (0) 1 (3) 3 (8)

Major life areas (d8) Engaging in education, work, and
employment.

In an online work meeting on laptop
with five people (five work colleagues).

2 (2) 1 (2) 1 (3) 0 (0)
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TABLE 4 Situation characteristics per location.

n (%)

Situation characteristics Indoors at home Indoors-away from home Outdoors Total

Total 51 (40) 36 (28) 41 (32) 128

Group size

A partner (1) 42 (82) 16 (44) 33 (80) 91 (71)

Small group (2–3) 5 (10) 8 (22) 3 (8) 16 (13)

Large group (4 or more) 4 (8) 12 (33) 5 (12) 21 (16)

Type of background noise

Non-speech 11 (22) 13 (36) 37 (90) 61 (48)

Speech 20 (39) 11 (30) 3 (7) 34 (27)

Music 4 (8) 1 (3) 0 (0) 5 (4)

Quiet, no noise 16 (31) 11 (30) 1 (3) 28 (22)

(71%), followed by a large group (four or more people; 16%), and
least often in situations with a small group (2–3 people; 13%).

Analyses according to type of background noise, including
whether the participant classified the noise as non-speech, speech,
music, or quiet, and the frequency of the noise (constant vs.
intermittent noise), yielded the following EMA results: background
noise as constant non-speech (31%), constant speech (22%), or
quiet/no noise (21%), with fewer instances of intermittent non-
speech (17%), intermittent speech (5%), and fewest situations
in constant music (4%). Table 4 displays results according to
background noise type, collapsing noise frequency categorization.

3.5 Hearing aid technology-level ratings
and preferences

Participants’ subjective listening preference across the three
technology levels were calculated using sum-scores for each
combination of program comparison, location, and background
noise type (Figure 2). Points represent the median preference
rating, error bars depict the 89% highest density credible interval
(CI), and asterisks indicate statistically significant preferences
(Kruschke, 2014). In most cases, the two higher technology levels
(P2 and P3) were preferred over the lowest technology level
(P4). In outdoor situations, the highest technology level, P2, was
preferred compared to P4 only in speech background noise. P2
was reported as the preferred program over both lower technology
levels (P3 and P4) in the indoors when away from home, when
the background noise type was speech, which is likely the most
challenging situation for listeners to participate in communication.
No significant differences were found for preference when in the
presence of music. Results from linear mixed effect regression
analyses are outlined in Supplementary material.

4 Discussion

This study presents findings specific to EMA data collected
during real-world, real-time situations and in socially involved

listening situations (i.e., including at least one communication
partner). Findings suggest that real-world data collection by adults
across various socially involved listening situations is a viable way
to collect preference ratings, and that some activities may yield
higher data collection patterns. Participants were asked to complete
surveys while in a situation that involved conversation in one of
three pre-defined listening situations: indoors (at home), indoors
(away from home), and outdoors.

In alignment with the current literature, the participants’
subjective preference ratings were evaluated using repeated
measurement using real-time in-the-moment EMA surveying
in complex listening situations, allowing for the evaluation of
technology using identical measurement processes (Christensen
et al., 2024a,b).We also asked our listeners to report on the listening
conditions under which the self-reports were made according to
classification of real-time (a) location (indoors at home, indoors
away from home, and outdoors), (b) background (quiet, non-
speech noise, speech noise), and (c) communication partner(s)
during data collection. We also asked participants to contribute
open-text responses to describe situation-specific activities that
they were engaged in while completing the EMA surveys; these
were analyzed using content analysis. Previous studies evaluating
listener preference for basic vs. premium hearing aid technology
level have included the use of back-to-back hearing aid trial
periods to evaluate fitting differences within and across hearing
aid manufacturers (Cox et al., 2016; Hausladen et al., 2022; Plyler
et al., 2021). In comparison, our study incorporated a shortened
trial period when evaluating signal processing features differences
within one device, using hearing aid programs that exemplified the
technology difference of interest.

More recent studies have incorporated smartphone-based EMA
systems to inform research designs. For example, EMA methods
have been evaluated as part of auditory lifestyle research (Xu
et al., 2020; Wu et al., 2018), to compare hearing aid technologies
(e.g., traditional vs. advanced noise reduction systems), describing
listening experiences as part of daily-life situations (Christensen
et al., 2024a,b), and to compare outcomes of different hearing
aid technologies using in-situ self-report applications (Wu et al.,
2020). In addition, EMA methods used to evaluate real-world
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FIGURE 2

Paired comparisons for preference according to location and background noise type. *Indicates significance.

effectiveness of advanced digital noise reduction have evaluated
different dimensions of listener experience, including satisfaction,
as part of larger lab and real-world test batteries (Wu et al., 2019).
The methods reported in this study incorporated a selection of
previously reported EMA methods including the assessment of
auditory lifestyle through mobile-based, real-time surveying, to
facilitate in-situmeasurement of listener preference for technology
levels. Multiple paired comparisons were used to evaluate three
levels of hearing aid signal processing features to gain a rich
understanding of listener preference in the context of clinically
relevant technology level options. The inclusion of real-world, in-
the-moment preference ratings via EMA methods provide insight
into hearing aid user technology preference, assessed as part of
socially involved listening situations. Data collection methods used
in this study therefore aimed to reduce participants’ recall-bias and
potential data collection burden, with the collection of multiple
preference ratings built into one real-world hearing aid trial.

4.1 EMA compliance by listening situation

A total of 128 EMA surveys with data aligning with each of
the pre-defined listening situations were captured. The requirement
for participants to have completed EMA surveys with at least
one listening partner present may have contributed to the lower
frequency of data collected for quiet listening situations, paired
with the high occurrence of non-speech categorized background
noise. Overall, data collection was lowest for outdoor situations,
when participants were experiencing background noise reported
as quiet (3%) or speech (7%). Further investigation is needed to
explore technology level preferences in outdoor situations and
without social distancing restrictions.

High EMA compliance rates were recorded as part of this
study, indicating effective completion of in-the-moment EMA
surveys accessed through a tablet as part of the participants’
daily lives. The highest number of EMA surveys were reported
to be completed during participation in activities related to
communication within their community, social, and civic life that
took place indoors (away from home), or in outdoor situations.
The second highest reported ICF category included activities
related to domestic life; EMA responses collected during these
activities were commonly reported indoors at home when learning
or applying knowledge, or when outdoors (often associated
with activities within the home’s property). The prevalence of
home-based findings may be attributed to the data collection
timeline occurring during the COVID-19 pandemic, with several
provincial lockdowns occurring during data collection and the
participants’ comfort level and/or ability to participate in social
activities away from the home. The least often reported listening
situations related to those experienced as part of major life areas,
including education, work, and employment. This likely related
to the participants’ ages, as most were retired, or may have
related to participant hesitance to complete the EMA survey
during work-based activities. The findings from this study can
therefore be generalized to a variety of listening situations,
inside and outside of the home, and as experienced by a
group of adult Canadian listeners that were socially engaged
during COVID-19.

4.2 Subjective preference

Participants reported a preference for both premium and mid-
level technology levels, when compared to the basic technology
level, for indoor listening environments (at home and away
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from home), and in environments that included background
noise categorized as quiet, non-speech, and speech; this trend
in preference was also reported when in outdoor listening
environments with background speech noise. Our application
of EMA used multiple response formats, including open-text
options to allow the listener to describe listening situation-
specific activities in greater details. This EMA application
has been reported to provide real-time insights into common
themes linked to hearing aid use and/or challenges (Vercammen
et al., 2023). In our study, commonly reported indoor activities
included conversations during meal consumption, when watching
TV, and when visiting with family members, whereas when
outdoors, commonly reported activities included conversations
while relaxing outside or while completing seasonal chores. A
preference for the premium-level technology, over the mid-
and basic-level technology, was indicated when listeners were
located indoors-outside home, when background noise was specific
to speech. When participants were located indoors-outside of
the home they commonly reported dining in restaurants and
participating in other group-based activities, such as sporting
events, and educational classes.

Findings from this study suggest that subjective preference
ratings for hearing aid technology level were influenced by both
the location of the listener, as well as the type of background
noise present, with a preference for mid-level and premium
technologies, compared to basic technology, across most socially
involved listening situations experienced as part of the study. These
findings likely relate to differences in the settings and features
activated across technology levels (refer to Table 1) that aim to
optimize listening in conversation, especially when in the presence
of noise. For example, the strength of the sound optimization
setting increased from the basic to the premium technology
level within this study, which may have contributed variations in
reported preference ratings associated with speech understanding,
comfort, and/or sound quality listening dimensions. In addition,
the premium level technology included an adaptive speech-
finding beamformer feature called SpeechPro (dynamic location
of target speech signal, including noise cancellation and speech
enhancement), which may have contributed to higher perceived
listening abilities when in conversations in noise and/or crowds.
Plyler et al. (2021), also examined post-trial preference for
similar premium vs. basic hearing aid features using recall-
based investigator interviews, and reported at the group level
these results were not found to be significant. The authors
concluded that examination of the laboratory and field trial
results revealed that listeners in highly-demanding listening
environments performed comparably or better with the premium
devices (Plyler et al., 2021). Participants in the current study were
engaged in complex and varied environments when completing
preference ratings, which included conversation with one or more
communication partners and in the presence of speech (27%)
or non-speech (48%) background noise as part of the activity.
In these contexts, Participants reported preference for the two
higher technology levels (P2 and P3) over the lowest technology
level (P4); with a greater preference, across locations, for P2
over P4. This study allowed participants to directly compare
technologies within the same environment, as part of their
daily life.

4.3 Limitations

One limitation of survey-based studies is the inability to
confirm whether participants completed data collection in the
self-reported activity at the logged times (Shiffman et al., 2008).
Time stamps of the EMA data suggest that surveys were not
completed at scheduled times or at consistent intervals. Participants
completed 27% of the surveys in the morning (between 6:00 and
11:59 a.m.), 30% in the afternoon (12:00–4:59 p.m.), and 56% in
the evening (4:59 p.m. or later). In addition, compliance rates
were recorded to be highest when EMA data was collected in
the home and dropped considerably when compared to EMA
data collection completed indoors-outside of the home. This
may be an indication of the participant’s ability to complete, or
their comfort around completing, survey-based tasks outside of
a more contrived situation, such as their home. Five surveys
were initiated with no responses selected throughout; this small
number of incomplete surveys may indicate that participants did
not feel the survey was too long. It is not possible to know the
number of situations that may have been of interest where the
participant did not feel comfortable taking the time to complete
a survey. To improve participant convenience, future studies
could include the use of smaller mobile devices to collect survey
data, such as a smartphone, the use of shorter surveys to collect
information around situation suitability may also provide more
accurate information (e.g., one or two questions that require a quick
answer). Future research should consider howwe can better capture
perceptions in rapidly-changing listening environments as well as
provide clear instructions on how to manage in-situ surveying in
challenging social situations.

Outside of the devices used in this study, one manufacturer’s
interpretation of what a premium product is comprised of may
not be the same as the next. In this study, the listeners reported a
preference for high andmedium technology levels, when compared
to the basic level. This may not be the case across all manufacturers
depending on feature composition per technology level. Future
research is needed to validate whether these findings generalize
across other manufacturers’ product lines.

5 Conclusions

This study is part of a larger study that aims to pair
objective and subjective metrics of hearing aid technology level
in socially involved situations. When considering the subjective
results, results indicate that adult hearing aid users can reliably
complete EMA survey tasks in real-world scenarios related to
location, activity classification, and preference; however, further
research aimed at optimizing EMA data collection methods
is warranted. The findings from this study can be applied
to future research and clinical application to inform in-the-
moment performance with pre-determined hearing aid program
comparisons and/or targeted listening situations. Technology
levels including mid to premium features resulted in higher
preference ratings when evaluated in socially involved listening
situations. Including an assessment of hearing aid users’ activity
profile, and information related to the presence of communication
partners, may help inform technology selection; this type of
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assessment information may also inform the use of individualized
programs. In the research context of this study, listeners were
willing to complete EMA surveys comparing manual programs;
this application of EMA methods could translate to clinical
practice for evaluation of program preference or other technology
level comparisons.

Future research is aimed at exploring the relationship between
the objective data captured by the hearing aid classifier in
the study-provided hearing aids, with the subjective participant
responses obtained during the EMA surveys. This will yield
information related to hearing aid classification by technology level
which could be used for individualization of device configuration
and settings. Furthermore, EMA can be used as a way of
determining benefit (or lack thereof) resulting from automatic
hearing aid classification, guiding future advancements around the
functionality and adjustment of hearing aid technology in different
listening environments.
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