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Abstract Background Ecological momentary assessment (EMA) is a methodology involving
repeated surveys to collect in situ data that describe respondents’ current or recent
experiences and related contexts in their natural environments. Audiology literature
investigating the test-retest reliability of EMA is scarce.
Purpose This article examines the test-retest reliability of EMA in measuring the
characteristics of listening contexts and listening experiences.
Research Design An observational study.
Study Sample Fifty-one older adults with hearing loss.
Data Collection and Analysis The study was part of a larger study that examined the
effect of hearing aid technologies. The larger study had four trial conditions and
outcome was measured using a smartphone-based EMA system. After completing the
four trial conditions, participants repeated one of the conditions to examine the EMA
test-retest reliability. The EMA surveys contained questions that assessed listening
context characteristics including talker familiarity, talker location, and noise location,
as well as listening experiences including speech understanding, listening effort,
loudness satisfaction, and hearing aid satisfaction. The data frommultiple EMA surveys
collected by each participant were aggregated in each of the test and retest conditions.
Test-retest correlation on the aggregated data was then calculated for each EMA survey
question to determine the reliability of EMA.
Results At the group level, listening context characteristics and listening experience
did not change between the test and retest conditions. The test-retest correlation
varied across the EMA questions, with the highest being the questions that assessed
talker location (median r¼ 1.0), reverberation (r¼ 0.89), and speech understanding
(r¼ 0.85), and the lowest being the items that quantified noise location (median
r¼ 0.63), talker familiarity (r¼ 0.46), listening effort (r¼ 0.61), loudness satisfaction
(r¼ 0.60), and hearing aid satisfaction (r¼ 0.61).
Conclusion Several EMA questions yielded appropriate test-retest reliability results. The
lower test-retest correlations for someEMA survey questionswere likely due to fewer surveys
completed by participants and poorly designed questions. Therefore, the present study
stresses the importance of using validated questions in EMA. With sufficient numbers of
surveys completed by respondents and with appropriately designed survey questions, EMA
could have reasonable test-retest reliability in audiology research.
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Ecological momentary assessment (EMA), also known as
experience sampling or ambulatory assessment, is a meth-
odology that asks respondents to repeatedly report their
experiences during or shortly after the experiences in their
natural environments (i.e., in situ self-reports).1 Because
EMA can provide a rich description of a sample of moments
in respondents’ lives while avoiding the distortions that
affect the delayed recall and evaluation of experiences,
EMA is considered to be less affected by recall bias compared
with retrospective questionnaires. Because detailed contex-
tual information can also be collected in each assessment,
EMA could have high contextual resolution. Therefore, the
use of EMA in audiology research has grown in the past
decades. EMA has been implemented using paper-and-pen-
cil journals,2–5 daily diaries,6 portable computers,7 and
smartphones8,9 to assess hearing difficulty or hearing aid
outcomes in the real world.

Although the use of EMA in audiology research is increas-
ing, audiology literature examining the psychometric char-
acteristics of this methodology, such as construct validity
and test-retest reliability, is scarce. Wu et al10 conducted a
field study to determine the construct validity of EMA in
audiology research. These researchers found that the pattern
of the self-reported data aggregated across multiple EMA
surveys conducted in a wide range of uncontrolled real-
world environment was consistent with the established
knowledge in audiology. For example, better speech under-
standing reported in EMA surveyswas associatedwith lower
(better) hearing thresholds, the use of hearing aids, and
front-located speech. Furthermore, higher noisiness level
(i.e., noisier) reported in EMA surveys was associated with
higher sound level measured using noise dosimeters. Based
on these results, Wu et al suggested that, regarding speech
understanding and related listening contexts, EMA reflects
what it is intended to measure, supporting its construct
validity. Timmer et al11 examined the feasibility and con-
struct validity of EMA. Because of the close agreement
between self-reported listening context characteristics and
objective data from the hearing aid classifier, Timmer et al11

concluded that EMA is a valid research methodology.
Another important consideration for any instrument that

might be used to determine intervention outcomes is test-
retest reliability. In the literature, test-retest reliability of an
instrument is often quantified by the correlation between
test and retest conditions. For retrospective questionnaires
that are widely used in audiology research, their test-retest
reliabilities vary considerably: Hearing Handicap Inventory
for the Elderly (HHIE): 0.79 to 0.98 (paper-and-pencil ad-
ministration)12; Abbreviated Profile of Hearing Aid Benefit
(APHAB): 0.65 to 0.8913; Satisfaction with Amplification in
Daily Life (SADL): 0.52 to 0.8114; International Outcome
Inventory for Hearing Aids: 0.62 to 0.7315; Speech, Spatial,
and Qualities hearing scale (SSQ): 0.56 to 0.83 (paper-and-
pencil administration).16 It has been suggested that a test-
retest correlation higher than 0.7 to 0.8 is desirable.17,18

Examining the test-retest correlation of EMA, however, is
less straightforward. Contrary to one-time measures such as
retrospective questionnaires, the EMA does not assume that

people will have entirely consistent responses in every EMA
survey. That is, the reliability of EMA responses is expected to
vary as a person’s experiences and contexts do not remain
stagnant over time. Because perfect test-retest reliability
across EMA surveys is unlikely to occur, previous research
typically used aggregated EMA survey data to determine the
test-retest reliability. It is assumed that EMAdata aggregated
from multiple surveys completed by an individual will show
a uniform response pattern across time.19 As reviewed by
Csikszentmihalyi and Larson,20 the test-retest reliability of
EMAvaries considerably, ranging from 0.38 to 0.77. Note that
some of the lower test-retest correlations were due to
previous studies often splitting 1-week data to examine
the association between average ratings from the first
and second halves of the week. The reliability of EMA data
could be susceptible to systematic variations in weekly
schedules.19

Few researchers have examined the test-retest reliability
of EMA in audiology research. In a case study by Preminger
and Cunningham,2 eight participants were asked to use
paper-and-pencil journals to rate the speech clarity of hear-
ing aids. Two hearing aid gain frequency responses were
used, with one supposed to generate better speech clarity
than the other. For each gain frequency response, study
participants rated the speech clarity on a 10-point scale (i.
e., the scale rating technique) three times per day in the
journals for 1 week (i.e., the test condition). The whole
procedure was repeated weeks later (the retest condition).
In addition, the paper-and-pencil EMA was used with a
paired comparison technique in another set of test-retest
conditions, in which the two gain frequency responses were
saved into two programs of the hearing aids. Participants
switched between the two programs and then recorded in
the journals which one provided better speech clarity. Sta-
tistical analysis was conducted for each participant. For the
EMA condition with the scale rating technique, only four out
of the eight participants were able to report the correct
results (i.e., reporting higher clarity ratings for the gain
frequency response that was supposed to generate better
speech clarity) and only one of the four participants had
consistent results across the test and retest conditions. For
the EMAconditionwith the paired comparison technique, six
out of the eight participants reported the correct results and
five of these six participants had consistent results between
the test and retest conditions. Therefore, Preminger and
Cunningham2 concluded that the EMA methodology with
the scale rating technique was less reliable than the paired
comparison technique. Because Preminger and Cunning-
ham2 conducted the statistical analysis at the individual
level, no test-retest correlation was reported.

The objective of the present study was to determine the
test-retest reliability of EMA in measuring listening context
and listening experience for older hearing aid users. Both the
test and retest condition lasted seven consecutive days to
minimize the systematic variations in weekly schedules. The
data from multiple EMA surveys collected by each partici-
pant were aggregated in each of the test and retest con-
ditions. Test-retest correlation on the aggregated data was
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then calculated to determine the reliability of EMA. It was
expected that the self-reported datawould vary considerably
across individual EMA surveys. It was also expected that,
when multiple EMA survey data were aggregated, the varia-
tion of the data would be minimized. Therefore, it was
hypothesized that the test-retest reliability of EMA would
be similar to that of retrospective questionnaires.

Methods

The present study was part of a larger study designed to
examine the effect of advanced hearing aid noise reduction
technologies.9 Older adults with hearing loss were fitted
with bilateral hearing aids. Two hearing aid models, one a
less expensive, basic-level device (basic hearing aid) and the
other a more expensive, advanced-level device (premium
hearing aid), were used. The noise reduction technologies
(directional microphones and noise reduction algorithms) of
the hearing aids were turned on or off to create four trial
conditions. A single-blinded, crossover repeated measures
design was used. The participants were blinded to the
technology level and settings of the hearing aids and all
aids were physically identical. During the field trial of each
condition, the participants wore the hearing aids in their
daily lives for 5 weeks. After completing all four trial con-
ditions, each participant repeated one of the four conditions
(randomly selected, see below for details) to examine the
test-retest reliability of the EMA methodology.

Participants
Fifty-one participants (25 males and 26 females) recruited
from cities, towns, and farms around eastern Iowa and north
western Illinois completed the study. Their ages ranged from
65 to 88 years with a mean of 73.7 years. Participants were
eligible for inclusion in the study if their hearing loss met the
following criteria: (1) postlingual, bilateral, sensorineural
hearing loss (air-bone gap< 10 dB); (2) pure-tone average
across 0.5, 1, 2, and 4 kHz greater than 25 dB hearing level
(HL) but not worse than 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 participants were native
English speakers. Upon entering the study, 30 participants
had at least 1 year of previous hearing aid experience. No
previous smartphone experiencewas necessary for inclusion
in the study.

Hearing Aids and Fitting
Two commercially available behind-the-ear hearing aid
models were used in the larger study: basic (retail price
per pair � $1,500) and premium (retail price per pair �
$5,000) hearing aids. Devices were coupled to the partici-
pant’s ears bilaterally using slim tubes and custom canal
earmolds with clinically appropriate vent sizes. The devices
were programmed to meet real-ear aided response targets
(�3 dB) specified by the second version of the National
Acoustic Laboratory nonlinear prescriptive formula (NAL-
NL221) and was verified using a probe-microphone hearing
aid analyzer (Audioscan Verifit; Dorchester, Ontario, Canada)

with a 65-dB sound pressure level speech signal presented
from 0-degree azimuth. The status of noise reduction tech-
nologies of basic and premiumhearing aidswasmanipulated
to create four trial conditions: basic-on, basic-off, premium-
on, andpremium-off (2� 2 factorial design). SeeWuet al9 for
the details of the technologies. All other features (e.g., wide
dynamic range compression, adaptive feedback suppression,
and low-level expansion) remained active at default settings.
The volume control of the device was disabled during the
trial.

EMA
The EMA methodology was used to collect the participant’s
in situ self-reports. The EMA was implemented using Sam-
sung (Seoul, South Korea) Galaxy S3 smartphones (i.e.,
smartphone-based EMA). Smartphone application software
(i.e., app) was developed to deliver electronic surveys.22 The
app prompted participants to complete surveys at random-
ized intervals approximately every 2 hours within a partic-
ipant’s specified time window. The 2-hour interprompt
interval was selected because it seemed to be a reasonable
balance between participant burden, compliance, and the
amount of data that would be collected.23 Participants were
instructed to answer survey questions based on their expe-
riences during the past 5minutes so that recall bias was
minimized. Participants could also initiate a survey to report
a listening event. For the latter type of surveys, although
participants were encouraged to complete the surveys dur-
ing the listening event, they were allowed to report the
experience up to 1 hour after the event.

In each EMA survey, a series of questions regarding
listening context and listening experience were asked.
See ►Table 1 for the survey questions and the associated
responses. For example, the survey first asked “Were you
listening to speech?” and provided two options for the

Fig. 1 Average audiograms for left and right ears of study partic-
ipants. Error bars¼ 1 standard deviation (SD).
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Table 1 EMA survey questions and responses

Questions Responses

1. Were you listening to speech? & Yes
& No

1a. [Activity] (If “Yes”) What were you listening to? & Conversation, 3 or fewer
& Conversation, 4 or more
& Speech listening, live
& Speech listening, media
& Conversation, phone

1b. [Activity] (If “No”) What were you listening to? & Non-speech sound listening
& Not actively listening

2. Where were you? & Outdoor/Traffic
& Indoor

2a. [Location] (If “Outdoor/Traffic”) Please be more specific. & Outdoor, moving traffic
& Outdoor, other than traffic

2b. [Location] (If “Indoor”) Please be more specific. & Home, 10 or fewer
& Other than home, 10 or fewer
& Crowd of people, 11 or more

3. [Talker Familiarity] (If listening to speech) Were you familiar
with the talker(s)?

& Unfamiliar
& Somewhat unfamiliar
& Somewhat familiar
& Familiar

4. [Visual Cues] (If listening to speech) Could you see the
talker’s face?

& No
& Yes, but only sometime
& Almost always

5. [Talker Location] (If listening to speech, but not on the
phone) Where was the talker?

& Front
& Side
& Back

6. [Noisiness] On average, how noisy was it? & Quiet
& Somewhat noisy
& Noisy
& Very noisy

7. [Noise Location] (If not quiet) Where was the noise? & Front
& Side
& Back
& All around

8. (If indoor) Compared with an average living room, how
large was the room?

& Smaller
& About average
& Larger

9. (If indoor) Was there carpeting? & Yes
& No

10. [Speech Understanding] (If listening to speech) On average,
how much speech did you understand?

0%
^

100%

11. [Listening Effort] (If active listening) On average, how much
effort was required to listen effectively?

Very easy
^

Very effortful

12. [Loudness] How would you judge the level of loudness of the
sound?

Very soft
^

Comfortable Uncomfortably loud

13. [Loudness Satisfaction] Were you satisfied with the loudness? Not good at all
^

Just right

14. [Localization] In general, could you tell where sounds were
coming from right away?

Not at all
^

Perfectly

15. Did you use your hearing aids? & Yes
& No

16. [Hearing Aid Satisfaction] (If using hearing aids) Were you
satisfied with your hearing aids?

Not at all
^

Very satisfied

Abbreviation: EMA, ecological momentary assessment.

^

^

^

^

^

^
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participants to select (yes/no). Participants tapped a button
on the smartphone screen to indicate their responses. Next,
the survey asked a question about the listening activity
(“What were you listening to?”) and provided five response
options (if the answer to the previous question was yes) or
two options (if the answer to the previous question was no).
In the data analysis of the present study, this variable was
referred to as the Activity variable (square brackets
in ►Table 1) and had seven possible responses. The survey
then presented more questions to assess the characteristics
of the listening context, including location, talker familiarity,
availability of visual cues, talker location, noisiness, noise
location, room size, and carpeting. Note that the questions
about room size and carpeting, plus the question that asked
outdoor versus indoor (Question 2 in►Table 1), were used to
estimate the reverberation (i.e., the Reverberation variable).
According to Walden et al,3 outdoors and traffic were as-
sumed to be low-reverberant environments. Indoor, car-
peted spaces that were equal in size or smaller than an
average living room were considered to be low-reverberant
environments. The remaining indoor locations were as-
sumed to be high-reverberant. Also note that the variables
describing the listening context were either categorical
variables (Activity, Location, Talker Location, and Noise
Location) or ordinal variables (Talker Familiarity, Visual
Cues, Noisiness, and Reverberation).

Next, the app presented a series of questions to assess the
participant’s listening experiences, including speech under-
standing, listening effort, perceived loudness, loudness satisfac-
tion, sound localization, and hearing aid satisfaction. Because
thesevariables servedas theoutcomesof thelargerstudy, visual
analogscales (rather than the categorical orordinal scales)were
used to obtain fine-grained information. See ►Table 1 for the
anchors used in the scales. Participants used the sliding bar on
the visual analog scale to mark their perception. The partic-
ipant’s rating was quantified by multiplying the ratio of the
distance between the left end of the scale and the participant’s
mark to the length of the entire scale by 100. All variables that
described listening experience were interval variables.

Note that although Noisiness (Question 6 in►Table 1) and
Loudness (Question 12) might assess similar constructs, the
former was classified as a listening context variablewhile the
latter was treated as a listening experience variable in the
present study. The reason for this was somewhat arbitrary.
Noisiness was a context variable because it has been shown
to be associated with signal-to-noise ratio.24 On the other
hand, because Loudness and Loudness Satisfaction (Ques-
tions 12 and 13) were adapted from the Profile of Aided
Loudness questionnaire,25 they were viewed as listening
experience variables. The participants were instructed to
answer these two questions based on the loudness of the
overall sound. Also note that the EMA survey questions
shown in ►Table 1 were created specifically for the larger
study and, therefore, their wordings and response formats
have not been vigorously validated.

The survey questions were presented adaptively such that
certain answers determined whether follow-up questions
would be elicited. The presentation logic is shown in paren-

theses in ►Table 1. For example, the noise location question
would not be presented if the participant indicated “Quiet” in
the noisiness question. The speech understanding question
would be presented only when participants indicated that
they were listening to speech in the beginning of the survey.

Retrospective Questionnaire
To compare the test-retest reliability of EMA and retrospec-
tive questionnaire, four widely used instruments were
administered.

Hearing Handicap Inventory for the Elderly
The HHIE26 is a 25-item inventory designed to evaluate the
emotional and social impact of hearing loss on an individua-
l’s life. The HHIE is divided into two subscales: the Emotional
subscale, which measures how emotional responses in an
individual’s life are influenced by hearing loss, and the Social
subscale, which assesses the extent towhich social aspects of
an individual’s life are impacted by hearing loss.

Abbreviated Profile of Hearing Aid Benefit
The APHAB13 is a 24-item inventory designed to evaluate
benefit experienced from hearing aid use and to quantify
the degree of communication difficulty experienced in vari-
ous situations. The questionnaire consists of four subscales.
The Ease of Communication, Reverberation, and Background
Noise subscales are focused on speech communication. The
Aversiveness subscale evaluates the individual’s response to
unpleasant environmental sounds.

Satisfaction with Amplification in Daily Life
The SADL14 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. The Service and Cost subscale measures the ade-
quacy of service provided by the professional and the cost of
the devices. The Negative Features subscale assesses unde-
sirable aspects of hearing aid use. The Personal Image
subscale evaluates the domain of self-image and stigma.
Note that in the present study the Service and Cost subscale
contained only one item. This is because the other two items
in this subscale are related to hearing aid cost and repair and
thereforewere not applicable to the study (hearing aids were
provided at no cost in the study).

Speech, Spatial, and Qualities Hearing Scale
The 49-item SSQ27 is a 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 (Speech subscale), to local-
ize acoustic events (Spatial subscale), and to evaluate audi-
tory experience including music perception and the clarity
and naturalness of sound (Qualities subscale).

Procedures
The study was approved by the Institutional Review Board at
The University of Iowa. After signing the consent form,
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participants’ hearing thresholds were measured using pure-
tone audiometry. If participantsmet all the inclusion criteria,
earmold impressions were taken by an audiologist. Next,
demonstrations of how towork and care for the smartphone,
as well as taking and initiating EMA surveys on the phone,
were provided. 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).
Participants were also encouraged to initiate a survey during
or immediately after they had encountered a different lis-
tening experience lasting at least 10minutes. Each partici-
pant was given a set of take-home written instructions
detailing how to use and care for the phone, as well as
when and how to take the surveys. Once all the participants’
questions had been answered and they demonstrated com-
petence in the ability to perform all the related tasks, they
were sent home with one smartphone and began a 3-day
practice session. Participants returned to the laboratory after
the practice session. If participantsmisunderstood anyof the
EMA/smartphone-related tasks during the practice session,
they were reinstructed on how to properly use the equip-
ment or take the surveys.

Next, the hearing aids of all four trial conditions (basic-on,
basic-off, premium-on, and premium-off) were fit and the
first field trial condition began. The order of the four trial
conditions was randomized across participants. In each trial
condition, participants familiarized themselves with the
hearing instrument settings for 4 weeks. Participants then
returned to the laboratory and the outcome measures of the
larger study were conducted. Participants were then given
smartphones and the assessment week inwhich participants
carried smartphones to conduct EMA surveys began. Partic-
ipants were encouraged to go about their normal daily
routines during the week. One week later, participants
brought the smartphones back to the laboratory and the
data saved in the smartphone were downloaded. Retrospec-
tive questionnaires were administered. Hearing aids were
inspected, cleaned, and reprogrammed. Then, the next trial
condition began. See Wu et al9 for more details on the larger
study. After participants completed all four trial conditions,
participants repeated one of the trial conditions to examine
the test-retest reliability of EMA (4 weeks wearing hearing
aids plus 1 week for EMA). Specifically, for each participant,
the hearing aid model that was used in the last (i.e., the
fourth) trial condition was used in the retest condition.
However, the status of noise reduction features (on vs. off)
was randomly selected for each participant. This design
(rather than using the same hearing aid model and configu-
ration across all participants in the retest condition) was
used because of the limited number of hearing aids available
to the larger study. In the present article, the two conditions
inwhich the same hearing aidmodel and configurationwere
used were referred to as the test and retest conditions,
respectively. It was determined a priori that the data from
all hearing aid models and configurations would be pooled
together for analysis. Pooling the data obtained under rather
different hearing aid conditions would make the findings of
the present study more generalizable than had they been

obtained under just a single condition. Monetary compensa-
tionwas provided to the participants upon completion of the
study.

Results

The mean interval between the test and retest conditionwas
8.7 weeks (standard deviation [SD]¼ 4.2), ranging from 4 to
27 weeks. Across the test and retest conditions, 3,900 EMA
surveys were completed by the 51 participants (test:
n¼ 1,995; retest: n¼ 1,905). On average, each participant
completed 39.1 surveys (SD¼ 14.4, range¼ 9–74, medi-
an¼ 37) and 37.4 surveys (SD¼ 15.0, range¼ 4–80, medi-
an¼ 37) in the test and retest conditions, respectively.
Among all surveys, 2,648 (68%) were prompted by the
EMA app (test: n¼ 1,331; retest: n¼ 1,317) and the remain-
ing 1,252 (32%) were initiated by the participants (test:
n¼ 664; retest: n¼ 588). Although it would be interesting
to examine the reliability of app-initiated and participant-
initiated surveys separately, it was determined a priori that
both types of surveys would be pooled together to ensure
that there were sufficient numbers of surveys from each
participant for analysis. Further, it is not uncommon for EMA
studies to pool data from both types of surveys to answer
research questions.8,9,24

Comparisons: Test versus Retest
Datawere examined to determine if the listening context and
listening experience was stable across the test and retest
conditions at the group level. To this end, EMA datawerefirst
aggregated within each participant. For the categorical and
ordinal variables that described listening contexts, the prob-
ability of each response being selected in each of the test and
retest conditions was calculated for each participant. For the
interval variables that described listening experiences, the
ratings obtained from the visual analog scale were averaged
across individual EMA surveys for each participant in each
condition. ►Tables 2 and 3 show the mean probability
(categorical and ordinal variables) and rating (interval var-
iables) averaged across the participants, respectively, of the
test and retest conditions. The mean probability and mean
ratings were quite similar across the test and retest
conditions.

Statistical analysis was then conducted on the aggregated
data. For the categorical and ordinal variables, repeated
measures analysis of variance (ANOVA) was conducted to
determine the effect of test-retest condition on the distribu-
tion of response probability. The independent variables were
response, test-retest condition, and their interaction. The
dependent variable was response probability. Separate anal-
ysis was conducted for each variable. Because for a given
variable the probability for a response is equal to one minus
the sum of the probabilities of the remaining responses,
including the probability data of all responses in the analysis
would violate the ANOVA assumption regarding the inde-
pendence of samples. Therefore, for all variables except for
the Reverberation variable, the last response of a given
variable (e.g., “very noisy” of the Noisiness variable) was
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Table 2 Mean and standard deviation of the probability of each response being selected of the variable that describes listening
context in the test and retest conditions

Test condition,
mean (SD)

Retest condition,
mean (SD)

Effect of
test-retest
condition (p-value)

Interaction (p-value)

Activity

Conversation, 3 or fewer 0.26 (0.18) 0.25 (0.18) 0.55 0.19

Conversation, 4 or more 0.07 (0.07) 0.06 (0.06)

Speech listening, live 0.03 (0.04) 0.02 (0.03)

Speech listening, media 0.29 (0.22) 0.32 (0.24)

Conversation, phone 0.05 (0.06) 0.05 (0.07)

Non-speech sound listening 0.09 (0.15) 0.10 (0.14)

Not actively listening 0.21 (0.16) 0.22 (0.16)

Location

Outdoor, moving traffic 0.07 (0.06) 0.07 (0.06) 0.46 0.02

Outdoor, other than traffic 0.07 (0.10) 0.05 (0.08)

Indoor, home, 10 or fewer 0.68 (0.16) 0.73 (0.17)

Indoor, other than home, 10 or fewer 0.11 (0.10) 0.09 (0.09)

Indoor, crowd of people, 11 or more 0.07 (0.06) 0.06 (0.06)

Talker Familiarity

Unfamiliar 0.20 (0.15) 0.20 (0.18) 0.72 0.88

Somewhat unfamiliar 0.12 (0.18) 0.12 (0.14)

Somewhat familiar 0.22 (0.18) 0.21 (0.20)

Familiar 0.46 (0.23) 0.48 (0.24)

Visual Cues

No 0.23 (0.19) 0.24 (0.18) 0.49 0.31

Yes, but only sometime 0.42 (0.23) 0.39 (0.25)

Almost always 0.35 (0.23) 0.37 (0.26)

Talker Location

Front 0.69 (0.22) 0.69 (0.25) 0.73 0.97

Side 0.27 (0.21) 0.28 (0.22)

Back 0.04 (0.08) 0.04 (0.05)

Noisiness

Quiet 0.58 (0.22) 0.58 (0.22) 0.74 0.94

Somewhat noisy 0.33 (0.20) 0.33 (0.19)

Noisy 0.07 (0.07) 0.06 (0.09)

Very noisy 0.02 (0.04) 0.02 (0.04)

Noise Location

Front 0.26 (0.28) 0.26 (0.28) 0.55 0.93

Side 0.09 (0.13) 0.10 (0.12)

Back 0.03 (0.06) 0.03 (0.07)

All around 0.62 (0.30) 0.61 (0.31)

Reverberation

Low 0.53 (0.25) 0.54 (0.27) 0.69

High 0.47 (0.25) 0.46 (0.27)

Abbreviations: ANOVA, analysis of variance; SD, standard deviation.
Note: For all variables except for the Reverberation variable, the p-values are the results of repeated measures ANOVA that examines the main effect
of test-retest condition and the interaction between response and test-retest condition. For the Reverberation variable, the p-value is the result of a
paired t-test that compares the probability of the “Low” response between the test and retest condition. See text for more details.
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not included in the analysis. For these analyses, either the
interaction or the main effect of test-retest condition being
significant would suggest a difference in the distribution of
response probability between the test and retest conditions.
Because the Reverberation variable had only two responses
(“Low” and “High”), a paired t-test was conducted to compare
the probability of the “Low” response between the test and
retest condition. The results indicate that, except for the
interaction of the Location variable (p¼ 0.02; ►Table 2), the
interactions and themain effect of test-retest condition of all
variables were not significant (all p> 0.05; ►Table 2). These
results suggested that the distribution of response probabil-
ity was similar in the test and retest conditions for most
variables that described listening contexts.

For the interval variables that described listening experi-
ence, paired t-tests were conducted to compare the mean
ratings in the test and retest conditions. The results indicated
that none of the difference was significant (all
p> 0.05; ►Table 3). Of note is that the mean hearing aid
satisfaction rating decreased from 75.1 points in the test
condition to 71.2 points in the retest condition, despite that
the difference was not statistically significant (p¼ 0.07). The
results shown in ►Tables 2 and 3 suggested that in general
the listening context and listening experience was stable
over time at the group level.

Test-Retest Reliability
In the literature, test-retest reliability is often examined
using test-retest correlation coefficients. Because correlation
analysis ismore appropriate for interval variables, a different
approach was used to determine the test-retest reliability of
the categorical variables of the present study (Activity,
Location, Talker Location, and Noise Location). In short, the
responses to a given question were first ranked from the
most to the least frequent responses within each participant
andwithin each test-retest condition. The Spearman’s corre-
lation was then calculated between the ranks from the two
conditions for each participant. A higher correlation indicat-
ed that the order of the frequency of the participant’s
selection was more consistent between the conditions (e.
g., the most common response in the test condition was also
themost common response in the retest condition). Next, the
correlation coefficients were examined across all partici-

pants and boxplots were created. The results are shown
in ►Fig. 2. The median correlation coefficients of Activity,
Location, Talker Location, andNoise Locationwere 0.75, 0.80,
1.0, and 0.63, respectively. The variation in correlation coef-
ficient across participants was substantial, especially for the
Noise Location variable.

For the ordinal variables (Talker Familiarity, Visual Cues,
Noisiness, and Reverberation), they were treated as interval
variables. Consecutive integers were assigned to the
responses based on the order of response (e.g., for the Talker
Familiarity variable, Unfamiliar¼ 1, Somewhat unfamil-
iar¼ 2, Somewhat familiar¼ 3, and Familiar¼ 4). This ap-
proach was similar to the scoring method used by the
SADL.14 The data collected by a given participant were
then aggregated by calculating the mean of the response
orders for each participant in each condition. Next, Pearson-
product moment correlation in the mean response order
between the test and retest conditions across all participants
was calculated. The scatter plots and the correlation coef-
ficients are shown in►Fig. 3. All correlationswere significant
(p< 0.01), with the highest and lowest correlations being

Table 3 Mean and standard deviation of the rating of the variable that describes listening experience in the test and retest
conditions

Test condition, mean (SD) Retest condition, mean (SD) p-value

Speech Understanding 82.9 (9.9) 82.8 (9.5) 0.89

Listening Effort 34.4 (16.1) 34.7 (16.2) 0.90

Loudness 44.7 (9.2) 45.1 (9.4) 0.74

Loudness Satisfaction 70.6 (11.2) 69.5 (11.1) 0.42

Localization 79.2 (12.1) 79.3 (12.2) 0.95

Hearing Aid Satisfaction 75.1 (15.1) 71.2 (18.2) 0.07

Abbreviation: SD, standard deviation.
Note: The p-values are the results of paired t-tests that compare the mean ratings between the test and retest conditions.

Fig. 2 Boxplots of the test-retest correlation coefficient of the
categorical variables that described listening context characteristics.
The boundaries of the boxes represent the 25th and 75th percentile
and the line within the boxes marks the median. Error bars indicate the
10th and 90th percentiles.
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Reverberation (r¼ 0.89) and Talker Familiarity (r¼ 0.46),
respectively. Because it has been suggested that the test-
retest correlation coefficient may not be the best way to
quantify the repeatability of a measure,28 the coefficient of
repeatability—a value below which the absolute difference
between test and retest results would lie with 95% probabil-
ity—was also calculated (►Fig. 3). The coefficient of repeat-
ability shown in►Fig. 3, however, should be interpretedwith
caution because the score ranges of the four ordinal variables
are not identical.

For the interval variables that described listening experi-
ence (Speech Understanding, Listening Effort, Loudness,
Loudness Satisfaction, Localization, and Hearing Aid Satis-
faction), the data were aggregated by calculating the mean
rating of each participant in each condition. Pearson-product
moment correlation in themean rating between the test and
retest condition across all participants was then calculated
for each variable. ►Fig. 4 shows that all correlations were
significant (p< 0.01), with the highest and lowest correla-
tions being Speech Understanding (r¼ 0.85) and Loudness
Satisfaction (r¼ 0.60), respectively. The coefficient of repeat-
ability was also calculated for these variables and the results
are shown in ►Fig. 4. The Hearing Aid Satisfaction variable
has the largest (poorest) coefficient of repeatability.

The test-retest correlations of the retrospective question-
naires are shown in ►Table 4. All correlations were signifi-
cant (p< 0.01), with the highest and lowest correlations
being the Speech subscale of the SSQ (r¼ 0.85) and the

Fig. 3 Scatter plots of the responses of the ordinal variables that
described listening context characteristics in the test and retest
conditions. Diagonal lines represent perfect match between the test
and retest conditions. Talker Familiarity: unfamiliar ¼ 1, somewhat
unfamiliar¼ 2, somewhat familiar¼ 3, and familiar¼ 4; Visual Cues:
no ¼ 1, yes, but only sometimes¼ 2, almost always¼ 3; Noisiness:
quiet¼ 1, somewhat noisy¼ 2, noisy ¼ 3, very noisy¼ 4; Reverbera-
tion: low¼ 1, high¼ 2. CR, coefficient of repeatability.

Fig. 4 Scatter plots of the ratings of the interval variables that describe listening experience in the test and retest conditions. Diagonal lines
represent perfect match between the test and retest conditions. CR, coefficient of repeatability.
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Service and Cost subscale of the SADL (r¼ 0.36), respectively.
The low correlation of the Service and Cost subscale of the
SADL could be due to the subscale consisting only of one item
in the present study. If this subscale is excluded, the test-
retest correlation of the retrospective questionnaires ranged
from 0.55 to 0.85.

Discussion

Test-Retest Comparisons
In the present study, older adults with hearing loss used the
EMA methodology to report the characteristics of listening
contexts and listening experiences in situ in the test and
retest conditions. The resultsfirst indicated that, at the group
level, the characteristics of listening contexts were fairly
consistent between the test and retest conditions (►Table 2).
Although the interaction between response and test-retest
conditionwas significant for the Location variable (p¼ 0.02),
the distribution of the probability across thefive responses of
this variable was still very similar across the test and retest
conditions. The similarity in listening context characteristics
between the test and retest conditions is in line with Humes
et al29 study that used a hearing aid data-logging sound
environment classification feature to objectively quantify
the acoustic environments for older adults with hearing
loss. Humes et al29 found that the acoustical environments
in which older adults wore hearing aids were quite stable
through the first year of usage. The characteristics of many
listening contexts reported by the present study were also
consistent with the literature. For example, the older partic-
ipants in the present study reported “Speech listening,

media” in approximately 30% of the EMA surveys
(►Table 2). This is fairly similar to the time spent in television
watching reported by Klein et al30 (�26% of the time), Wu
and Bentler 5 (�28% of the time), and Mares and Woodard31

(3.5–3.8 hours/day). Of interest is that in the present study
on average the participants reported “quiet” in the Noisiness
question in 58% of the surveys (►Table 2). This is close to a
group of listeners described by Humes et al29 who spent
almost half of their time in environments classified as quiet
(the “Quiet” group). The other two groups identified by
Humes et al29 were the “Speech” group who had the highest
proportions of hearing aid usage in environments involving
speech and the “Noise” group who had the highest propor-
tions of hearing aid usage in environments involving noise.
Because the Quiet group participated in social activities less
often compared with the Speech and Noise groups,29 it is
likely that the participants of the present study had relatively
inactive social lifestyles.

The results shown in ►Table 3 further indicated that, at
the group level, the self-reported listening experience was
similar across the test and retest conditions. This is consis-
tent with the study by Humes et al32 that used several
retrospective self-reports to measure hearing aid outcomes
at 7, 15, 30, 60, 90, and 180 days post-fit. Humes et al32 found
that self-reported outcomes were fairly stable over time,
especially for outcomes obtained after 15 days post-fit. In the
present study, the largest difference in rating between the
test and retest conditions was from the Hearing Aid Satisfac-
tion variable (3.9 points out of 100 points), although the
difference was not statistically significant. Humes et al32

found that self-reported hearing aid satisfaction was very
stable after 7 days post-fit. One explanation for the relatively
large decrease in satisfaction rating is that the lengthy
involvement of the larger study (5–6 months) made the
participants less enthusiastic in the study and therefore
reported lower hearing aid satisfaction in the retest condi-
tion. However, this explanation is not supported by the
nonsignificant correlation between the degree of satisfaction
decrease and the interval between the test and retest con-
ditions (r¼ 0.24, p¼ 0.09).

Test-Retest Reliability
In terms of test-retest reliability, the median correlation
coefficients of the categorical variables of the present study
(Activity, Location, Talker Location, and Noise Location)
ranged from 0.63 to 1.0 (►Fig. 2). The Noise Location had
the lowest correlation and the largest variation across par-
ticipants (i.e., the boxplot with the broadest spread
in ►Fig. 2). This finding likely, at least in part, results from
the availability of fewer EMA surveys for analysis. Recall that
the Noise Location question was presented only when par-
ticipants reported that it was not quiet. Since the partici-
pants spent most of their time in quiet, the amounts of the
surveys containing Noise Location data were 17.1 (test) and
16.1 (retest) per participant, which were less than half of the
surveys competed by the participants in each condition (�38
surveys per participant). If the quantity of data on a charac-
teristic in the surveys is small, the aggregated data cannot

Table 4 Test-retest correlation of four retrospective
questionnaires

Questionnaire Subscale r-Value

HHIE Emotional 0.76a

Social 0.83a

APHAB Ease of Communication 0.64a

Reverberation 0.74a

Background Noise 0.72a

Aversiveness 0.77a

SADL Positive Effect 0.87a

Service and Cost 0.36a

Negative Features 0.55a

Personal Image 0.63a

SSQ Speech 0.85a

Spatial 0.82a

Qualities 0.82a

Abbreviations: AHPAB, Abbreviated Profile of Hearing Aid Benefit; HHIE,
Hearing Handicap Inventory for the Elderly; SADL, Satisfaction with
Amplification in Daily Life; SSQ, Speech, Spatial, and Qualities hearing
scale.
ap< 0.01.
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offset the variation across individual surveys, resulting in
low reliability.

For the ordinal variables (Talker Familiarity, Visual Cues,
Noisiness, and Reverberation), the correlation coefficients
ranged from 0.46 to 0.89, with the highest and lowest
correlations being Reverberation and Talker Familiarity,
respectively (►Fig. 3). One reason for the low test-retest
correlation of the Talker Familiarity variable is that the
question itself and its responses were not appropriate for
some listening situations. For example, in a group conversa-
tion if half of the talkers were familiar to the listener and the
other half were strangers, the listener would have difficulty
in determiningwhich response to select when answering the
talker familiarity question. Other than the Talker Familiarity
variable, the test-retest correlations (ranging from 0.64 to
0.89) were fairly similar to those of retrospective question-
naires shown in ►Table 4 (ranging from 0.55 to 0.85).

Among the six variables that describe listening experi-
ence, three had lower test-retest correlations (►Fig. 4):
Listening Effort (0.61), Loudness Satisfaction (0.60), and
Hearing Aid Satisfaction (0.61). The lower reliability of
Listening Effort could result from the direction of the visual
analog scale of this variable (right side indicating more
effortful) being opposite to other EMA questions. Partici-
pants might accidentally answer this question in the wrong
direction, resulting in less reliable data. Furthermore, the
Listening Effort question (“On average, how much effort was
required to listen effectively?”) could be difficult to under-
stand and answer for some participants. Moore and Picou33

suggested that self-reported listening effort could be biased
because people tend to rate their performance, which is
easier to answer, instead of rating how much effort it took
to achieve the result. This bias could reduce the reliability of
self-reported listening effort.

The other two variables that had lower test-retest corre-
lations both involved satisfaction (with loudness and hearing
aids). The Hearing Aid Satisfaction had the largest (poorest)
coefficient of repeatability (22.3 points) among the interval
variables (►Fig. 4). This could be due to that the construct of
satisfaction is multidimensional, including, for example,
positive effects (e.g., reduced communication disability),
personal image (e.g., self-image and stigma), negative effects
(e.g., feedback problems), and service and cost.14 Further-
more, satisfaction rating tends to be affected by the context.
For example, Faiers and McCarthy34 compared hearing aid
outcomes for those who paid a portion of the cost of hearing
aids and those who did not pay. The results indicated that
financial outlay of hearing aid users did not affect the
reduction in self-reported hearing handicap, while having
a significant effect on hearing aid satisfaction (those who
paid were more dissatisfied). Because of the multidimen-
sional nature of satisfaction and because the satisfaction
level tends to be affected by the context, the variation of
satisfaction ratings could be large frommoment to moment,
resulting in lower test-retest reliability. Regardless, the test-
retest correlations shown in ►Fig. 4 (ranging from 0.60 to
0.85) are fairly similar to those of the retrospective ques-
tionnaires shown in ►Table 4 (ranging from 0.55 to 0.85).

Effect of Number of Surveys
As mentioned earlier, the low test-retest correlation of the
Noise Locationvariable couldbedue to theavailabilityof fewer
EMA surveys for analysis. To explore how EMA survey number
could affect test-retest reliability, simulationswere conducted
on four variables that showedhigher test-retest correlations in
the present study: Reverberation, Noisiness, Localization, and
Loudness. Foreachvariable, the51participantsprovided1,995
data points (39.4 per person) and 1,905 (37.4 per person) data
points in the test and retest conditions, respectively. In the
simulation, a certain ratio (e.g., 10%) of the EMA surveys were
randomly sampled without replacement in each participant
and in each of the test and retest conditions. The sampled data
were aggregated for each participant and the test-retest
correlation was calculated. The entire process was repeated
1,000 times and the mean and 95% confidence interval of the
test-retest correlationwere computed. The sampling ratiowas
varied from10 to 90%with a10% increment. The results shown
in ►Fig. 5 indicate that test-retest correlation decreases
monotonically as the survey sample size decreases. Based on
the figure, it is likely that the reliability is not much affected if
the sampling ratio is 50% or higher. Therefore, the simulation
suggests that to achieve a reasonable reliability, each partici-
pant needs to complete approximately 20EMA surveys in each
condition. Further, the simulation seems to suggest that
Localization and Loudness (►Fig. 5B) are more resistant to
the impact of survey size than Reverberation and Noisiness
(►Fig. 5A). It is unclear if this difference results from response
format (visual analog scale vs. categorical/ordinal scale) or the
construct that the survey question is trying to measure
(listening experience vs. listening context). More research is
needed to systematically determine the effect of survey num-
ber on EMA test-retest reliability.

Limitations
The present study has several limitations. First, the test-
retest reliability data reported in the present study was
specific to the EMA survey shown in ►Table 1 and may not
generalize to surveys that have different numbers of ques-
tions, presentation logic, and response formats. For example,
an EMA design that contains only few questions with two
response options (e.g., like vs. dislike) but has very short
interprompt interval (e.g., every 30minutes) could yield a
very different reliability compared with those reported in
the present study.

Second, although one of the advantages of the EMA
methodology is that it could measure outcomes of an inter-
vention in specific contexts, in the present study the test-
retest reliability was computed based on the data aggregated
across all kinds of contexts, making the reliability results
reported in the present study less useful. Although deter-
mining context-specific reliability is desirable, the present
study does not have sufficient data points for every context of
interest. To illustrate this, ►Table 5 shows the test-retest
reliability of the Hearing Aid Satisfaction variable across all
contexts and in each of the four Noisiness categories (quiet,
somewhat noisy, noisy, and very noisy).►Table 5 also shows
the numbers of participants and EMA surveys available for
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the analysis. Because the noisy and very noisy categories
were rarely reported in surveys (4.6 and 2.3 surveys per
person, respectively), few participants (noisy: n¼ 25; very
noisy: n¼ 14) had EMA data from both the test and retest
conditions.Without sufficient numbers of EMA surveys from
each participant, the context-specific reliability in the noisy
and very noise categories is likely to be underestimated.
Future research that systematically examines context-spe-
cific reliability of EMA is needed.

Third, the ordinal variables (Talker Familiarity, Visual
Cues, Noisiness, and Reverberation) were treated as interval
variables to determine their test-retest reliability. Consecu-
tive integers were assigned to the responses based on the
order of response. This approach is arbitrary because there is
no empirical evidence to support that the differences be-
tween responses (e.g., quiet vs. somewhat noisy and some-
what noisy vs. noisy) are equal across all responses. The
reliability the ordinal variables determined in the present
study may not reflect the true reliability.

Implications
Although many variables shown in ►Figs. 2–4 have appro-
priate test-retest reliability (e.g., Talker Location, Reverbera-
tion, and Speech Understanding), the present study suggests
that the reliability of EMA could be threatened by many
factors. For example, because it is impossible to strictly
control real-world environments, EMA typically relies on a
large amount of data from each respondent to derive a clear
pattern of human experiences and behaviors. If the number
of surveys completed by a respondent is not sufficiently large
(e.g., the Noise Location in the present study and►Fig. 5), the
reliability of EMA could be reduced. Further, like all self-
reported questionnaires, a poorly designed question (e.g., the
Listening Effort and Talker Familiarity in the present study)
could threaten the test-retest reliability. Therefore, the pres-
ent study stresses the importance of using validated ques-
tions and responses in EMA. In most audiology research
(including the present study), EMA questions were created
specifically for the study and, therefore, their wordings and

Table 5 Test-retest reliability of Hearing Aid Satisfaction across all contexts and in each Noisiness category

Number of participants Number of surveys Test-retest
correlation

CR

r-Value p-Value

All-context 51 33.5 0.61 < 0.01 22.3

Context-specific Quiet 48 19.1 0.51 < 0.01 23.4

Somewhat noisy 49 12.2 0.57 < 0.01 23.1

Noisy 25 4.6 0.45 0.024 25.6

Very noisy 14 2.3 0.57 0.033 38.1

Abbreviation: CR, coefficient of repeatability.
Note: The third column shows the numbers of participants who had data in both the test and retest conditions. The fourth column shows the mean
numbers of surveys per participant per condition available for reliability analysis.

Fig. 5 Impact of survey sample size on test-retest reliability. EMA, ecological momentary assessment.
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response formats were not vigorously validated. It would be
beneficial to establish and validate a set of standardized
questions that can be used in EMA. Alternatively, EMA could
adapt the questions from validated retrospective question-
naires. For example, the wordings and response formats of
the questionnaires GlasgowHearingAid Benefit Profile35 and
International Outcome Inventory for Hearing Aids36 could be
used in EMA to assess the respondent’s listening experiences
in situ. Because paper-and-pencil and electronic adminis-
trations of self-reports generally yield equivalent results,37 it
is expected that, with the questions adapted from validated
questionnaires, the computer- or smartphone-based EMA
would have reasonable test-retest reliability.

Conclusion

EMA in audiology research could have test-retest reliability
comparable to validated retrospective questionnaires. To
increase reliability, it is important for EMA to have survey
questions that are appropriately designed and have sufficient
numbers of surveys completed by respondents.
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