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Introduction

Ecological Momentary Assessment (EMA) is a method to
evaluate hearing problems in real life. This method relies on
repeated in-situ self-reports. Nowadays EMA is often
performed with a smartphone and accompanied by objective
data collection via the phone or hearing aids.

Ratings in EMA, in particular for speech understanding, are
often very positive [1] resulting in reduced sensitivity of the
EMA method due to ceiling effects. Furthermore, the
subjective perception of speech intelligibility and listening
effort depends on lip reading [2] and the predictability of the
content of the speech [3]. Hence it would be beneficial to
supplement the self-reports of perceived speech intelligibility
with objective measures for speech intelligibility and listening
effort in the natural environment of participants.

Contrary to listening tests in the laboratory, tests implemented
in EMA consider the auditory ecology of the participants.
Using logatomes, i.e. nonsense words, to test intelligibility
ensures that no semantic context cues can be used.

EMA is prone to selection bias, e.g. skipped questionnaires in
social situations [4, 5], for example when answering them is
interruptive to an ongoing activity. Intelligibility tests
presumably are even more interrupting than regular multiple-
choice questions because they require more time.
Nevertheless, Babel et al. [6] showed that participants
performed objective speech intelligibility tests within EMA in
a large variety of different situations and rarely skipped it.

Having established feasibility of the logatome test in EMA,
we here investigate plausibility of the results. In particular, we
examine how speech intelligibility performance and reaction
time vary with environmental sound pressure level (SPL) and
how reaction time relates to self-reported listening effort. We
also analyse ceiling effects and sensitivity of objective and
subjective listening tests in EMA when comparing two
programs differing in gain.

Methods

Participants

Ten German-speaking experienced hearing aid users (mean
age: 67.9 years, SD: 11.1 years) participated in the study.
Their pure tone average for frequencies 0.5, 1, 2, and 4 kHz
was 40.3 dB HL (SD: 21.5 dB HL). Average audiograms and
standard deviations are shown in Fig. 1. The ethics committee
of the Friedrich-Alexander University Erlangen-Niirnberg
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approved the study (application 23-165-B), and all

participants gave written consent prior to the study.
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Figure 1: Mean audiogram and standard deviation (left) and
screenshot of the speech intelligibility test (right)

EMA

Participants were provided with a Samsung Galaxy S20
smartphone with a preinstalled EMA app. This app prompted
participants daily at six random times and up to four
additional times in speech situations. These were defined as
environmental SPL >50 dB and more than 40% speech in
quiet or speech in noise as determined by the classifier of the

Table 1: English translation of specific EMA questions.

Q1 | How much speech do you | 11-point slider from
understand? “nothing” to “every
word”
Q2 | Does the speech/signal | e Yes
you just listened to | e No
continue  during  the
speech test?
Q3 | How much effort is it to | e Effortless
follow the speaker? e Very little effort
e Little effort
e Moderate effort
o Significant effort
e Very much effort
o Extreme effort
Q4 | As how much effort did | e Effortless
you perceive the speech | e Very little effort
intelligibility test in this | ¢ Little effort
situation? e Moderate effort
o Significant effort
e Very much effort
e Extreme effort
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hearing aids in the last five minutes. In addition, participants
could initiate a questionnaire whenever they wanted. They
also could configure do-not-disturb times according to their
sleeping schedule. After a completed survey there was a
refractory period of 15 minutes in which no further prompt
was issued. Between two speech prompts, there was at least
an hour.

The survey contained 7 to 23 questions, of which here only
the ones shown in Table 1 will be analysed (see
https://osf.io/wxq5s/ for the full list of questions).

Speech Intelligibility Test

Integrated into the EMA survey was a phoneme test
consisting of twelve trials. For each trial, a phoneme was
streamed into the hearing aid and afterwards, five response
options were presented (see Fig. 1 right). No feedback was
given as to whether the response was correct. The chosen
option and the response time (i.e., time between the offset of
the logatome stimulus and the button press) were recorded by
the app.

Phonemes consisted of a consonant surrounded by vowels
(VCV). Speech material was taken from [7]. Here we selected
the female speaker and the phonemes /b/ /d/ /g/ Ip/ It/ IK/ Ix,¢/
/A1 Ifl /w/ /m/ /n/ /j/ /1/ /t/ in an /a/-context for level one, in an
/e/-context for level two, and in an /i/-context for level three.
The first four trials were randomly drawn (without
replacement) from level one, followed by four trials from
levels two and three, respectively.

The loudness of the streamed logatomes was initially adjusted
by the participants to their liking and then stayed constant
throughout the study.

Objective data

Two mechanisms of objective data collection are
implemented in the EMA app. The mean broadband level is
recorded inside the hearing aid for each minute and then
downloaded to the mobile phone in chunks of 15 minutes. As
this data is saved inside the hearing aid for 24 hours, it can be
downloaded retrospectively after potential Bluetooth
disconnections. However, the time stamp might not be
reconstructed accurately if the hearing aid has been restarted
more than once during a Bluetooth disconnect. This data is
referred to as ‘continuous data’.

During the questionnaire, high-precision data was collected
with a 4 Hz sampling rate (less when the connection was not
optimal). This also contained the environmental SPL. This
data will be termed ‘high precision data’. For prompted
surveys, data collection started three minutes before the
prompt.

Laboratory test and experimental procedure

During the first appointment, participants were fitted with
Signia Pure 7AX hearing aids using the fitting rational NAL-
NL2 and closed coupling. After fine-tuning and own voice
training, a second program with a 6 dB gain reduction
between 0.5 and 4 Hz was configured. The two programs will
be termed high-gain and low-gain program, respectively. The
program was changed daily by the EMA app and participants
had no control over the program.
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During the first appointment, several speech intelligibility
tests were performed for each of the two hearing programs
with the participant seated in a listening booth: a) a Freiburger
monosyllable Test with 20 words at 65 dB SPL in free field,
b) a logatome test of 30 phonemes presented via loudspeaker,
and c) a logatome test of 30 words streamed into the hearing
aids. The order of the hearing programs was randomized.

The participants were instructed in the use of the app and
answered two training surveys. After four days of
acclimatization to the hearing aids the two-week study period
started in which participants answered the EMA surveys
including the speech intelligibility test.

At the final appointment, the speech intelligibility tests from
the first appointment were repeated. Then the equipment was
returned, and participants answered an exit survey.

Analysis

To determine if there was any difference between programs
in speech intelligibility, subjective speech understanding,
reaction time or listening effort, several linear mixed effects
(LME) models were implemented with EMA data. The
participants were regarded as random factors, and the SPL as
a fixed effect. The relationships between the mentioned
variables were assessed using visualization techniques and
hypothesis testing. The data from the laboratory test was
analysed through Kruskal-Wallis ANOVA, as the speech
intelligibility data distribution was highly skewed, to
determine the influence of the hearing program, appointment,
and streaming channel in a controlled environment.

When reporting reaction time results that were aggregated
over participants, results were normalized per participant first
by subtracting the mean and then dividing by the standard
deviation. Bootstrapping with 20,000 repetitions was used to
build the error bars as 95% confidence intervals for the means
of the groups that appear in the plots. Furthermore, one-sided
paired samples bootstrap testing with 20,000 samples was
also used to compare the means of the groups for the different
factors. All the analysis was performed in Matlab R2019b.

Results

In total 1131 questionnaires and 1061 speech intelligibility
tests have been completed (see [6] for more specifics on
compliance). On average 89.9% of the long-term data was
collected (min: 71.7%, max 97.9%). High-precision data was
collected on average for 70.9% of surveys but was missing
completely for two participants. The SPL for each
questionnaire was available for 90.7% of the speech
intelligibility tests (962 out of 1061), obtained from the high-
precision data when possible, and from the long-term data for
the remaining.

Average speech intelligibility performance of participants
ranged from 64.8 to 91.3% (mean 82.4%). Median reaction
time per participant per phoneme ranged from 2.26 to 3.35 sec
(mean 2.98 sec).

Not all participants performed the intelligibility tests in every
SPL range. All of them completed tests in the range 30-60 dB
(90.75% of the total). Moreover, 9 and 8 participants
performed them in the ranges 60-70 and 70-80 dB,



respectively. However, only 2 participants completed
questionnaires in between 20 and 30 dB (see [6]).
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Figure 2: Speech intelligibility performance (left) and
reaction time (right) over environmental SPL. Black dots and
error bars denote mean and 95% confidence intervals. Boxes
represent the median and interquartile range. Red dots denote

outliers.
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Figure 3: Reaction time over subjective listening effort in
the speech intelligibility test. Black dots and error bars
denote mean and 95% confidence intervals. Boxes represent
the median and interquartile range. Red dots denote outliers.

Speech intelligibility decreased and reaction time increased
with environmental SPL (Fig. 2). Furthermore, reaction time
increased with subjectively reported listening effort during
the test (question Q4) as shown in Figure 3. The Spearman’s
correlation coefficient was 0.215 (p < 0.001).

Ceiling effects: The question about speech understanding
(Q1) only occurred in the 566 surveys where speech was
reported to be present. For those situations, the highest
possible rating ("I understand every word”) was given on
average in 35.6% (SD: 29.8%) of cases. The objective speech
intelligibility was at ceiling for 9.6% (SD: 9.4%) of those
speech situations and for 13.7% (SD: 12.1%) across all
situations.

As the target signal present before the speech intelligibility
test may continue during the speech intelligibility test (see
question Q2) and turn into a distractor, we also looked at
ceiling effects for the 230 situations where this was reported
not to be the case (Q2). Here the maximum rating was given
in 46.2% (SD: 29.6%) of the time, while the maximum
performance on the speech test was reached in 14.9% (SD:
17.4%) of cases (p=0.002).
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Hearing program (HP) comparison: To evaluate the
difference between the two HPs, both in terms of objective
and subjective speech intelligibility and listening effort, we
need to consider that the SPL distribution between the two
HPs differs. The mean environmental SPL during surveys for
the low-gain HP was 1.8 dB SPL (SD: 1.0 dB SPL) higher
than for the high-gain program (p=0.014).

The average objective performance for the low-gain HP was
82.4% (SD: 10.4%), compared to an average of 83.0% (SD:
8.5%) for the high-gain HP (p=0.264). The average subjective
speech understanding rating was 8.4/10 (SD: 1.3) for the low-
gain HP, and similarly, 8.2/10 (SD: 1.0) for the other
(p=0.832). Thus, no significant difference between the two
HPs was found either for objective or subjective speech
intelligibility. Furthermore, the LME with participant as
random factor and environmental level and HP as fixed
factors confirmed there was no significant effect either of HP
for subjective or objective speech intelligibility, but on
reaction time. As the higher-gain HP was taken as reference
for the model, the positive S coefficient implies a larger
reaction time for the lower-gain HP (see Table 2).

All LME models showed a significant effect of the SPL in
objective and subjective intelligibility, reaction time and
listening effort.

Table 2. LME models for the different responses. P-values for
significant effects are printed in bold.

Response Fixed P B Rzad/
SPL <001 | -0.439
h 197
isnrzzi?gibility P 4326 | 0.405
SPL: HP 161 0.100
Speech SPL <.001 | -0.043
understanding HP 328 | -0.761 | 0.276
SPL:HP | 235 | 0.019
SPL <.001 0.028
Reaction time | HP .043 0.584 0.049
SPL:HP | .026 | -0.014
Speech test 21 E <.001 0.071
listening effort HP 081 0.502 | 0.542
SPL: HP 017 -0.015
Conversation SPL <.001 0.031
listening effort HP .620 0.191 0.433
SPL: HP 535 -0.005

The results of the ANOVA analysis on the phoneme tests in
the laboratory showed no significant effects of the HP in
objective speech intelligibility (p=0.613) or reaction time
(p=0.729), as well as of the streaming channel (p=0.067 and
p=0.141, respectively) with 1.9% higher speech intelligibility
for streamed sound.

Discussion

As expected, the speech intelligibility in the logatome test
decreased with environmental SPL. Reaction time increased
with environmental SPL. and was also correlated with the
subjective listening effort. This supports that reaction time
may be a useful objective measure for listening effort.
Furthermore, there were significant differences between the
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two HPs for the reaction time, but not for objective speech
intelligibility. Pending further statistical analysis on larger
sample sizes, this might indicate a higher sensitivity of
reaction time than speech intelligibility performance.

The volume of the speech intelligibility test was chosen to be
representative for real life. However, no significant difference
in speech intelligibility was observed for the two HPs.
Possibly the speech intelligibility performance for the lower
gain HP was not reduced as participants compensated for the
missing gain with a higher listening effort. This would be
consistent with the fact that there was a significant difference
in the reaction time.

Subjective speech intelligibility in EMA is prone to ceiling
effects [1], possibly because in real life people do not spend
much time in situations where they do not understand enough,
as this does not allow them to reach their communication
goals. This makes it difficult to evaluate small differences in
hearing ability, for example when comparing two hearing aid
algorithms. For the objective speech intelligibility test, ceiling
effects are lower, and people may be willing to conduct this
test even in difficult environments, as it does not interfere with
their goals in that situation. However, also 13.7% of objective
speech intelligibility tests were at ceiling. Hence, the test can
possibly be improved by increasing its difficulty. However,
this could reduce the motivation of the test participants.

To make the phoneme test more practical and less intrusive in
everyday life, phonemes are streamed to the hearing aids. The
streamed sound is audio coded and hence not necessarily
transparent, i.e. perceptually indistinguishable from the
original sound. This could influence speech intelligibility. In
the laboratory there was no evidence for better speech
intelligibility or faster reaction time with sound presented via
loudspeaker compared to streamed sound. However, this
could also be an order effect since the loudspeaker test had
been performed prior to the streamed test. Hence it remains
an open question to what extent the codec quality might
impact the accuracy of the test.

One can argue whether or not it is problematic if participants
understand speech better in real life because of context and lip
reading and not because of the acoustic signal alone.
However, objective speech intelligibility makes pure acoustic
speech intelligibility visible and allows the health care
professional to act upon it. Furthermore, the nature of the
logatome test showcases problems with specific phonemes
which could be helpful in adjusting the frequency specific
gain.

Limitations of the study: This was a pilot study with ten
participants which should be repeated with a larger sample
size. Also, there was a technical error in the randomization of
the logatomes, resulting in different frequencies of occurrence
for different phonemes. Pooled over participants the most
frequent logatome “ebbe” was presented 691 times, the least
frequent logatome “azza” was played only 62 times during the
EMA field trial.

In rare cases, the ratings of the slider question for subjective
speech understanding might be too low, if the responsiveness
of the touch display was too low and participants did not
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realize that they submitted the initial rating of zero rather than
the intended rating. This should have been remedied by the
phone setting for increased touch sensitivity to compensate
for screen protection, but we observed seven 0 ratings which
seem implausible in comparison to listening effort and a
single choice question about the ability to follow speech.

Conclusion

In a first pilot, both performance as well as reaction time in
the phoneme test changed with sound pressure level as
expected and hence may serve as measures for objective
speech intelligibility and listening effort, respectively. Ceiling
effects were smaller for the objective speech intelligibility
than for the subjective one. Differences between hearing
programs were only significant with respect to reaction time,
indicating that this measure may be more sensitive than
subjective listening effort or speech understanding. With
further refinement, the phoneme test potentially can
supplement purely subjective EMA and help increase the
accuracy of real-life measurements of participants’ hearing
ability.
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