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Abstract

Hearing impairment affects a person’s ability to communicate
with others. Communication difficulty remains a little
understood concept in research. In this study we assess how
parameters of speech affected by noise, hearing aid support, and
hearing status reflect a participant’s experience of
communication difficulty. We paired 44 participants into dyads
consisting of one normal-hearing (NH) and one hearing-
impaired (HI) participant. Participants engaged in task-based
conversation in quiet as well as in 70dB background noise. HlI
participants completed the task both with and without hearing
aid. After each conversation participants indicated their
communication difficulty on a questionnaire. We then analyze
how F1, vocal level, and turn taking variability predict
communication difficulty. For HI participants, increased vocal
level as well as higher variability in turn taking are associated
with greater difficulty. For NH participants, increased F1 is
associated with greater difficulty.

Index Terms: Communication difficulty, hearing impairment,
conversation in noise

1. Introduction

Hearing impairment affects a person’s ability to participate in
conversations [1, 2, 3]. Yet, communication difficulty as a
measurable concept, remains elusive. Current hearing
assessments test a person’s hearing ability in an isolated
environment which does not resemble the complexities of
conversation [4, 5, 6]. While previous studies have identified
potential markers in behavior, and speech that are sensitive to
changes in noise level and hearing ability, it is unclear how
these reflect a person’s subjective experience of difficulty in
conversation in noise and whether this difficulty can be
alleviated by hearing aids (HAs) fitted to hearing-impaired (HI)
interlocutors [7]. Previous research has also aimed to
understand what participants experience in strenuous
conversational settings [8, 9]. However, typically their
experience is reported alongside any speech or behavioral
measures that are also sensitive to noise and hearing aid
amplification and not related back to them.

In this study we observe dyadic task-based conversations
between a normal-hearing (NH) and a HI person with acquired
hearing loss. We aim to relate participants’ subjective
experience during conversation in quiet and in noise and with
the HI participant unaided and aided to speech measures
obtained during the dyadic conversations. Previous research has

shown that speech and conversation behavior changes for both
NH and HI participants when conversing in different levels of
background noise [10, 11].

Firstly, in noise, speakers tend to raise their vocal level [7].
[9] Further found that HI participants’ vocal level was modified
by the prescribed amplification: They tended to speak louder
when unaided, and less loud when aided. Vocal intensity is
therefore a reliable marker associated with speech in
challenging conditions. Secondly when speaking in noisy
settings speakers tend to hyperarticulate. While this increase in
effort is indicated by several acoustic parameters[11, 12],
increases in F1 have repeatedly been associated with increasing
noise levels, and are generally less prone to gender-based
differences than FO [3]. [12] find that F1 is especially sensitive
to increases in noise level when the background noise is speech
shaped. They ([12]) further find that this adaptation increases
the intelligibility of the produced signal. Thirdly, higher levels
of linguistic processing are affected by challenging speaking
conditions. Turn taking behavior has repeatedly been shown to
be sensitive to background noise and hearing aid amplification:
In particular [7] and [9] show that variability in floor transfer
offset (FTO) is affected by background noise and hearing
ability. This measure is reflective of a participant’s inability to
predict the end of a turn and plan their next utterance [9]. When
conversing in noise variability in FTO increased for all
participants relative to conversation in quiet, but significantly
more for HI than NH participants. While these speech
parameters, vocal level, F1 and FTO variability are associated
with more challenging test conditions and are modifiable by HA
amplification, it is unclear whether these adaptations are
indicative of a participant’s experience of communication
difficulty.

Communication difficulty is a multifaceted concept [8, 13].
To date there are no standardized measurement instruments to
assess communication difficulty. But subjective reports of
participant experience have been examined in several studies.
For example, in [7] HI and NH participants were asked to rate
their communicative effort after conversing at different levels
of background noise. While effort was negatively affected by
noise it was not predicted by increased vocal intensity. [7]
assessed effort using a single question, acknowledging that this
may not suffice to capture this complex phenomenon [8, 13]. In
[10] a 10-item questionnaire and subsequent principal
component analysis was used to assess factors contributing to
difficulty, relevance, and engagement in a task-based
conversation. Here, perceived difficulty increases with
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increasing noise level. Both [8] and [10] find that difficulty
ratings are not affected by a participant’s hearing status.

[14] employed a questionnaire — a subset of the NASA Task
Load Index (TLX) [15] to gage participants’ frustration, effort
and success in dyadic conversation. The NASA TLX is a
validated questionnaire to assess task demand that may be an
apt tool to better understand communication difficulty in task-
based dialogue. [13] employed a qualitative approach to further
define communication success and found that engagement and
effort were indicative of success for HI participants in dialogue.
[8] further found that communication success was affected by
noise and sensitive to HA support.

The goal of this study is to investigate how vocal level, F1,
and FTO variability (as indicated by the inter quartile range) in
conversation predict a participant’s subjective experience of
communication difficulty as measured by a questionnaire at
different noise levels and with and without hearing aid support
provided to the HI interlocutor. As reported by [3] and [7] we
expect both HI and NH participants to report greater difficulty
as background noise increases. We hypothesize that difficulty
can be alleviated by hearing aid support for HI participants. We
further investigate which speech markers are associated with
subjective ratings of difficulty for both HI and NH participants.

2. Methods

2.1. Participants

We recruited forty-four older native Danish-speaking
individuals. Participants were grouped into twenty-two dyads
consisting of one NH and one HI participant each. The NH
participants, aged between 55 and 75 years (mean = 65.8 years,
SD = 6.6 years, 11 female, 11 male), demonstrated age-related
normal hearing thresholds as defined by 1SO-7029. Their pure
tone average (PTA) thresholds ranged from -1 to 33.5 dB HL
as measured across 250, 500, 1000, and 2000 Hz and across left
and right ears. The HI participants were aged between 51 and
80 years (mean = 72.5 years, SD = 8.6 years, 11 female, 11
male), and had symmetrical PTA thresholds between 31.3 to
56.3 dB HL. Participants were grouped into mixed gender
dyads, consisting of one male and one female participant. All
HI participants were active hearing aid (HA) users with a
minimum of 6 months experience. Participants exhibited no
cognitive impairment, tinnitus, or fluctuating hearing loss. The
study received ethics approval from the Science-Ethics
committee of the Capital Region of Denmark (reference
number H-16036391).

2.2. Testsetup

Each pair engaged in a face-to-face dyadic conversation elicited
by working together to identify up to 12 differences between
two Diapix pictures (near-identical pictures) sourced from the
original Diapix corpus [16] translated to Danish where
applicable. The laboratory was equipped with eight equally
spaced loudspeakers in a horizontal ring, Participants were
seated facing each other on opposite sides of a table positioned
in the center of the loudspeaker array. They were equipped with
head-worn directional microphones (DPA 4488, Germany) to
record their speech. The communication task was carried out in
quiet (NO condition) and with 70dB 10-talker babble noise
played back through the loudspeaker array (N70 condition), and
HA support (unaided and aided condition) provided to HI
participants. In the aided condition, HI participants were fitted
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with identical HAs using the NAL-NL2 prescription [17] The
fit to target was verified through real-ear measurements.
Consequently, pairs completed four communication trials in
randomized order: both interlocutors unaided at noise levels of
NO and N70, and with the HI interlocutor aided at noise levels
of NO, and N70. To assess the participants’ subjective
experience of communication difficulty, we provided them with
a questionnaire after each conversation in which they indicated
their frustration, effort, success, stress, and engagement. We
here adapted the questionnaire employed by [14] and expanded
it by the items of engagement [13] and stress.

2.3. Data processing

To extract the mean intensity during the conversation, we
employed the Voice Activity Detection (VAD) algorithm
described by [18]. To correct for any background noise picked
up by the microphones, all intensity measures were corrected
by 7 dB in the noisy condition in line with the method described
by [19]. To obtain the inter quartile range (igr) of FTO, we
classified overlaps and gaps between turns using an algorithm
designed by [18]. We then subtracted the duration of overlaps
from the duration of gaps. F1 was obtained through the linear
predictive coding technique [20]. All data processing was
performed in MATLAB.

2.4. Statistical analysis

All analyses were carried out in R [21]. We assume that the five
questions from the questionnaire capture different aspects of the
same latent concept: communication difficulty. To analyze
communication difficulty we reduce the items to a single factor
using a principal component analysis (PCA) with varimax
rotation [10]. In this procedure we extract one factor, which
explains 71% of the variance in the data. The factor loadings of
the individual items are shown below in table 1. The extracted
principal component is henceforth referred to as
communication difficulty.

Table 1: Factor loadings of the individual
questionnaire items

Variable Factor loading
Engagement 0.797
Frustration 0.895
Stress 0.873
Success -0.779
Effort 0.865

We then build linear mixed effects models (Imems) using the
LmerTest package [22]. We first investigate whether
communication difficulty varies by noise level, hearing aid
support, and hearing status. In a second step of analysis we then
examine whether communication difficulty is predicted by
vocal level, F1, or iqrFTO. In this analysis all speech measures
were scaled using the scale function in R. To reduce the
parameters and improve model fit we follow the
recommendations of [23] to select the best fit model via
parametric model comparison based on the corrected Akaike
Information Criterion (AICc) [24] To do so we first fit the
maximal model including all three speech variables as fixed
factors and then iterate through all possible factor combinations
using the MuMIN package [25]. We then select the model that



includes the most fixed factors within delta AICc < 2 of the
lowest AICc model.

3. Results

In a first step we analyze whether noise, hearing status and
hearing aid setting influenced the subjective difficulty scores.
Figure 1 shows the difficulty scores per noise level and
participant group in each aid condition. In this figure,
communication difficulty (y-axis) refers to the extracted
principal component. A higher value on this scale indicates
more communication difficulty.
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Figurel: difference in communication difficulty ratings as
indicated by the PCA by noise level between participant
groups for each aid level

In a first model investigating the effect of condition, aid and
hearing status we predict subjective difficulty with hearing
(NH/HI), noise level (NO/N70) and HA support
(Aided/Unaided) up to the second order interaction and
included participant as a random intercept (formula: difficulty
~ hearing * noise level * HA support + (1|participant)). The
explanatory power of the model is moderate with a conditional
R? of 0.65 and a marginal R? of 0.05. Main effects were
calculated using ANOVA. The results reveal that noise level
had a significant effect on the subjective difficulty rating (F
=8.3640, p = 0.005). Neither hearing status nor HA support
support or their interactions had a statistically significant effect.
This indicates that subjective difficulty is affected by noise,
whereas HA support has no effect. There is no effect of hearing
status on subjective difficulty. While this indicates that both
participant groups had similar experiences during the
conversation, HI and NH participants may have employed
different compensatory behaviors indicative of communication
difficulty. In the second step of analysis we therefore build
Imems predicting communication difficulty with F1, iqrFTO,
and vocal level for each participant group.

HI model

We first analyze the data for the HI participants. We built a
maximal model predicting difficulty with F1, igrFTO, and
vocal level as fixed factors and participants as random intercept
(difficulty~ F1 + iqrFTO + vocal level + (1|participant)). We
then ran the model selection function. The model with the
lowest AICc included iqrFTO and vocal level as fixed factors
(difficulty~ iqrFTO + vocal level + (1|participant). In this model
the conditional R? was 0.80 indicating that fixed and random
effects explain 80% of the variance in the data. The fixed effects
alone account for 11% of the variance with a marginal R? of
0.11. The normality of residuals was inspected via Q-Q-plot.
IgrFTO is a significant predictor of communication difficulty,
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with a positive effect, (3=0.346, 1(40.12)=3.818t(40.12) = 3.,
p=0.0005). Vocal level was also a statistically significant and
positive predictor of communication difficulty (f=0. 223,
1(39.09)=2.253, p=0.03). Figures 2 and 3 below illustrate the
relationship between the subjective difficulty score and vocal
level (figure 2 - left) and igrFTO (figure 2 - right).
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Figure 2: Relationship between communication
difficulty and vocal level in dB (left) and Igr FTO in
seconds (right) for the hearing-impaired participants.

NH model

We then analyze the data of the NH participant group in the
same manner. Employing the same procedure, we built a
maximal model predicting difficulty with iqrFTO, F1, and
vocal level while including participant as a random intercept.
The model with the lowest AICc included only F1 as a fixed
factor and a random intercept for participant (difficulty ~ F1 +
(1|participant)). The assumption of normality of residuals was
inspected via Q-Q-plot. The model accounts for 55% of the
variance in the data (conditional R?= 0.55), with the fixed effects
alone explaining 10 % (marginal R? =0.10). F1 was a
statistically significant and positive predictor of communication
difficulty (8=0.320, t(42.28) =3.043, p=0.004). below, in figure
3 we depict the relationship between F1 and subjective
difficulty for the NH group.
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Figure 3: Relationship between communication
difficulty and F1 in Hz for NH participants.

4. Discussion

We find that communication difficulty as indicated by
subjective responses to a questionnaire, is affected by noise
while neither hearing aid support nor hearing status have an
effect on the subjective difficulty score (see figure 1). Thisis in
line with findings by [10], suggesting that interlocutors



engaging in a dyadic conversation, despite having different
hearing abilities, report similar levels of communication
difficulty. Although a slight tendency of difficulty improving
with HA support for HI participants can be seen in figure 1, this
tendency is not statistically significant.

We further investigated whether vocal level, F1, and FTO
variability are predictors of communication difficulty in noise.
The results show that the speech parameters associated with
difficulty differ by participant group. Much like noise leads to
different adaptive behaviors for different participant groups, as
found by [7], different speech and turn taking markers are
associated with difficulty for HI and NH participants.

The results indicate that for HI participants greater
difficulty is associated with increased variability in FTO (see
figure 2). The effect of turn-taking behavior on perceived
communication difficulty when HI participants are challenged
by relatively high levels of noise is supported by previous
findings that turn-taking duration and variability increase in HI
participants when communicating in increasing levels of noise
[7, 9]. Increased background noise may make it difficult for HI
participants to predict the end of a turn and prepare an utterance
thus inhibiting conversational flow — a concept further
associated with difficulty as indicated by [8] and [13].

Increased vocal level predicts communication difficulty for
the HI group, but this effect is weaker than the effect of iqrFTO.
For NH participants, an increase in F1 is associated with
difficulty (see figure 3). Previous research has also found that
both vocal level and F1 tend to increase in noise [3]. This is
further exhibited in the Lombard effect — a strong involuntary
speech response to noise [11] generally associated with own-
speech perception. The results reported herein indicate that this
compensatory mechanism is predictive of communication
difficulty. The two participant groups appear to employ
different compensatory strategies that are associated with the
Lombard effect. While difficulty for HI participants is
associated with louder speech, as reported in [3] NH
participants appear to raise F1 suggesting hyperarticulation. An
increase in F1 specifically has been associated with greater
intelligibility in noise [12]. Moreover, [11] argue that Lombard
speech could have a communicative effect, signaling
discomfort to the interlocutor. An adaptation of F1 in NH
participants could be a response to the HI participant who may
not only speak louder to hear themselves better but also signal
difficulty in distinguishing speech sounds in noise. This may
suggest an asymmetry in the function of markers indicating
difficulty between the two participant groups. While such an
asymmetry has been suggested by [3] and [11], it may be a
fruitful avenue for future research to investigate the function
and perception of markers indicating difficulty.

Communication difficulty remains hard to operationalize
due to the lack of scientific consensus. We agree with [7] and
[13] who emphasize that single item questionnaires may not
capture the full picture. While we employed an established
questionnaire expanded by items frequently associated with
communication difficulty [14, 15, 13] we still may not have
aptly captured a participant’s experience of difficulty. We also
cannot fully infer the source of communication difficulty.
While communication difficulty varies by noise level, we
cannot comment on any other internal (e.g. cognitive factors,
general discomfort) or external factors (e.g. the interlocutor’s
difficulty) that may have contributed to the participants’
experience. We advocate for further qualitative and quantitative
exploration of a HI person’s experience to better inform
empirical approaches.
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Furthermore, we here limited our analysis to three
parameters of conversational speech which have repeatedly and
reliably been associated with effortful conversational speech in
challenging settings [3, 11, 12, 18]. We, however, recognize
that participants might have employed compensatory
mechanisms that we did not analyze. This study might be
underpowered to reliably detect the effects of factors that are
more prone to gender or individual differences like FO. The
findings in this study are limited by constraints in our sample.
We have limited data in this experiment with 44 total
observations, 22 per participant group. However, the sample
size is comparable with other studies in the field, and subject to
design constraints regarding recruiting and scheduling. In this
experiment, participants only held one conversation in each
condition. Future studies may be advised to include more
repetitions to increase statistical power.

The cohort of NH exhibited very mild hearing loss that
nevertheless were accepted as falling within the normal range
for their age. While there was a significant difference between
the audiograms of both participant groups we cannot
completely rule out that very mild hearing loss in the NH group
may have influenced the results and the participants’ behavior.
Other findings may be obtained when studying dyadic
conversations among other configurations of interlocutors,
particularly if pairing an older HI and a young NH person, who
beside different ages and hearing ability may also display
differences in cognitive function and language skills.

Furthermore, participants in this study engaged in task-
based dialogue. It is likely that communication difficulty in a
task-based conversation is evaluated and experienced
differently than communication difficulty in free conversation
[26, 27] which may more closely resemble real-life
conversations. We therefore recommend that future studies
include a free conversation task to corroborate the results.

In this study we related the participants’ communication
difficulty to their own behavioral data. In line with [10] and [11]
we assume that a participant will voluntarily or involuntarily
adapt their own behavior to both alleviate discomfort and signal
difficulty to their interlocutor. We recognize that conversation
is a complex, synergistic behavior in which interlocutors adapt
not only to a situation but also dynamically to one another [27].
Both a participant’s behavior as well as their experienced
communication difficulty may have been affected by their
interlocutor’s behavior. While an analysis to this end is beyond
the scope of this study we strongly encourage future research to
examine synergistic effects of communication difficulty.
Nevertheless the results suggest that objective speech measures
may predict whether a person is experiencing communication
difficulty. The speech measures indicating difficulty may differ
between NH and HI persons.

5. Conclusion

Hearing impaired people often seek hearing care because of
experienced communication difficulty, particularly in noisy
environments. Both clinically and in research communication
difficulty remains ill-defined. We here evaluate communication
difficulty as a latent variable established from questions on
success, effort, engagement, stress and frustration. We show
that objective speech measures, like vocal level, F1, and FTO,
may be indicative of an older person’s subjective experience of
communication difficulty when conversing with peers in a
noisy environment. The latent variable was not sensitive to
hearing ability or hearing aid support.
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