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Abstract Background Ecological momentary assessment (EMA) is a methodology involving
repeated surveys to collect in-situ self-reports that describe respondents’ current or recent
experiences. Audiology literature comparing in-situ and retrospective self-reports is scarce.
Purpose To compare the sensitivity of in-situ and retrospective self-reports in
detecting the outcome difference between hearing aid technologies, and to determine
the association between in-situ and retrospective self-reports.
Research Design An observational study.
Study Sample Thirty-nine older adults with hearing loss.
Data Collection and Analysis The study was part of a larger clinical trial that compared
the outcomes of a prototype hearing aid (denoted as HA1) and a commercially available
device (HA2). In each trial condition, participants wore hearing aids for 4 weeks. Outcomes
were measured using EMA and retrospective questionnaires. To ensure that the outcome
data could be directly compared, theGlasgowHearing Aid Benefit Profile was administered
as an in-situ self-report (denoted as EMA-GHABP) and as a retrospective questionnaire
(retro-GHABP). Linear mixed models were used to determine if the EMA- and retro-GHABP
could detect the outcome difference between HA1 and HA2. Correlation analyses were
used to examine the association between EMA- and retro-GHABP.
Results For the EMA-GHABP, HA2 had significantly higher (better) scores than HA1 in
the GHABP subscales of benefit, residual disability, and satisfaction (p¼ 0.029–
0.0015). In contrast, the difference in the retro-GHABP score between HA1 and HA2
was significant only in the satisfaction subscale (p¼ 0.0004). The correlations between
the EMA- and retro-GHABP were significant in all subscales (p¼ 0.0004 to <0.0001).
The strength of the association ranged fromweak to moderate (r¼ 0.28–0.58). Finally,
the exit interview indicated that 29 participants (74.4%) preferred HA2 over HA1.
Conclusion The study suggests that in-situ self-reports collected using EMA could have a
higher sensitivity than retrospective questionnaires. Therefore, EMA isworth considering in
clinical trials that aim to compare the outcomes of different hearing aid technologies. The
weak to moderate association between in-situ and retrospective self-reports suggests that
these two types of measures assess different aspects of hearing aid outcomes.
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Retrospective self-reports such as questionnaires have been
widely used in audiological research to assess real-world out-
comesofhearing aids. Although retrospective self-reports have
consistently supported the benefit of hearing aids relative to
unaided listening,1,2 they rarely demonstrate the effect of
hearing aid features in aided listening conditions. For example,
retrospective questionnaires used in previous clinical trials
have showna small or lackofdifference in real-worldoutcomes
betweenwide dynamic range compression and linear process-
ing,3–5 between hearing aids with different numbers of chan-
nels,3 between hearing aids with and without directional
microphones6–12 or noise reduction algorithms,13,14 and be-
tween hearing aids with advanced and basic technolo-
gies.1,15–17 The insensitivity of retrospective questionnaires
in detecting the outcome difference between hearing aid
technologies could be due to, at least in part, two reasons.
First, retrospective questionnaires are subject to recall bias.
Because retrospective questionnaires are typically adminis-
tered severalweeksormonths afterhearing aidfitting, respon-
dents have to recall and summarize their listening experience
across a long period of time. Long-term recall could be inaccu-
rate and unreliable.18 Second, retrospective questionnaires
often suffer from poor contextual resolution. For example,
the effect of modern hearing aid technologies, such as direc-
tional microphones, often depends on the characteristics of
listening activities, situations, and environments (i.e., listening
context). If the listening context described in a questionnaire is
not sufficiently specific, the questionnaire will not be able to
demonstrate the benefit of the technology.

Several techniques have been developed to overcome the
disadvantages of retrospective self-reports. The ecological
momentary assessment (EMA) is one of them. EMA is a
methodology that asks respondents to repeatedly report
their experiences during or shortly after the experiences in
their natural environments (i.e., in-situ self-reports).19 EMA
provides a rich description of a sample of moments in
respondents’ lives, while avoiding the distortions that affect
the delayed recall and evaluation of experiences. As a result,
EMA is considered to be less affected by recall bias. Also,
because detailed contextual information can be collected in
each assessment, EMA has high contextual resolution. EMA
has been implemented using paper-and-pencil journals,20–23

daily diaries,14 portable computers,24 and smartphones17,25

to assess listening difficulty or hearing aid outcomes in the
real world.

Because EMA is less subject to recall bias and has higher
contextual resolution, EMA could have a better ability to detect
the effect of hearing aid technologies than retrospective ques-
tionnaires. However, to date there has been no empirical
evidence to support this conjecture. Previous studies have
used both EMA and retrospective questionnaires to measure
hearing aid outcomes.14,17 However, directly comparing
the data of EMA and retrospective questionnaires collected in
the previous studies is lessmeaningful, as in these studies EMA
surveys and retrospective questionnaires often had different
wordings and response formats. For example, Wu et al17 com-
pared the effectiveness of advanced hearing aids relative to
basic-level hearing aids. Participants’ satisfaction with hearing

aidswasmeasured using the retrospective questionnaire Satis-
faction with Amplification in Daily Life (SADL)26 and EMA. The
SADL had 15 questions (e.g., “Do you think your hearing aid(s) is
worth the trouble?”) and the response was collected using a 7-
point scale. In contrast, only one questionwas asked in the EMA
survey to assess hearing aid satisfaction (“Were you satisfied
with your hearingaids?”) and the responsewas collectedusing a
visual analog scale with two anchors from “not at all” to “very
satisfied.”

The first objective of the present study was to compare the
ability of in-situ self-reports collected using the EMA meth-
odology to detect the outcome difference between two hear-
ing aidmodels relative to that of retrospective questionnaires.
This ability is called responsiveness in some literature27 and is
referred to as sensitivity in the present study. The same
wording and response format were used in the EMA survey
and retrospective questionnaire to ensure that data could be
directly compared. Itwashypothesized that EMAwouldhave a
higher sensitivity than the retrospective questionnaire.

The second objective of the present study was to examine
the association between in-situ and retrospective self-
reports. Robinson and Clore28 proposed the accessibility
model to explain the discrepancy in self-reported data col-
lected using different types of techniques. The accessibility
model suggests that when online self-reports (such as EMA)
that ask respondents to report their current experiences are
used, respondents can directly introspect on experiential
knowledge as it is generated. Experiential knowledge, how-
ever, can neither be stored nor retrieved after it is generated.
Therefore, when short-term (hours to days) self-reports such
as EMA or daily diaries are used, people tend to use episodic
memory (the memory collection of past personal experien-
ces that occurred at a particular time and place) to support
reporting their experiences and related context. Although
episodic memory can be biased by the most intense and
recent events (peak and recency effects), it is relatively
similar to experiential knowledge. Episodic memory, how-
ever, decays and rapidly becomes inaccessible. Thus, when
long-term (weeks or months) self-reports such as retrospec-
tive questionnaires are used, respondents abandon the epi-
sodic recall strategy and start accessing relevant semantic
memory to help guide their reports. While episodic memory
is specific to an event from the past, semantic memory is not
tied to any particular event but rather consists of certain
beliefs or attitudes that are rarely revised. As a result,
retrospective questionnaires could be biased by situation-
specific beliefs (e.g., “vacations are enjoyable”) or identity-
related beliefs (e.g., “women are more empathetic than
men”). Therefore, the accessibility model suggests that be-
cause self-reports collected using EMA and retrospective
questionnaires involve different memories, these two types
of measures likely assess different aspects of hearing aid
outcomes. The former reflects what hearing aid users actu-
ally experience,while the latter reflectswhat users believe or
remember.29 According to the accessibility model, it was
hypothesized that the association between hearing aid out-
comes measured using EMA and retrospective question-
naires would be significant but small.
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Methods

Overview
The present study was part of a larger clinical trial designed
to compare the outcomes of a prototypehearing aid (denoted
as HA1) and a commercially available device (HA2). The
clinical trial was sponsored by the manufacturer of HA1.
Older adults with hearing loss were recruited and fittedwith
bilateral hearing aids. A single-blinded, crossover repeated
measures design was used. During the field trial of each
hearing aid condition, participants wore the devices in their
daily lives for 4 weeks. Hearing aid outcomes were measured
using laboratory tests, retrospective questionnaires, and
EMA. To answer the research questions posed in the present
paper, the self-reported questionnaire and EMA data were
compared.

It is of note that the protocol of the clinical trial required
the order of the test condition (HA1 vs. HA2) to be counter-
balanced across participants. However, because the delivery
of HA1 was delayed by the manufacturer, most participants
(37 out of 39) started with the HA2 field trial condition.

Participants
Thirty-nine participants (21 males and 18 females) were
recruited from the community and completed the present
study. The participantswere recruited through the participant
registry maintained by the researchers and word of mouth
fromtheparticipants in the study. Their ages ranged from48to
83yearswithameanof71years. Theparticipantswereeligible
for inclusion in the larger study if their hearing loss met the
following criteria: (1) postlingual, bilateral, sensorineural type
of hearing loss (air-bone gap< 10 dB); (2) pure-tone average
across 0.5, 1, 2, and 4 kHz between 25 and 60 dB HL; and (3)
hearing symmetry within 20 dB for all test frequencies. The
mean pure-tone thresholds are shown in ►Fig. 1. All partic-

ipants were native English speakers. Upon entering the study,
17participantshadprevioushearing aidexperience for at least
1 year. Although the EMA was implemented using smart-
phones (see later sections for details), previous smartphone
usewasnot part of the inclusion criteria. Previous smartphone
experience was not required in the clinical trial because
participants were thoroughly taught how to use the smart-
phoneandcompleteda real-worldsmartphonepracticebefore
any study assessments were begun.

The subject number of the larger clinical trial was deter-
mined by a power analysis. To calculate the power, it was
determined that a 5% score difference in self-reported out-
come measures would be a clinically relevant difference.
Based on the pilot data and literature, the standard deviation
of paired difference in self-report score was estimated to be
10%. With these estimations, the larger clinical trial required
34 participants, assuming α¼ 0.05 and β¼ 0.2.

Hearing Aids and Fitting
Participants were fitted with two behind-the-ear hearing aid
models (HA1 andHA2). Thehearing aidswere receiver-in-the-
canal style instruments and were coupled to the participants’
ears using noncustomized domes. ►Table 1 compares the
features of the two hearing aid models. The main differences
between the two devices were that HA2 had fewer channels
and did not have low-level expansionprocessing or an impulse
noise reduction feature, and HA1 was not equipped with a
feedback suppression feature. Both hearing aid models had
smartphone applications (i.e., apps) that allowed users to use
smartphones to change the volume, user program, and fre-
quency response of thehearing aids. These apps are referred to
as the hearing aid specific apps (in contrast to the EMA app
describedbelow). OnlyHA1’s app coulduse thesmartphoneas

Fig. 1 Average audiograms for left and right ears of study partic-
ipants. Error bars ¼ 1 standard deviation.

Table 1 Differences, as described by the manufacturer,
between the two hearing aid models

HA1 HA2

Number of channels 16 9

Wide dynamic range compression Yes Yes

Expansion Yes No

Number of programs 4 4

Adaptive directional microphone Yes Yes

Gain-reduction noise reduction Yes Yes

Wind noise reduction Yes Yes

Impulse noise reduction Yes No

Frequency lowering Yes Yes

Feedback suppression No Yes

Smartphone app

Volume control Yes Yes

Changing program Yes Yes

Equalizer (bass and treble) Yes Yes

Remote microphone Yes No

Abbreviation: App, application software.
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a remote microphone. Both hearing aid models could have up
to four user programs. Four programs recommended by the
manufacturers were used in the study: Speech, Speech in
Noise, Noise, and Music for HA1, and All Around, Restaurant,
Outdoor, and Music for HA2.

Note that although HA1’s app could use smartphone as a
remote microphone, the participants were not explicitly
encouraged to use this feature during the clinical trial. Also
note that although HA1 had more channels and had expan-
sion processing and an impulse noise reduction feature, the
effect of channel number3 and impulse noise reduction17 is
small and the evidence supporting thebenefit of expansion is
mixed.30 In contrast, audible feedback could significantly
reduce hearing aid satisfaction31 and HA1 was not equipped
with a feedback suppression feature. Therefore, although the
manufacturer of HA1wished the clinical trial to demonstrate
that HA1 would outperform HA2, the opposite was hypoth-
esized by the researchers.

It is also of note that although the hearing aids used in the
study were same in style (receiver-in-the-canal), color, and
size, they were not identical in the appearance of the device
cases and receivers. The hearing aid specific apps also varied
in the interface. HA1’s app did not have any identifying
information about the manufacturer or hearing aid model.
HA2’s app did show the name of the manufacturer but did
not show the name of themodel of the hearing aids. The case
of HA2 had the name of the manufacturer and was removed.
Therefore, participants were not completely blinded regard-
ing the test condition. However, they were not aware of
technology details of the two devices.

The hearing aids were fitted bilaterally. The fitting was
conducted with the devices set to the default program (Speech
orAll Around). Thedeviceswerefirst programmed tomeet real-
ear aided response (REAR) targets (�3dB) specified by
the second version of the National Acoustic Laboratory nonline-
ar prescriptive formula32 and were verified using a probe-
microphonehearingaidanalyzer (AudioscanVerifit;Dorchester,
Ontario, Canada)with a 65-dBSPL speech signal presented from
0-degree azimuth. Then the devices were fine-tuned based on
participant preference. Whenever possible, the same gain fine-
tuning adjustments were made to both HA1 and HA2. Non-
customizedeardomesthatwereappropriatefor thehearing loss
were selected by audiologists for each device in each ear. The
noncustom domes were chosen based on the ability to match
the REAR targets, participant comfort, and reduction of feed-
back. HA1was oftenfittedwith amore occludingdomeand less
high-frequency gain than HA2 due to the absence of the
feedback suppression feature in HA1. The frequency-lowering
featureofbothdeviceswasdisabled.Allother features, including
the volume control, remained active at default settings during
the study.

Laboratory Test
To assess participants’ aided speech recognition performance,
the American-dialect version of the Four Alternative Auditory
Feature test (AFAAF)33 was used. The AFAAF was selected
because the British-dialect version of the Four Alternative
Auditory Feature test34 is suggested to be a reliable and

sensitive way to gauge speech recognition performance.35 It
was expected to be sensitive to audibility difference between
HA1 andHA2. TheAFAAF ismade up of 80 test sentences. Each
sentence has an embedded key word: “Can you hear __
clearly?” “Can you hear STREAM clearly?” is an example of a
test utterance. Four alternatives such as SCREAM, SCHEME,
STREAM, and STEAM were presented to the participants on a
computer screen. Participants would then click theword they
thought they heard with a computer mouse to select their
answer.

The AFAAF was administered in a low-reverberant sound
field (reverberation time¼ 0.21 second) created using eight
Tannoy (Coatbridge, Scotland) i5W loudspeakers. The loud-
speakers were placed 1.2 m from the seated participant at 0,
45, 90, 135, 180, 225, 270, and 315-degree azimuths. Speech
waspresented from0-degree azimuth and the levelwasfixed
at 62 dBA. Uncorrelated AFAAF masking noise, which is a
speech-shaped steady noise, was presented from all eight
loudspeakers. The overall level of the noise was fixed at
57 dBA. Eighty sentences of the AFAAF were used in each
hearing aid condition. Sentence order was randomized
across participants. Performance was scored based on the
percentage of words selected correctly.

Retrospective Self-Reports
Five standardized questionnaires were used in the larger
clinical trial to measure hearing aid outcomes in various
domains. The questionnaires were administered in a paper-
and-pencil form.

Abbreviated Profile of Hearing Aid Benefit
The Abbreviated Profile of Hearing Aid Benefit (APHAB)36 is a
24-item inventory designed to evaluate benefit experienced
from hearing aid use and to quantify the degree of communi-
cation difficulty experienced in various situations. The ques-
tionnaireconsistsof four subscales. Theeaseofcommunication,
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 individual’s
response tounpleasantenvironmental sounds. Theglobal score
(referred to as the APHAB-Global) and the AV subscale score
(APHAB-AV) were used in data analysis.

Hearing Handicap Inventory for the Elderly or for the Adult
The Hearing Handicap Inventory for the Elderly or for the
Adult (HHIE/A)37,38 is a 25-item inventory designed to
evaluate the social and emotional impact of hearing loss
on an individual’s life. The questionnaire is divided into two
subscales, ranging from 12 to 13 items in length: the social
subscale, which assesses the extent towhich social aspects of
an individual’s life are impacted by hearing loss, and the
emotional subscale, which measures how emotional
responses in an individual’s life are influenced by hearing
loss. The user rates the degree of the impact with “Yes” (equal
to 4 points), “Sometimes” (equal to 2 points), or “No” (equal
to 0 points). Scores are added for each subscale. In the
present study, the HHIE was used for participants older
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than 65 years. The global score is the sum of the scores for all
25 items and was used in data analysis.

Satisfaction with Amplification in Daily Life
The SADL26 is a 15-item inventory designed to evaluate an
individual’s satisfaction with his/her hearing aids. The ques-
tionnaire is divided into four subscales. The positive-effect
subscale quantifies improved performancewhile using hear-
ing aids, such as reduced communication disability. The
personal-image subscale evaluates the domain of self-image
and stigma. The negative features subscale assesses undesir-
able aspects of hearing aid use, such as feedback problems.
The service and cost subscale measures the adequacy of
service provided 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 hearing aids were provided at no cost
in the present study) forms the global score and was used in
data analysis.

Speech, Spatial, and Qualities Hearing Scale
The 49-item Speech, Spatial, and Qualities hearing scale
(SSQ)39 is a validated questionnaire 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, to localize acoustic events,
and to evaluate auditory experience includingmusic percep-
tion and the clarity and naturalness of sound. In the present
study, the mean of the scores for all items was defined as the
global score and was used in data analysis.

Glasgow Hearing Aid Benefit Profile
To answer the research questions of the present study, the
aided portion of the Glasgow Hearing Aid Benefit Profile
(GHABP)40 was included in the larger clinical trial. The aided
GHABP assesses four outcome domains (hearing aid use,
hearing aid benefit, residual disability, and hearing aid
satisfaction) in four predefined listening situations (TV lis-
tening, small conversation in quiet, conversation in noise,
and group conversation). Each domain is assessed on a 5-
point scale. To ensure that participants did not evaluate their
own hearing aids in the GHABP, the wording “your hearing
aid” in the original GHABP was replaced by “the study
hearing aids.” The four subscale scores were used in data
analysis. Patient-nominated listening situations of the
GHABP were not used in the present study. Because the
GHABP described in this section was a retrospective self-
report, it is referred to as the retro-GHABP.

In-Situ Self-reports
The EMA methodology was used to collect in-situ self-
reports. EMAwas implemented using Samsung (Seoul, South
Korea) Galaxy S6 smartphones. A smartphone app was
developed to deliver EMA surveys.41 This app is referred to
as the EMA app. During the last weekof each hearing aid field
trial (see the next section for details), the participants carried
the study smartphones with them as they went about their
daily lives. The EMA app prompted the participants to
complete surveys at randomized intervals, approximately

every 1.5 hours, within a participant’s specified daily time
window (e.g., between 8 a.m. and 9 p.m.). Participants
answered the survey questions based on their listening
experiences during the past 1.5 hours. If a participant
knew that they would be unable to take a survey in the
next half-hour, they were able to “snooze” the survey to
ensure that no notifications would come for at least
30minutes. If a participant missed a survey or it came at
an inconvenient time, the survey was skipped as there was
no way for participants to initiate their own surveys.

To ensure that the results of EMA and retrospective
questionnaires could be directly compared, the wording
and response format of the GHABP was used in EMA surveys.
The exception was that the abbreviation “HAs” was used to
represent the wording “hearing aids” in the question and
responses of the benefit subscale item (to save space on the
smartphone’s screen so that a larger font could be used in the
EMA app). At the start of an EMA survey, the app first asked if
the GHABP’s predefined listening situation (i.e., TV listening)
happened during the past 1.5 hours. Participants tapped a
button (Yes or No) on the smartphone screen to indicate their
responses. If the response was No, the next predefined
situation would be presented. If the response was Yes, the
EMA app would present the four GHABP questions sequen-
tially to assess outcomes in hearing aid use, benefit, residual
disability, and satisfaction. The five answers from the GHABP
were displayed on the smartphone screen as five response
buttons and the participants selected the applicable re-
sponse. Note that if participants indicated that they did
not use hearing aids in the past 1.5 hours in the first GHABP
question, the three questions about benefit, residual disabil-
ity, and satisfactionwould not be presented. The scoring was
identical to the retro-GHABP. The GHABP described in this
section is referred to as the EMA-GHABP.

Procedures
The study was approved by the Institutional Review Board at
the University of Iowa. After signing the consent form, the
participants’ hearing thresholds were measured using pure-
tone audiometry. If the participant met all the inclusion
criteria, hearing aids were fitted. Next, demonstrations of
how to work with and care for the smartphone were provid-
ed by the laboratory. Special attentionwas focused on taking
EMA surveys on the phone. Participants were instructed to
respond to the auditory/vibrotactile prompts to take surveys
whenever it was possible and within reason (e.g., not while
driving). 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 homewith
one smartphone (with the EMA app installed) and a pair of
hearing aids for the first trial condition (HA2 for most
participants) and began a 7-day practice session. Each par-
ticipant 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 EMA surveys.

Participants returned to the laboratory after the practice
session. If participants misunderstood any of the EMA/
smartphone-related tasks during the practice session, they
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were reinstructed on how to properly use the equipment or
take the surveys. If needed, hearing aid gain adjustments
were provided based on participants’ reports and preferen-
ces. The gain adjustment was conducted under the guidance
of probe-microphone measures. The settings of the features
were not adjusted. Before participants left the laboratory, the
hearing aid-specific app (to change user programs, for ex-
ample) of the first field trial condition was installed to the
Samsung smartphone and the phone was paired to the
hearing aids. Demonstrations of how to use the hearing
aid-specific app were then provided. The EMA app on the
smartphone was deactivated for the next 3 weeks.

Next, the first field trial condition began (HA2 for most
participants). Participants used the hearing aids and the
hearing aid-specific app for 3 weeks. Participants then
returned to the laboratory and the EMA app was activated. A
brief retraining on the EMA appwas provided. The assessment
week in which participants conducted EMA surveys then
began. Participants were encouraged to go about their normal
routines during the week. One week later, participants
returned to the laboratory and the AFAAF and retrospective
questionnaires were administered. While completing the
AFAAF, participants wore hearing aids with their typical
volume and setting (i.e., as-wornmeasures). When answering
the retrospective questionnaires, participants were asked to
recall their experiences during the past 4 weeks. Participants
were then interviewed face-to-face about their experience
with the study hearing aids. Open-ended questions regarding
their likes and dislikes about the devices and whether they
would purchase them were asked of the participants.

Afterfinishing thefirst trial condition, the secondcondition
immediately followed. The general procedure for the second
condition was identical to the first condition. First, the gain
frequency responses of the hearing aids of the second condi-
tion were adjusted to match the gain frequency responses of
the devices used in the first condition under the guidance of
probe-microphone measures. Next, the hearing aid-specific
app for the second trial condition was installed to the phone
and hearing aids were paired. The EMA app was deactivated.
Participants then left the laboratoryandbegan the secondfield
trial (HA1 formost participants). In thefirstweekof thesecond
trial condition, participants could request additional hearing
aid gain adjustment, although this adjustment was not
encouraged (to ensure that HA1 and HA2 had similar gain
frequency responses). Additional gain modifications were
made for four subjects who reported excessive feedback
from HA1. Three weeks later, participants returned to the
laboratory and the EMA app was activated. The assessment
week in which participants conducted EMA surveys then
began. Oneweek later, participants returned to the laboratory
and the AFAAF and retrospective questionnaires were
administered.

After participants completed the second trial condition and
returned to the laboratory, a second interviewwas conducted.
In addition, participants were asked to indicate their overall
hearing aid preference (HA1, HA2, or no preference) and the
reason for their preference. Monetary compensation was
provided to the participants upon completion of the study.

Results

Because 37 out of 39 participants started with the HA2 field
trial condition, the test order could have biased the results of
the clinical trial. Literature has shown that people tend to
report better outcomes for the devices they experienced
more recently.42,43 Because only two participants started
with HA1, it makes less sense to control the effect of test
order in statistical analysis. Instead, to shed light on how test
order could affect the outcome difference between the two
devices, the effect of hearing aid experiencewas controlled in
the statistical model. This decision was made based on the
study by Naylor et al43 that compared the outcomes of two
identical hearing aids. Naylor et al found that most (81%)
first-time hearing aid users preferred the second device,
while this order effect was not observed in experienced
users. In the present study, 22 and 17 participants were
first-time users and experienced users, respectively.

Laboratory Test
The mean AFAAF score of each hearing aid condition aver-
aged across all participants is shown in ►Fig. 2A. Higher
scores represent better performance. A linear mixed model
with random intercept for subject was created to examine
the effect of hearing aid model (HA1 vs. HA2), hearing aid
experience (first time vs. experienced), and their interaction
on the AFAAF score. Results indicated that the AFAAF score of
HA2 was significantly higher (better) than HA1 (p¼ 0.0053).
The interaction between hearing aid model and experience
was not significant (p¼ 0.86). See Appendix A1 in the
Supplementary Material (online only) for detailed statistics.

Retrospective Questionnaires
►Fig. 2B shows themeanscoreof retrospectivequestionnaires
(excluding the retro-GHABP) of each hearing aid condition

Fig. 2 (A) Mean score of the American-dialect version of the Four
Alternative Auditory Feature test (AFAAF) of each hearing aid condi-
tion (HA1 and HA2). (B) Mean outcome scores of retrospective
questionnaires of each hearing aid condition. Higher scores represent
better outcomes. Brackets represent significant difference. Error
bars¼ 1 SD. APHAB, Abbreviated Profile of Hearing Aid Benefit; AV,
aversiveness; HHIE/A, Hearing Handicap Inventory for the Elderly or
for the Adult; SADL, Satisfaction with Amplification in Daily Life; SSQ,
Speech, Spatial, and Qualities hearing scale; SD, standard deviation.
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averaged across all participants. All scores shown in the figure
have been linearly transformed so that the score ranges from0
to 100, with higher scores representing better outcomes.
Separate linear mixed models with a random intercept for
subject were created for eachmeasure to determine the effect
of hearing aid (HA1 versus HA2), hearing aid experience (first
time vs. experienced), and their interaction on the measure.
Results from themodels indicated that the SADL score of HA2
was significantly higher (better) than HA1 (p¼ 0.017). No
other significant main effect of hearing aid was found. None
of the interactions was significant. See Appendix A1 for
detailed statistics.

EMA versus Retro-GHABP: Effect of Hearing
Aid and Measure

Across the two hearing aid conditions, a total of 3,200 EMA-
GHABP surveyswere completed by the 39 participants (HA1:
1557, HA2: 1643). On average each participant completed 5.9
surveys per day. Across all surveys, the frequency of occur-
rence of each GHABP-predefined listening situation (TV
listening, small conversation in quiet, conversation in noise,
and group conversation) was 23.2, 47.7, 15.0, and 16.1%,
respectively. In 851 (26.6%) surveys, none of the four pre-
defined listening situations occurred. Because these surveys
did not contain any outcome data, they were excluded from
analysis. The remaining 2,349 EMA-GHABP surveys were
used in analysis (HA1: 1,087, HA2: 1,262). It is of note that
because EMA involves repeated sampling, there were more
data points for the EMA-GHABP (on average 30.1 assess-

ments per participant per hearing aid condition) than the
retro-GHABP (one assessment per participant per hearing
aid condition). To ensure that the results of the EMA- and
retro-GHABP could be directly compared and could be ana-
lyzed in the same statisticalmodel, the EMA-GHABP scores of
individual surveys completed by a participant in a hearing
aid condition were averaged. For both the EMA- and retro-
GHABP, the scores were further averaged across the four
predefined listening situations, each subscale separately. The
GHABP data were not examined in each listening situation
because (1) the numbers of individual EMA surveys com-
pleted in some situations were quite low (e.g., conversation
in noise: 4.5 assessments per participant per condition) and
(2) EMA relies on a large amount of data from each respon-
dent to derive a clear pattern of human experiences.19 The
averaged EMA-GHABP and retro-GHABP scores (ranging
from 1 to 5) were then used in data analysis.

►Fig. 3A shows the mean subscale score of the EMA- and
retro-GHABP of each hearing aid condition averaged across
all participants. For all scores shown in the figure, higher
scores presented better outcomes. To compare the ability of
the EMA- and retro-GHABP to detect the outcome difference
between HA1 and HA2, a linear mixed model with a random
intercept for subject was created. The independent variables
were a variable termed “group” (four levels, which are the
factorial combination of two hearing aid conditions and two
measures: retrospective/HA1, retrospective/HA2, EMA/HA1,
EMA/HA2), hearing aid experience (first time vs. experi-
enced), and their interaction. The dependent variable was
the GHABP subscale score. The models were created for each

Fig. 3 Mean subscale score of the EMA- and retro-GHABP of each hearing aid condition (HA1 and HA2). Higher scores represent better
outcomes. Brackets represent significant difference. Error bars¼ 1 SD. EMA, ecological momentary assessment; GHABP, Glasgow Hearing Aid
Benefit Profile; Retro, retrospective; SD, standard deviation.
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GHABP subscale (excluding the use subscale). For the use
subscale, the scores were close to ceiling and were not
normally distributed. Approximately 55 and 72% of the
participants reported using hearing aids “all the time” (a
score of 5) in the EMA- and retro-GHABP use subscale,
respectively. Therefore, the use variable was converted to a
categorical variable that had two categories: “all the time” for
a score of 5 and “not all the time” for a score of lower than 5. A
generalized linear mixedmodel with a logit link and random
intercept for subject was then created. The dependent vari-
able was the categorical use subscale. The independent
variables were group, hearing aid experience, and their
interaction. The results indicated that the effect of group
was significant (p< 0.0001) in all GHABP subscales, except
for the use subscale (p¼ 0.079). The interaction between
group and hearing aid experience interactionwas significant
in the satisfaction subscale (p¼ 0.0004) but not in other
subscales.

The statistics of the created models were then used to
conduct pairwise comparisons of the four levels of the group
variable (retrospective/HA1, retrospective/HA2, EMA/HA1,
EMA/HA2). To adjust for the evaluation of multiple compar-
isons, the p-values were adjusted using the false discover
rate.44 This adjustment method was selected because it
controls the proportion of significant results that are incor-
rect while preserving the power of statistical models.45

Results first indicated that, for the use subscale, none of
the pairwise comparisons were significant. The models then
revealed that the EMA-GHABP scores of HA2 were signifi-
cantly higher (better) than the EMA-GHABP scores of HA1 in
the subscales of benefit, residual disability, and satisfaction
(indicated by narrow brackets in ►Fig. 3A, adjusted
p¼ 0.029–0.0015), suggesting that HA2 yielded better out-
comes than HA1. In contrast, the difference in the retro-
GHABP score between HA1 and HA2 was significant only in
the satisfaction subscale (adjusted p¼ 0.0004). Unexpected-
ly, the models further indicated that, for a given hearing aid
condition, the EMA-GHABP score was significantly higher
than the retro-GHABP score (indicated by wide brackets in
►Fig. 3A, adjusted p¼ 0.0049 to< 0.0001) in all subscales.
The exceptions were the use subscale (adjusted p¼ 0.74 and
0.99). The results of the pairwise comparisons across hearing
aid model and measure (e.g., retro-GHABP of HA1 vs. EMA-
GHABP of HA2) were not of interest to the present study and
are not shown in ►Fig. 3A.

Because the interaction between group and hearing aid
experience was significant in the satisfaction subscale, pair-
wise comparisons of the four levels of the group variablewere
conducted between first-time and experienced users sepa-
rately using the statistics of the created mixed linear
model. ►Fig. 3B shows the mean score of the satisfaction
subscale of these two types of participants. Results from the
statistical models indicated that experienced users reported
more satisfaction with HA2 than HA1 in both the EMA- and
retro-GHABP (p¼ 0.0046 and 0.0011, respectively). However,
the difference in the EMA- and retro-GHABP between the two
devices was not significant for first-time users (p¼ 0.36 and
0.17, respectively). See Appendix A1 for detailed statistics.

EMA versus Retro-GHABP: Association

►Fig. 4A–D shows thescatterplotsof theEMA-GHABPscoreas
a function of the retro-GHABP score in the four subscales. The
symbols in the figure are slightly shifted on the x-axis so that
they do not overlap. It is of note that most symbols shown
in ►Fig. 4A–D are above the diagonal line that represents a
perfect match between the EMA- and retro-GHABP scores. To
examine the association between the EMA- and retro-GHABP
while controlling for the effect of hearing aid model (HA1 and
HA2), partial correlations were used. Because the use and
residual disability subscale data were right censored, Kendall
rank correlations were used for all variables. All correlations
were found to be significant (p¼ 0.004 to< 0.0001) and the
results are shown in ►Fig. 4. The strength of the association
ranged from weak to moderate (r¼ 0.28–0.58).

To shed light on how hearing aid experience affected the
association between the EMA- and retro-GHABP, partial cor-
relations were conducted on first-time and experienced users
separately in each subscale. All correlations remained signifi-
cant, except for the use (r¼�0.0059, p¼ 0.96) and residual
disability (r¼ 0.19, p¼ 0.12) subscales of experienced users
(►Fig. 4E, F). See Appendix A1 for detailed statistics.

Overall Preference
Participants were asked to report their overall preference in
the exit interview. Among the 39 participants, eight of them
preferred HA1 and 29 preferred HA2. Two participants had no
preference (►Fig. 5). A binomial test was conducted on all
participants to determine if one of the hearing aidmodels was
more likely to be preferred. The two participants who had no
preference were excluded from the analysis. The result indi-
cated that participants were more likely to prefer HA2
(p¼ 0.0008). ►Fig. 5 also shows the hearing aid preference
of first-time and experienced users. HA2was evenly preferred
by both groups of users, while HA1 was mainly preferred by
first-time users. The binomial test was then conducted for
first-time and experienced users separately. Results suggested
that the likelihood forfirst-timeusers topreferHA1orHA2did
not significantly differ from the chance level (p¼ 0.13), while
experienced users were more likely to prefer HA2 (p¼ 0.001).
See Appendix A1 for detailed statistics.

Participantswere also invited to indicate the reason for their
preference. ForparticipantswhopreferredHA1, thisdevicehad
better sound clarity andmore comfortable fit. For participants
who preferred HA2, this device had better sound quality, was
less likely to generate acoustic feedback, stayed connected to
the app/phone better, and had longer battery life.

Discussion

Outcomes: HA1 versus HA2
For the larger clinical trial designed to compare the outcomes
of HA1 and HA2, the biggest flaw is that the test order of the
two devices was not counterbalanced. Among the 39 partic-
ipants, only two started with HA1 (one first-time user and
one experienced user). As mentioned, an order effect could
bias hearing aid outcomes such that research participants,
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especially first-time users, tend to prefer the devices experi-
encedmore recently.42,43 This order effect could be observed
in hearing aid overall preference data shown in ►Fig. 5.
Specifically, only 1 out of 17 experienced users preferred the
device of the second trial condition (i.e., HA1), while 7 out of
22 first-time users preferred HA1 in the second condition.
Therefore, the order effect could have biased the results of
the larger clinical trial toward the direction of favoring HA1.

Despite this bias, all outcome measures used in the study
trended toward HA2 outperforming HA1 except for the use
subscale of the GHABP (►Figs. 2 and 3). The trend of HA2
outperforming HA1 was also consistent with the literature
regarding the potential impact of feedback suppression (which
HA2 had) and minimal effects of higher channel numbers,
expansion processing, and impulse noise reduction (which
HA1 had) mentioned earlier. Therefore, it seems reasonable to
conclude that HA2 yielded better outcomes than HA1 (likely
across multiple outcome domains) and that the degree of
outcome difference was underestimated in the larger clinical
trial,especially forfirst-timeusers.Theunderestimationinfirst-
time users is consistent with the GHABP satisfaction subscale
results showing that experienced users reported more satisfac-
tionwith HA2 than HA1, while the difference between the two
devices was not significant in first-time users (►Fig. 3B).

Retrospective Questionnaires
If HA2 outperforming HA1 across multiple outcome domains
is regarded as the ground truth, then none of the retrospective
questionnaires, except for the SADL and the satisfaction sub-
scale of the retro-GHABP, were able to detect the outcome
difference between HA1 and HA2 (►Figs. 2B and 3). This
finding is consistent with literature showing the insensitivity
of retrospective questionnaires on detecting the effect of
hearing aid technologies in aided listening conditions. It is of

Fig. 4 Scatter plots of the EMA-GHABP score as a function of the retro-GHABP score for the two hearing aid conditions (HA1 and HA2). Symbols
are slightly shifted on the x-axis so that they do not overlap. Diagonal lines represent perfect match between the EMA- and retro-GHABP scores.
EMA, ecological momentary assessment; GHABP, Glasgow Hearing Aid Benefit Profile; Retro, retrospective; SD, standard deviation.

Fig. 5 Overall hearing aid preference of study participants.

Journal of the American Academy of Audiology Vol. 31 No. 10/2020 © 2020. American Academy of Audiology. All rights reserved.

In-Situ and Retrospective Self-Reports Wu et al.754

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



note that the two retrospective self-reports that were able to
detect the outcome difference between HA1 and HA2 (i.e., the
SADL and the satisfaction subscale of the retro-GHABP) were
designed to assess outcomes in the satisfaction domain. This
could result from the main reasons for participants disliking
HA1beingmore in linewith thequestionsasked in satisfaction
measures. For example, many participants reported that they
disliked HA1 because this device had shorter battery life and
poorer smartphoneconnectivity. Thesedislikes couldbebetter
reflectedbyquestions that assesshearing aid satisfaction, such
as “Doyou think yourhearingaids areworth the trouble?” in the
SADL and “How satisfied were you with your hearing aids?” in
the retro-GHABP. In contrast, although participants had better
speech recognition performance with HA2 than HA1 in the
laboratory (likely resulted from HA2’s better audibility
brought by its feedback suppression feature) (►Fig. 2A), the
difference could be too small to be detected by retrospective
questionnaires that assessed speech communication in
the real world (i.e., the APHAB-Global and SSQ).

EMA- versus Retro-GHABP: Effect of Hearing Aid
Except for theusesubscalethathadscores at theceiling level, all
three subscales of both the EMA- and retro-GHABP trended
toward HA2 outperforming HA1 (►Fig. 3). This trend was
statistically significant in all three subscales for the EMA-
GHABP,while theretro-GHABPonlyrevealedasignificanteffect
of hearing aid model in the satisfaction subscale. To minimize
differences between the in-situ and retrospective measures in
the present study, the EMA- and retro-GHABP questionnaires
used the same wording and response format. Although the
EMA- and retro-GHABP were administrated using different
platforms (smartphone and paper, respectively), Gwaltney
et al46 suggest that self-report data collected using electronic
andpaper-and-pencil administrationare equivalent. Putting all
this information together, the results of the present study
suggested that in-situ self-reports collected using the EMA
methodology could bemore sensitive than retrospective ques-
tionnaires in detecting the outcome differences between dif-
ferent aided listening conditions. The higher sensitivity of the
EMA-GHABP is likely due to the in-situ and repeated sampling
nature of the EMA methodology. Because the participants
reported on their experience during the past 1.5 hours in the
EMA surveys, the experiences tied to specific listening situa-
tions were more accurately recalled. Because the surveys were
repeated multiple times during the assessment week, the
random variation in the factors that could affect participants
reporting their experience (e.g., participant’s mood in the
moment) would be minimized when multiple survey data
were aggregated. In contrast, because the participants only
had one opportunity to report their experience in the retro-
GHABP in each hearing aid condition, no data aggregation was
available to reduce bias.

EMA- versus Retro-GHABP: Association
The correlation between the EMA- and retro-GHABP was
significant in all four subscales when the data from all partic-
ipants were pooled (►Fig. 4A–D). When the analysis was
conducted for first-time and experienced users separately,

the correlation was not significant for experienced users in
the use and residual disability subscales (►Fig. 4E, F). The lack
ofassociation likely resulted fromthesmallerdata rangeonthe
EMA-GHABP for experienced users.

Despite the significant correlation, the score difference
between the EMA- and retro-GHABP varied considerably
across participants. For example, although many participants
reported similar hearing aid satisfaction in the EMA- and
retro-GHABP (symbols on the diagonal line in ►Fig. 4D),
several participants reported that they were “reasonably
satisfied” (score¼ 3) by the hearing aids in the retro-GHABP
while they reported that they were “delighted with aids”
(score¼ 5) in EMAsurveys. Theweak tomoderate correlations
shown in►Fig. 4 are consistentwith the accessibilitymodel,28

which states that self-reports collected using EMA and retro-
spective questionnaires involve different types ofmemories (i.
e., episodic and semantic memories, respectively). Therefore,
the EMA- and retro-GHABP likely assessed different aspects of
hearing aid outcomes. The former reflected what participants
actually experienced, while the latter reflected what partic-
ipants believed or remembered. However, note that the weak
tomoderate correlations could also be due to the difference in
the assessment time window of the two measures. The retro-
GHABP was administered 4 weeks postfit and reflected the
overall outcome across the 4 weeks, while the EMA-GHABP
was administered in and assessed the fourth week of the trial.

EMA- versus Retro-GHABP: Effect of Measure
The difference in assessment time window could also explain
why the scores of the EMA-GHABP were consistently higher
(better) than the retro-GHABP—an unexpected finding of the
present study. Humes et al47 used several retrospective self-
reports tomeasurehearingaidoutcomesat7,15, 30, 60, 90, and
180 days postfit. The results indicated that the effect of postfit
interval was significant on the score of a satisfaction survey,
with a lower score (lower satisfaction) at 7 days postfit com-
pared with the scores at the rest of intervals. In the present
study, the retro-GHABP reflected the overall outcomes across
the 4weeks of the trial, which included thefirst week postfit in
which hearing aid satisfaction could be lower. Therefore, par-
ticipants could report a lower satisfaction level in the retro-
GHABP compared with the EMA-GHABP that measured the
outcomesof thefourthweek inthetrial.However,Humesetal47

did not find a significant effect of postfit interval on self-
reported hearing aid usage, hearing aid benefit measured using
the questionnaire Hearing Aid Performance Inventory,48 and
residual disability measured using the HHIE. Thus, the poorer
initialoutcomethatoccurredrightafterhearingaidfittingcould
not completely explain why in the present study the retro-
GHABPhad lower (poorer) scores in all subscales (except for the
use subscale) and a lower global score than the EMA-GHABP.

Another explanation for the discrepancy between the EMA-
and retro-GHABP involves the accessibility model.28 As
described in the introduction, respondents use semantic mem-
ory to help guide their long-term retrospective self-reports.
Because semanticmemory is often shaped according to criteria
such as coherence with personal beliefs or attitude, people
preferentially remember information that supports their
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coherent beliefs or attitude in long-term retrospective self-
reports. Therefore, the lower scores of the retro-GHABP in the
present study could be due to participants’ stigma or negative
attitude toward hearing aids. If this is the case, participants
might obtain more benefits from hearing aids in real time than
what they believed or remembered in retrospective question-
naires. However, because hearing aid owners (i.e., experienced
users) are less likely to have a negative attitude toward hearing
aids comparedwith nonowners (first-time users in the present
study),49 the data showing that the retro-GHABP scores of
experienced users tend to be lower (poorer) than that of first-
time users (solid symbols in ►Fig. 3B) do not support this
explanation. More research to clarify this hypothesis is
suggested.

Limitations
In addition to the execution flaw of the larger clinical trial, the
present study has limitations that concern the generalizability
of the study results. First, because the EMA- and retro-GHABP
were administered in the way that is typically used in clinical
trials, the two measures had different assessment time win-
dows (1 vs. 4 weeks). If the outcome is assessed in the same
time window (e.g., the retro-GHABP asking participants to
report the experience of the past week), the association
between the EMA- and retro-GHABP could be stronger and
the score discrepancy between them could disappear. Second,
although the present study suggested that the EMA-GHABP
was more sensitive than the retro-GHABP, it does not guaran-
tee that all in-situ self-reports collected using the EMAmeth-
odology will have high sensitivities. For example, because it is
impossible to strictly control real-world environments, EMA
reliesona large amountofdata fromeachrespondent toderive
a clear pattern of human experiences and behaviors. In the
present study each participant on average had 30.1 EMA
surveys in eachhearing aid condition for analysis. Thefindings
of the present studymay not generalize to the clinical trials in
which much fewer EMA surveys are completed by study
participants due to, for example, low motivation.

Conclusion

The present study suggests that in-situ self-reports collected
using the EMA methodology could have a higher sensitivity
than retrospective questionnaires in detecting outcome dif-
ferences of hearing aids. Therefore, EMA isworth considering
in clinical trials that aim to compare the outcomes across
different aided listening conditions. The association between
in-situ and retrospective self-reports was found to be weak
to moderate, suggesting that these two types of measures
assess different aspects of hearing aid outcomes. The former
likely reflects what hearing aid users actually experience,
while the latter reflects what users believe or remember.

Note
Portions of this paper were presented at the Academy
Research Conference of the American Academy of Audiol-
ogy, March 27, 2019, Columbus, OH.
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