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Abstract Background Ecological momentary assessment (EMA) often requires respondents to

complete surveys in the moment to report real-time experiences. Because EMA may

seem disruptive or intrusive, respondents may not complete surveys as directed in

certain circumstances.

Purpose This article aims to determine the effect of environmental characteristics on

the likelihood of instances where respondents do not complete EMA surveys (referred

to as survey incompletion), and to estimate the impact of survey incompletion on EMA

self-report data.

Research Design An observational study.

Study Sample Ten adults hearing aid (HA) users.

Data Collection and Analysis Experienced, bilateral HA users were recruited and fit

with study HAs. The study HAs were equippedwith real-time data loggers, an algorithm

that logged the data generated by HAs (e.g., overall sound level, environment

classification, and feature status including microphone mode and amount of gain

reduction). The study HAs were also connected via Bluetooth to a smartphone app,

which collected the real-time data logging data as well as presented the participants

with EMA surveys about their listening environments and experiences. The participants

were sent out to wear the HAs and complete surveys for 1 week. Real-time data logging

was triggered when participants completed surveys and when participants ignored or

snoozed surveys. Data logging data were used to estimate the effect of environmental

characteristics on the likelihood of survey incompletion, and to predict participants’

responses to survey questions in the instances of survey incompletion.

Results Across the 10 participants, 715 surveys were completed and survey incom-

pletion occurred 228 times. Mixed effects logistic regression models indicated that

survey incompletion was more likely to happen in the environments that were less

quiet and containedmore speech, noise, andmachine sounds, and in the environments
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In real-world research a way to collect information on an

individual’s experience as it happens is ecological momentary

assessment (EMA),which isalsoknownasexperiencesampling

or ambulatory assessment.1 This methodology has respon-

dents report on what happens during or shortly after they

experience it in their lives. EMA can provide a wealth of

information on moments in a respondent’s lives without the

distortions caused by recalling memories and delayed evalua-

tion of experiences. EMA can also collect detailed contextual

information with self-reported experience, allowing research-

ers to examine the relationship between experience and

context. EMA has been validated as a research methodology

in audiology,2,3 has test–retest reliability comparable to retro-

spective questionnaires,4 and may have more sensitivity to

detect differences in outcomes between different hearing aid

(HA) technologies than retrospective self-reports.5 Use of the

EMA methodology in audiology research has become more

popular over the past decades. EMA has been employed in

multiple ways to assess real-world listening difficulty or HA

outcomes, including paper-and-pencil journals,6–9 daily dia-

ries,10 portable computers,11 and smartphones.12,13

Although theuseof EMA inaudiology research is increasing,

EMA is not a tool without limitations. For example, the burden

of EMA on respondents is high. Because (1) it is impossible to

strictly control real-world conditions and (2) respondents’

experience could vary from time to time even in the same

conditions, EMA relies on a large amount of data from each

respondent to derive a clear pattern of human experiences.

Therefore, respondents often are asked to complete as many

EMA surveys aspossible over a long period of time (e.g., days or

weeks), contributing to this high burden. The repeated assess-

ment nature of EMA could be fatiguing, which in turn could

reduce the response rate of EMA. Furthermore, because

respondents are often asked to complete surveys in the

moment (e.g., during a conversation) to report real-time

experience, respondents could feel that EMA is disruptive or

intrusive, lowering the response rate. In audiology literature,

the method used to compute the response rate varies. In

general, the response rate ranges from 68 to 93%.2,9,11,14

Although some studies reported high response rates, a perfect

response rate (100%) was rarely observed. Therefore, respon-

dentsdonotalways completeEMAsurveysas theyaredirected.

When do respondents not complete a survey? Pentony

et al15 interviewed 19 adults after participating in a study in

which EMA was used. In the interviews 12 participants

indicated that the repetitive surveys interrupted or somewhat

interrupted their daily activities. Surveys were particularly

disruptive when the participants were working, in a class,

driving, or engaging in activities (e.g., swimming, social

events). Similar qualitative data have been reported by Galvez

et al.11 Therefore, it seems that, when EMA surveys are not

completed, it is in a systematic manner: Respondents are less

likely to complete EMA surveys in more engaging or social

activities. In the present study, the circumstances in which

respondents completed EMA surveys are referred to as survey

completion. In contrast, the circumstances in which respon-

dents do not complete surveys or do not want to take surveys

(e.g., snooze surveys) are referred to as survey incompletion.

If survey incompletion happens systematically, how would

this impact the EMA self-reported data? The impact could

depend on the sampling strategy of EMA. In general, there are

two main sampling strategies: time-based and event-based.16

For time-based EMA, surveys are scheduled at regular or

irregular intervals. Respondents are prompted to complete a

survey by, for example, the ringing or vibration of a smart-

phone. Because time-based EMA is often used to obtain

momentary data that would be representative of the experi-

ence across days or weeks, it is important for time-based EMA

to provide unbiased samples of experience across all kinds of

daily situations. In this case, survey incompletioncouldbias the

EMAdata. For example, previous research has used time-based

EMA to estimate the degree and distribution of listening

difficulty.11 If respondents tend not to complete surveys in

social events that are often noisy, the situations in which

listening is difficult would be undersampled and therefore

listening difficulty would be underestimated. Furthermore, if

HA features such as noise reduction algorithms tend to be

enabled in the instances of survey incompletion, EMA research

(e.g.,Wuet al13)mayunderestimate theeffectof thesefeatures.

The effect of survey incompletion on data bias is likely to

be smaller in event-based EMA. In this sampling strategy,

researchers define the event of interest and respondents are

asked to complete EMA surveys when the predefined event

occurs. For example,Wu and Bentler8 used event-based EMA

to investigate the effect of visual cues on HA directional

microphone benefit. The event of interest was the listening

situation in which (1) the primary talker is in front of the

listener, (2) the talker-listener distance is less than 10 feet,

(3) the noise source(s) is(are) not in front of the listener, and

(4) the listener can see the talker’s face. If the event of interest

wherein directional microphones and noise reduction algorithms were enabled. The

results of survey response prediction further indicated that the participants could have

reported more challenging environments and more listening difficulty in the instances

of survey incompletion. However, the difference in the distribution of survey responses

between the observed responses and the combined observed and predicted responses

was small.

Conclusion The present study indicates that EMA survey incompletion occurs

systematically. Although survey incompletion could bias EMA self-report data, the

impact is likely to be small.
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is very specific and is clearly defined, survey incompletion

would bias the data less because respondents would conduct

surveys in the predefined events (although the number of

responses would be lower than expected). However, if the

event of interest is loosely defined and includes awide range

of situations (e.g., “Conduct a survey when you are listening

to speech”), respondents may be less likely to complete

surveys in certain situations and therefore bias EMA data.

To date, most data in the literature about EMA survey

incompletion are qualitative interview data.11,15 No previous

research has used objective data to quantify the relationship

between environmental characteristics and EMA survey

incompletion. Also, although it is possible that survey incom-

pletion could cause EMA research to underestimate the effect

of HA features designed to reduce noise (e.g., directional

microphones and noise reduction algorithms), no prior re-

search has examined if these features behave differently in the

instances of survey completion and incompletion. Further-

more, it is unknown how survey incompletion would affect

EMA self-report data.

Thefirstobjectiveof thepresent studywas todeterminethe

effect of environmental characteristics on the likelihood of

EMA survey incompletion. It was hypothesized that respon-

dents would be less likely to complete surveys in the environ-

ments that had higher sound level (i.e., noisier) and when

speech was present (e.g., social events), and in the environ-

ments in which HA noise reduction features (directional

microphones and noise reduction algorithms) were enabled.

The second objective of the present studywas to estimatehow

survey incompletion would impact EMA self-report data.

Methods

The present study was part of a larger study investigating the

social and auditory lifestyles of adults living in urban and rural

areas. Experienced, bilateral HAuserswere recruited from the

community. Study HAs were equipped with real-time data

loggers, an algorithm that logged thedata generatedbyHAs (e.

g., overall sound level, environment classification, and feature

status), werefit to the study participants. The study HAs were

also connected via Bluetooth to a smartphone app, which

collected the real-time data logging data as well as presented

the study participants with surveys about their listening

environments and experiences. The participants were sent

out towear the HAs and complete surveys as they went about

their daily lives for 1 week.

Participants

Ten participants (6 males, 4 females) recruited from the area

around IowaCity, IA (n¼ 7) andBerkley, CA (n¼ 3) tookpart in

the study. Their ages ranged from50 to 76yearswith ameanof

68.2 years (standard deviation [SD]¼ 8.0). Subjects were

eligible to participate if they were experienced HA users (at

least 1 year)withbilateral sensorineural hearing loss (air-bone

gap� 10 dB hearing level [HL]) and no thresholds poorer than

70 dB HL between 500 and 4,000Hz. The mean pure-tone

thresholds are shown in►Fig. 1. Participants alsoneeded to be

native speakers of English because speech recognition tests

used in the larger study were in English. No prior smartphone

experience was needed for inclusion in the study. The data of

these 10 participants were initially used to conduct power

analysis for the present study. Because of the large statistical

effect sizes found in these data, no more participants were

recruited for the present study.

HAs and Fitting

Starkey Halo 2 i2400 receiver-in-the-canal HAs were used in

this study. The HAs had 24 channels and were equipped with

features including wide dynamic range compression, environ-

ment classifier, directional microphone, noise reduction algo-

rithms, and Bluetooth technology. The HAs had research

firmware that could log the real-time data generated by the

HAs and stream the data to smartphones via Bluetooth. The

HAs were coupled to the participants’ ears using acoustically

appropriate, noncustom earpieces. Gain settings for the study

HAs were set to match the participants’ personal HAs. To do

this, the real ear aided responses of the participants’ own HAs

were first measured with speech at 55, 65, and 75 dB sound

pressure level (SPL) using a HA probe-microphone analyzer

(Audioscan Verifit; Dorchester, Ontario, Canada). Additionally,

the real earaided responsefor an85-dBSPL swept pure-tone (i.

e., the real ear saturation response)17 was also measured. The

personal settings were documented and the study aids were

set to match the real ear aided responses of each speech level

and the real ear saturation response as closely as possible. The

study HAs were configured to have one memory in which an

automatic adaptive directional microphone and noise reduc-

tion algorithms were enabled. The manual button on each HA

was set to control volume.

EMA and Smartphone App

EMA was implemented using Samsung (Seoul, South Korea)

Galaxy S6 smartphones. The smartphone EMA app was

Fig. 1 Average audiograms for left and right ears of study partic-

ipants. Error bars¼ 1 standard deviation (SD).
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developed specifically for this project and had two main

functions. The first function was to deliver surveys to the

participants and collect the participants’ responses. In the

present study, the appwas configured to notify participants to

complete surveys (by audio alarm or vibration) approximately

every 45minutes during a time-window specified by the

participant (i.e., the time-based sampling strategy). When

notified, the participants were asked to complete the survey

whenever possible. The app also labeled four types of survey

incompletion: Ignore, when the participants did not respond

to the app notification within 5minutes after the notification

has been delivered; Exit, when participants responded to the

notification andopened the appbut pressed theEXITbuttonof

the app to terminate the survey; Timeout: when participants

started thesurveybutwereunable to complete it in5minutes;

and Snooze, when participants pressed the SNOOZE button of

the app to prevent surveys in the next 30minutes.

The second function of the appwas to enable the HA’s real-

timedata logger.Whenthis functionwastriggered, theappfirst

connected to the study HAs through a Bluetooth connection.

Next, the real-time data from the two HAs were streamed to

and recorded in the smartphone with a time stamp. The data

sampling ratewas2Hz (i.e., sampling twiceper secondperHA).

The data logging data used in the present study included the

overall sound level at HA’s microphone (referred to as Broad-

band Input), environment classification (labeled as Quiet,

Speech, Noise, Machine, Music, and Wind), microphone mode

(directionaloromnidirectional; referred to asDirectivity in this

article), and the amount of gain reduction in each of the 24

channels (referred to as Gain Reduction). See the “Data Proc-

essing” sectionbelow formore informationabout the real-time

data logging data. To answer the research questions of the

present study, the real-time data logger was enabled in

the instances of survey completion and incompletion. For the

survey completion instances, data logging started 5minutes

before a survey was scheduled and ended 5minutes after the

survey was completed. If the participants did not complete the

survey (e.g., because of Ignore, Exit, or Timeout), the prenotifi-

cation logged data were deleted from the app. When the app

determinedthat the instanceof Ignore, Exit, Timeout, orSnooze

occurred, data logging started and lasted for 5minutes.

Of note, is that the EMA notifications were only delivered

when the HAs and the app were connected. If the HAs were

turned off or if the HAs and phone were too far apart, the app

would not send a notificationor logHAdata. Also note that the

event-based sampling strategy was not used in the present

study. That is, the participants were unable to initiate surveys.

If theymisseda survey, theyneeded towait for thenext survey

notification.

The EMA survey was designed for the larger study. The

questions in thesurvey focused oncharacterizing participants’

listening environments and experience. See ►Appendix 1 for

the entire survey. ►Table 1 shows the four survey questions

used in the present study to examine the impact of survey

incompletion on EMA self-report data: noisiness, signal-to-

noise ratio (SNR), speech understanding, and listening effort.

These four questions were selected because they were closely

related to theacoustic characteristics of theenvironments. The

surveyquestionswerepresented adaptively such that the SNR,

speech understanding, and listening effort questionswould be

presented only when participants indicated that they were

listening to speech in the beginning of the survey. Participants

were instructed to answer the survey questions basedonwhat

they had experienced during the previous 5minutes. Partic-

ipants tapped a button on the smartphone app screen to

indicate their responses.

Table 1 EMA survey questions and responses used in the present study

Questions Responses

[Noisiness] Overall, how loud were the
background environmental sounds?

&

&

&

&

&

Very loud
Loud
Medium
Soft
Very soft

[Signal-to-noise ratio] (If listening to speech)
The speech of interest was _______ when compared with all other sounds.

&

&

&

&

&

Much louder
Somewhat louder
Equally loud
Somewhat softer
Much softer

[Speech understanding] (If listening to speech)
You could follow the conversation/speech.

&

&

&

&

&

Strongly agree
Agree
Neutral
Disagree
Strongly disagree

[Listening effort] (If listening to speech)
You had to strain to understand the conversation/speech.

&

&

&

&

&

Strongly agree
Agree
Neutral
Disagree
Strongly disagree

Abbreviation: EMA, ecological momentary assessment.

Note: Square brackets show the name of the question and parentheses show the logic of the presentation of survey questions.
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Procedures

The data were collected at the University of Iowa and the

Starkey Hearing Research Center in Berkeley. The same

protocol was used at both sites. The study consisted of two

visits to the research laboratory. At the first visit, once the

consent form was signed, the participants’ hearing thresh-

oldswere obtained using pure-tone audiometry. Next, meas-

urements of the participants’ own HAs were made and the

gain of the study HAs was matched to the participants’ user

settings. The participants were then instructed and trained

on how to use the study HAs and the EMA smartphone app.

They were familiarized with the survey questions, the labo-

ratory smartphone, and how to take and snooze the surveys.

They were also quizzed on how to use the HAs and the EMA

app. All questions about using the devices were answered at

this time as well. Once the participants were comfortable

with the study devices and the researchers were confident in

the participants’ abilities, the participants were sent out to

use the study HAs and take surveys as they went about their

lives for the next week.

A week later the participants returned to the research

laboratory. The EMA data was downloaded from the labora-

tory smartphones along with HA’s real-time data logging

information. HAs were returned to the laboratory. Study

subjects were paid for their participation.

Data Processing

Before data analysis, HA data logging data were first proc-

essed. For the instance of survey completion, the data

recorded in the 5minutes before the survey notification

were used. For the instance of survey incompletion, the

entire 5-minute data recordings were used. In each 5-minute

data recording, there were approximately 600 sets of data

fromeachHA (i.e., two sets per second per device). Each set of

data contained the momentary data of Broadband Input,

environment classification label, Directivity, and Gain

Reduction. Broadband Input was a continuous variable (in

dB FS; decibels relative to full scale) and each set of data

contained one Broadband Input value. Across the 600 Broad-

band Input values (i.e., across the 5-minute recording), the

medianwas calculated, converted to dB SPL, and then used in

analysis. Each set of data also contained one to three envi-

ronment classification labels (more than one labels could be

assigned by the HA environment classifier; e.g., Speech plus

Noise). Across the 600 sets of data, the probability of a label

being assigned was calculated. The calculation was con-

ducted for each environment classification label separately,

generating six variables (Quiet, Speech, Noise, Machine,

Music, and Wind). Directivity was a continuous variable

ranging from 0 to 1. The median of the Directivity value

across the 5-minute recording was first determined. The

median value was then rounded to the nearest integer such

that 0 and 1 represented omnidirectional and directional

modes, respectively. Gain Reduction was a continuous vari-

able (in dB). Each data set contains 24 Gain Reduction values

(24 channels). The median of the Gain Reduction values

across the 5-minute recording was first calculated in each

channel. The 24 median values were then averaged. The data

processing was conducted for each HA separately. Therefore,

in each instance of survey completion and survey incom-

pletion, there were 18 data logging variables (9 variables for

each HA) for analysis.

Results

Across the 10 participants, 715 surveys were completed and

survey incompletion occurred 228 times (►Table 2). The

average time to compete a survey was 75.2 seconds

(SD¼ 10.3). The incompletion rate, which was defined as

the count of incompletion instances divided by the count of

total instances, ranged from 7.3 to 44.6% across the partic-

ipants (mean¼ 24.2%, SD¼ 12.6%). Among the four types of

incompletion, Ignore was the most frequent one (70.6%),

followed by Snooze (20.2%). Because Exit and Timeout rarely

happened, the data of the four types of incompletion were

pooled. Therefore, two data sets were used in the present

study for analysis: (1) the survey completion data set, which

contained 715 instances and consisted of data logging data

Table 2 The counts of the instances of survey completion and survey incompletion, and the incompletion rate of each participant

Subject Completion Incompletion Incompletion rate

Ignore Exit Timeout Snooze

1201 98 6 0 0 15 17.6%

1203 56 44 0 0 1 44.6%

1301 106 4 1 4 0 7.8%

1302 80 13 0 6 4 22.3%

1304 78 15 0 0 7 22.0%

1305 26 8 0 0 1 25.7%

1309 76 4 0 0 2 7.3%

2307 54 34 1 2 5 43.8%

2308 69 15 0 1 9 26.6%

2309 72 18 5 1 2 26.5%
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and EMA self-report data, and (2) the survey incompletion

data set, which contained 228 instances and consisted of only

data logging data (i.e., no EMA self-report data).

Likelihood of Survey Incompletion

The mean and SD of each data logging variable of the survey

completion and incompletion instances are shown

in ►Table 3. To determine if the participants were less likely

to complete surveys in certain types of environments or

when HA noise reduction features were enabled, a mixed

effects logistic regression model with random intercept for

subject was employed using the entire data set (survey

completion data set plus survey incompletion data set).

The dependent variable was survey completion (completion

vs. incompletion). The independent variables were HA (left

vs. right) and data logging variable. Separate models were

created for each data logging variable, except for the Music

and Wind variables. The Music and Wind environments

occurred so rarely that these two variableswere not included

in the analysis.

Results first indicated that, for all models, the effect of HA

(left vs. right)wasnot significant (i.e., p> 0.05). Results further

indicated that the effect of all data logging variables was

significant (►Table 3). The odds estimation suggested the

directionof the effect. For example,when theBroadband Input

value increased by 1 dB, the odds of survey incompletion

increased by 8% (odds ratio¼ 1.08). When the probability of

the Speech label occurring in the 5-minute data recording

increased by 1 (from 0 to 100%), the odds of survey incom-

pletion increased by 345% (odds ratio¼ 3.45). These results

suggested that the participants were less likely to complete

surveys when the overall sound level was higher, in environ-

ments that were not quiet, in environments that contained

speech, noise, and machine sounds, when directional mode

was enabled, andwhen thenoise reduction algorithm reduced

more gain. ►Fig. 2 shows the estimated survey incompletion

rate as a function of each data logging variable.

Effect of Survey Incompletion on EMA Data

To determine how survey incompletion could impact EMA

self-report data, the survey responses that could have been

collected (if there was no survey incompletion) were esti-

mated. Four questions shown in ►Table 1 were used in the

analysis. For the noisiness question, a linear mixed model

with random intercepts for subjects was created using the

survey completion data set. The dependent variable was

question response (coded as 1 to 5, see ►Table 1) and the

independent variables were the data logging variables

shown in ►Table 2 excluding the Music and Wind variables.

The created model first predicted the question response

(rounded to the nearest integer) for the survey completion

data set. The comparison between the predicted responses

and observed responses indicated that the model predicted

the correct responses 46% of the time and was within one

response category (e.g., “Very soft” vs. “Soft,” see ►Table 1)

95% of the time. The model was then used to predict the

question response for the survey incompletion data set.

Similar linearmixedmodelswere also created to predict the

responsesof theSNR, speechunderstanding, and listeningeffort

questions using the survey completion data set. The models

predicted the correct responses 42 to 51% of the time andwere

within one response category 92 to 96% of the time. Because

these three questions were presented only when the partic-

ipants were listening to speech, before using the predicted

response data it is necessary to estimate if the three questions

would be presented to the participants in the instances of

survey incompletion. To do this, a mixed effects logistic regres-

sion model with random intercepts for subjects was created

using the survey completion data set. The dependent variable

was the presentation of the questions (yes or no) and the

predictor was the Speech variable—one of the data logging

variables.Themodelwas foundtopredictquestionpresentation

correctly 70% of the time. The model then predicted question

presentation for the survey incompletion data set. When the

model predicted that the three questions would not be

Table 3 Mean and standard deviation of each data logging variable of the instances of survey completion and incompletion, and

the statistics of mixed effects logistic regression model examining the effect of data logging variable on the likelihood of survey

incompletion

Mean (SD) Statistics

Completion Incompletion Odds estimation z-Value p-Value

Broadband Input (dB SPL) 51.9 (4.09) 59.5 (5.07) 1.08 12.19 < 0.0001

Quiet label (%) 42.1 (19.3) 20.7 (11.6) 0.14 -9.67 < 0.0001

Speech label (%) 24.1 (8.11) 33.7 (16.1) 3.45 6.68 < 0.0001

Noise label (%) 41.2 (16.9) 50.7 (13.8) 3.03 5.72 < 0.0001

Machine label (%) 3.73 (1.89) 10.2 (10.3) 8.33 5.99 < 0.0001

Music label (%) 1.73 (1.76) 4.38 (5.04) NA NA NA

Wind label (%) 0.03 (0.06) 0.05 (0.10) NA NA NA

Directivity 0.07 (0.06) 0.21 (0.18) 3.70 7.80 < 0.0001

Gain Reduction (dB) 0.41 (0.26) 0.91 (0.51) 0.63 –8.29 < 0.0001

Abbreviations: NA, not available; SD, standard deviation; SPL, sound pressure level.
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presented in an instance, the predicated responses of that

instance were discarded.

►Fig. 3 shows the results. Note that the x-axis of thefigure

is arranged such that the left side of the figure represents

less challenging environments or lower listening difficulty.

►Fig. 3A–D show the counts of observed responses (the

survey completion instances) and the counts of predicted

responses (the survey incompletion instances) of each of the

four survey questions. The predicted responses of the noisi-

ness question in the incompletion instances were either

“Soft,” “Medium,” or “Loud” (►Fig. 3A). For the SNR, speech

understanding, and listening effort questions (►Fig. 3B, C),

the predicted responsesweremainly the second from the left

response shown on the x-axis of the figures (e.g., “Somewhat

Fig. 2 Estimated survey incompletion rate (solid line) and the 95% confidence interval (dashed line) as a function of each hearing aid data

logging variable. Directivity: 0 ¼ omnidirectional mode, 1 ¼ directional mode.

Fig. 3 Counts of observed (Obs) and predicted (Pred) responses (A–D) and normalized histograms of observed responses and combined

observed and predicted (Obsþ Pred) responses (E–H) of each survey question.
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louder” of the SNR question in ►Fig. 3B). ►Fig. 3E–H show

the normalized histograms of the observed responses (gray

bars in the figures) and the normalized histograms the

combined observed and predicted responses (black diamond

symbols). For the noisiness question (►Fig. 3E), the partic-

ipants would be less likely to select the “Very soft” response

and more likely to select the “Medium” and “Loud” response

if there was no survey incompletion. For the SNR, speech

understanding, and listening effort questions (►Fig. 3F–H),

the participants would be less likely to select the responses

that represented the least challenging environments or the

least listening difficulty (i.e., the furthest left response in

the figure) and more likely to select the options that repre-

sented slightly challenging environments or slight listening

difficulty (the response second from the left in the figure) if

there was no survey incompletion. For the remaining three

response options that represented more challenging envi-

ronments or more listening difficulty, the difference in

probability between the observed responses and combined

observed and predicted responses was relatively small.

Discussion

The objectives of the present study were to determine how

environmental characteristics would affect the likelihood of

EMA survey incompletion and to estimate how survey

incompletion would impact EMA self-report data.

Likelihood of Survey Incompletion

The participants of the present study were less likely to

complete surveys in environments that had higher overall

sound level (less quiet) and contained speech, noise, and

machine sounds (►Table 3 and ►Fig. 2). For example, when

the overall sound level increased from 40 to 80 dB SPL, the

survey incompletion rate could increase from 8 to 60%

(►Fig. 2A). When the probability of the Speech label

increased from 0 to 100%, the survey incompletion rate

was estimated to increase from 17 to 41% (►Fig. 2C). These

results are consistent with the interview data11,15 showing

that respondents feel that EMA is disruptive in situations

such as while working, driving, and other social events. In

these situations, respondents may intentionally ignore

survey notifications or snooze surveys (e.g., when driving

or in a class). It is also harder for respondents to hear or feel

the survey notifications in these situations (e.g., noisy social

events).

Because the environments in which survey incompletion

tended to occur were noisier, it is not surprising that HAs

were more likely to switch to directional microphones and

reduce more gain in these environments (►Table 3

and ►Fig. 2). For example, the survey incompletion rate

in the environments in which directional microphones

were enabled (52%) was estimated to be much higher

than the rate in the environments in which omnidirectional

microphones were used (20%) (►Fig. 2F). Therefore, if EMA,

especially time-based EMA, is used to examine the effect of

HA noise reduction features,13 the situations in which the

features would work could be undersampled.

Impact on EMA Data

Four questions about listening environments and listening

difficulty were used to estimate the impact of survey incom-

pletion on EMA self-report data. The participants’ responses

were in line with the literature13,18 showing that noisy

environments in which listening was difficult did not occur

very often (►Fig. 3). For example, the participants reported

that the background sounds were loud or very loud only 12

and 2% of the time, respectively (►Fig. 3E), and reported that

they agreed or strongly agreed that listening was effortful

only 6 and 2% of the time, respectively (►Fig. 3H).

The observed responses, as well as the data logging data

from HAs, were used to predict the participants’ responses to

the survey questions in the instances of survey incompletion.

Because survey incompletion tended tooccur in environments

that were noisier, it is not surprising that very few predicted

responses were those that represented very quiet environ-

ments (e.g., “Very soft” of the noisiness question) or very easy

listening (e.g., “Strongly disagree” of the listening effort ques-

tion) (►Fig. 3–D). However, the responses were rarely pre-

dicted to be those that represented very challenging

environments (e.g., “Loud” and Very loud” of the noisiness

question) or very high listening difficulty (e.g., “Agree” and

“Strongly Agree” of the listening effort question) either. This

finding suggested that, even though survey incompletion

tended to occur in noisier or more challenging situations,

very noisy environments in which listening was very difficult

still did not occur very often in the instances of survey

incompletion. ►Fig. 3E–H further indicated that the histo-

grams of observed responses and the histograms of combined

observed and predicted responses did not substantially differ

to each other, especially at the right tails of thehistograms that

represented more difficulty listening. Therefore, although

survey incompletion could bias EMA self-report data, it seems

that, in terms of obtaining momentary data about environ-

mental characteristics and listening difficulty to provide a

representative picture of a day or week for adult HA users, the

impact of survey incompletion on EMA data are not large. The

bias is more likely to impact the situations that are less

challenging.

Implications

Although survey incompletion may not substantially impact

EMA self-report data, it still needs to be minimized in EMA

research. Providing respondents with training and instruc-

tions that emphasize the importance of reducing survey

incompletion could be helpful. Offering incentives based

on the counts of completed surveys could also help.

Another approach to minimize the impact of survey

incompletion is to use context-weighted, time-based EMA.

For example, the present study’s statistical models that used

HA data logging data to predict the probability of survey

incompletion could be implemented to smartphone EMA

app. When the app is about to deliver a scheduled survey

notification, the probability of survey incompletion will be

calculated and used to weight the probability of notification

delivery, such that the higher the incompletion probability,

the higher the probability that the notification will be
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delivered. This approach will not eliminate survey incom-

pletion, but it may reduce the likelihood of undersampling

certain situations. This approach, however, requires respon-

dents towear sensors (like theHAs used in the present study)

in EMA research.

Limitations

The first limitation of the present study is that the EMA

self-report data in the instances of survey incompletion

were predicted by statistical models and the predictions

were not perfect. Although model’s predictions were within

one response category approximately 95% of the time, the

models predicted the correct responses only around 45% of

the time. The prediction errors could affect the estimated

impact of survey incompletion on EMA data. Second, only

four survey questions that were more related to environ-

mental characteristics were included in the present study

to estimate the impact of survey incompletion. It is un-

known how survey incompletion would affect other EMA

self-report data. Third, the participants of the present study

generally had high motivation to complete EMA surveys.

The mean incompletion rate was 24.2% (►Table 1), which

could roughly translate to a response rate of 75%. If respon-

dents are less motivated and have higher incompletion

rates, the impact of survey incompletion on EMA data could

be much larger than what is estimated by the present

study.

Further, there is room for the EMA app to improve. In the

present study, the real-time data logging data generated by

the study HAs were recorded after the app determined that

Ignore, Exit, Timeout, or Snooze occurred. However, the data

collected before these instances would carry more relevant

information on the environmental characteristics leading up

a survey incompletion. This is especially the case in the

situations that the environmental characteristics fluctuate

rapidly. Therefore, the present study may not accurately

estimate the effect of environmental characteristics on sur-

vey incompletion. Finally, the environmental characteristics

used in the present study were generated by the study

HAs. Because HA manufacturers use different environment

classification algorithms and implements features in differ-

ent ways, the results of the current study (e.g., survey

incompletion rate shown in ►Fig. 2) may not be replicable

if different HA devices are used.

Conclusion

The results of the present study indicate that survey incom-

pletion is more likely to happen in the environments that are

less quiet and contain more speech, noise, and machine

sounds, and in the environments wherein HA noise reduction

features are enabled, suggesting that survey incompletion of

time-based EMA occurs systematically. The present study

further indicates that, although survey incompletion could

bias EMA self-report data in terms of obtaining momentary

data about environmental characteristics and listening diffi-

culty to provide a representative picture of a day or week, the

impact is likely to be small.
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Appendix 1 EMA survey questions and responses

Questions Responses

1. Were you actively listening most of the time? &

&

Yes
No

2. [If actively listening] What did your active listening
involve? (select all that apply)

&

&

&

&

&

Conversation, live
Conversation, via electronic device
Speech/music listening, live
Speech/music listening, media
Environmental sounds listening

3. [If in a conversation] Were you talking with more than one person? &

&

Yes
No

4. [If listening to speech or music] What kind of sounds
were you listening to? (select all that apply)

&

&

Speech
Music

5. Were you in wind? &

&

Yes
No

6. Was there music in the background environment? &

&

Yes
No

7. Were there people around you talking in the background environment? &

&

Yes
No

8. Overall, how loud were the background environmental sounds? &

&

&

&

&

Very loud
Loud
Medium
Soft
Very soft

9. [If listening to speech] The speech of interest
was _______ when compared with all other sounds.

&

&

&

&

&

Much louder
Somewhat louder
Equally loud
Somewhat softer
Much softer

10. [If listening to speech] You could follow the conversation/speech. &

&

&

&

&

Strongly agree
Agree
Neutral
Disagree
Strongly disagree

11. [If listening to speech] You had to strain to
understand the conversation/speech.

&

&

&

&

&

Strongly agree
Agree
Neutral
Disagree
Strongly disagree

12. [If listening to speech] Where was the speech
of interest (relative to you head)?

&

&

&

&

&

In front
In back
To the right
To the left
Not applicable

13. [If listening to speech] Could you see the talker’s face? &

&

&

&

&

Never/Not at all
About ¼ of the time
About ½ of the time
About ¾ of the time
All the time

14. [If listening to speech] Where were the background
environmental sounds (relative to you head)?

&

&

&

&

&

&

In front
In back
To the right
To the left
All around
Not applicable

15. [If listening to speech] You were frustrated in this listening situation. &

&

&

&

&

Strongly agree
Agree
Neutral
Disagree
Strongly disagree

16. Did you make any adjustments to your hearing
aids (HAs) to improve your listening experience?

&

&

&

&

&

HAs volume up
HAs volume down
Remove HAs
Other
No action taken

Note: Square brackets show the logic of the presentation of survey questions.
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