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Abstract: Background: For hearing-impaired individuals, hearing aids are clinically fit according
to subjective measures of threshold and loudness. The goal of this study was to evaluate objective
measures of loudness perception that might benefit hearing aid fitting. Method: Seventeen adult
hearing aid users and 17 normal-hearing adults participated in the study. Outcome measures
including categorical loudness scaling, cortical auditory evoked potentials (CAEPs), and pupillometry.
Stimuli were 1-kHz tone bursts presented at 40, 60, and 80 dBA. Results: Categorical loudness
scaling showed that loudness significantly increased with intensity for all participants (p < 0.05). For
CAEPs, high intensity was associated with greater P1, N1, and P2 peak amplitude for all listeners
(p < 0.05); a significant but small effect of hearing aid amplification was observed. For all participants,
pupillometry showed significant effects of high intensity on pupil dilation (p < 0.05); there was no
significant effect of hearing aid amplification. A Focused Principal Component analysis revealed
significant correlations between subjective loudness and some of the objective measures. Conclusion:
The present data suggest that intensity had a significant impact on loudness perception, CAEPs,
and pupil response. The correlations suggest that pupillometry and/or CAEPs may be useful in
determining comfortable amplification for hearing aids.

Keywords: loudness perception; hearing aid; cortical auditory evoked potential; pupillometry;
objective measures

1. Introduction

Hearing-impaired individuals experience decreased auditory dynamic range due to
recruitment and the loss/dysfunction of outer hair cells [1]. A dysfunction of outer hair cells
reduces cochlear mechanical amplification of low-intensity sounds without altering cochlear
mechanical responses to high-intensity sounds [2,3]. Approximately 60–70% of hearing loss
can be explained by a loss of cochlear amplification [4,5]. To restore amplification, hearing-
impaired individuals can use hearing aids (HAs), which are fit according to individual
patterns of hearing loss, as reflected by the audiogram, with compression applied to increase
the auditory dynamic range [6,7]. However, these clinical fitting methods do not guarantee
patient satisfaction with their HAs. Patients may need several adjustments to their hearing
aids before being satisfied with the fittings [8–13].

While HAs are clinically fit using subjective measures of threshold and comfortable
loudness, some individuals may not be able to provide subjective judgements of loudness
due to difficulties in communication [14]. For very young children, proper HA fitting is
essential for successful outcomes. Early rehabilitation is recognized as a prognostic factor
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for good language development [15–18]. It is essential that threshold levels are not set too
low (to avoid information loss) and comfort levels are not set too high (to avoid discomfort)
during fitting to improve HA uptake and reduce HA rejection by patients. For adults,
early diagnosis is also essential for good outcomes. Indeed, late rehabilitation could lead
to the absence of cortical reorganization [19]. As hearing-impaired patients will receive
new sound information from their device, it is important that HA fitting achieves auditory
comfort. In clinical fitting of HAs, measuring hearing thresholds, comfort levels, and
discomfort levels require patient participation. These subjective measures may be difficult
for adult patients with other functional deficits (e.g., paralysis, cognition, etc.) and even
more difficult in very young children (e.g., <12 months old) given the novelty of hearing
for the first time.

Currently, there are few objective measures available to quantify auditory comfort
levels, which might improve patient satisfaction with HA fitting. Cortical auditory evoked
potentials (CAEPs) have been used as a clinical tool to fit HAs for infants [20,21]. CAEPs
may be useful for young children and for difficult populations where behavioral responses
are limited and/or unreliable [22]. CAEPs provide information regarding auditory stimula-
tion at the cortical level. The main CAEP responses of interest are the two positive waves,
P1 (at 60–80 ms) and P2 (at 100–160 ms), and the negative peak N1 (at 90–100 ms) [23].
However, recording cortical responses is too long and tedious to be used in clinical practice.
Stapedial reflex can be used to estimate the upper limit of loudness [24,25] but cannot be
used to estimate comfortable loudness levels.

Pupillometry is an objective measure that has been used to estimate pain [26,27],
measures of memory load [28,29], selective attention [30], motivation [31], and linguistic
coherence of stimuli [32]. Increased pupil dilation reflects increased deployment of the
sympathetic branch of the autonomic nervous system [33]. Pupillary constriction and
dilation are mediated by autonomic regulation of the circular and radial fibers of the
iris [26,27,34]. Variations in pupil diameter are influenced by the autonomic nervous
system, which controls regulatory functions to adapt to environmental demands [35]. Pupil
dilation could reflect a reaction to an endogenous or an exogenous stimulus. Some recent
studies have used pupillometry as an objective tool to evaluate listening effort [29,36–38].
Pupil dilation can reflect many things at the same time, including participants’ response
to a task, their momentary state of mind (i.e., emotional and attentional state), and their
cognitive capacity [39,40]. In addition, greater variability in the morphology of pupil
dilation curves has been observed in cochlear implant users, compared to normal hearing
(NH) listeners, suggesting that degraded auditory input may affect pupil responses [41].

Pupillometry has been used to show the efficacy of HAs. Bianchi et al. (2019) showed
that bone-anchored hearing aids (BAHAs) with a higher maximum force output provided
better speech understanding in noise, which was reflected by lower pupil dilation, sug-
gesting less reduced effort [42]. Similarly, activation of HA noise reduction resulted in
reduced listening effort [43], better performance, and smaller pupil dilation at low input
signal-to-noise ratios (SNRs) [44]. CAEPs have been used to highlight how signal process-
ing (microphone directionality or noise reduction) influences neural activity in the brain for
individuals with hearing loss [45]. Taken together, these studies underline the potential for
pupillometry and CAEPs to objectively demonstrate the impact of HA signal processing
(e.g., maximum force output, microphone directionality or noise reduction).

Previous studies have shown that NH listeners exhibit larger pupil responses with
increasing intensity [46–48], as well as shorter peak latencies and higher amplitudes for
CAEP responses [49–62]. Other previous studies showed that HA amplification reduced
CAEP amplitude [63] or had no effect on CAEP responses [62,64]. To our knowledge, no
studies have explored pupil responses and CAEPs as a function of sound intensity for
individuals with hearing loss or who use HAs. While pupil dilation and EEG recordings
have been widely used to detect changes in listening effort, they have not been studied
together in response to changes in sound intensity [43]. The primary objective of this study
was to analyze how pupillometry and CAEP are influenced by sound intensity for NH
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listeners and individuals with hearing loss that use HAs. The secondary objective was
to analyze subjective loudness perception, which is well known to be linked to sound
intensity, and to observe potential associations between behavioral and objective measures.
If associations were to be found, objective measures may predict auditory comfort or
discomfort, and could be used in clinical HA fitting.

2. Methods
2.1. Participants

Seventeen adult (9 women, 8 men), right-handed, native French speakers with presby-
cusis and moderate sensorineural hearing loss (SNHL) according to Bureau International
d’Audiophonologie (BIAP) criteria [65] participated in the study. All hearing-impaired
participants were bilateral hearing aid (HA) users for at least one year and wore their HA
at least 6 h per day; the mean daily HA use was 10.0 ± 3.2 h according to data logging. Par-
ticipants were recruited from the Cochlear Implant unit of the Otolaryngology Department
at University Hospital of Tours, France. None of the participants had reported neurologic
disorders or history of Meniere’s disease. The mean age at testing was 76.0 ± 7.0 years
(range: 62–88 years), and all had a mini mental state score of 30/30. Throughout this
study, these participants are referred to as the “HA group”. Table 1 shows demographic
information for the HA group. The mean unaided air pure tone average (PTA) threshold
across 0.5, 1.0, 2.0, and 4.0 kHz was 47.7 ± 14.0 dB HL for left ear and 47.5 ± 11.7 dB HL
for right ear; a paired t-test showed no significant difference in PTA thresholds between
the right and left ear (p = 0.902). The unaided speech audibility threshold (SAT) for French
monosyllable words [66] was 52.9 ± 12.5 dB HL for the left ear and 51.7 ± 7.4 dB HL
for the right ear; a paired t-test showed no significant difference in SATs between the
right and left ear (p = 0.627). The mean amplification for PTA thresholds (the difference
between aided and unaided PTA thresholds across both ears, evaluated in the sound field)
was 16.4 ± 8.6 dB HL. The mean amplification for SATs (the difference between aided and
unaided SATs across both ears, evaluated in the sound field) was 12.5 ± 8.0 dB SPL.

Table 1. Demographic information for the HA group.

Age Unaided PTA
(dB HL)

Tone
HA Gain

Unaided SAT
(dB SPL)

Speech
HA Gain

Participant Sex (yrs.) Left Right (dB) Left Right (dB)

HA-1 M 62 26.3 27.5 5.0 50.0 55.0 7.0
HA-2 F 75 53.8 50.0 16.3 65.0 40.0 16.0
HA-3 F 76 42.5 57.5 8.8 60.0 48.0 3.0
HA-4 F 74 21.3 27.5 13.8 61.0 50.0 16.0
HA-5 M 76 31.3 42.5 8.8 47.0 50.0 5.0
HA-6 F 65 70.0 61.3 18.8 38.0 38.0 4.0
HA-7 F 80 55.0 52.5 21.3 35.0 54.0 20.0
HA-8 M 81 57.5 65.0 33.8 62.0 57.0 28.0
HA-9 M 88 51.3 50.0 28.8 80.0 70.0 19.0

HA-10 M 72 70.0 62.5 11.3 40.0 52.0 6.0
HA-11 M 81 56.3 61.3 31.3 67.0 67.0 25.0
HA-12 F 83 48.8 41.3 11.3 55.0 50.0 7.0
HA-13 M 82 52.5 48.8 20.0 60.0 55.0 21.0
HA-14 F 76 46.3 45.0 18.8 52.0 55.0 14.0
HA-15 M 66 36.3 37.5 16.3 37.0 47.0 6.0
HA-16 F 73 40.0 36.3 8.8 40.0 40.0 9.0
HA-17 F 83 48.8 41.3 6.3 50.0 50.0 6.0

Mean 8 M, 9 F 76.1 47.7 47.5 16.4 52.9 51.7 12.5
SD 7.0 14.0 11.7 8.6 12.5 8.5 8.0

M = male; F = female; PTA = pure-tone average thresholds across 0.5, 1.0, 2.0, and 4.0 kHz; SAT = speech audibility
threshold; SD = standard deviation.



Brain Sci. 2022, 12, 392 4 of 22

Seventeen normal hearing (NH) adults (11 women, 6 men) served as experimental
controls. All had PTA thresholds ≤25 dB HL and none had any reported neuronal disease.
The mean age at testing was 64.0 ± 3.9 years (range: 59–75 years), and all had a mini
mental state score of 30/30. Throughout the study, these participants are referred to as the
“NH group”.

The Ethics Committee of the University Hospital of Tours specifically approved the
protocol for participants in the HA group (N◦ID RCB No. 2015-A01249-40) and the NH
group (N◦ID RCB No. 2017-A00756-47). Written informed consent was obtained from
all participants.

2.2. Hearing Aids

All participants in the HA group used in-the-ear receiver HAs. All HA devices were
less than 5 years old from Oticon (n = 10) or Bernafon (n = 7). HAs were fitted using a
receiver of 85 dB and all had the same frequency range (8 kHz) and maximal gain (55 dB),
as measured using a 2-cc coupler. HAs were programmed for omnidirectional amplification
with a deactivated volume control. HAs were fit using NOAH software and the manufac-
turer’s programming module, and all were fit using the NAL NL2 prescription [6]. The
HA gain was checked using a real ear insertion measure (REIR); an international speech
test signal (ISTS) was presented at 65 dB SPL at 45◦ azimuth and recorded from the ear
canal with the probe-tube microphone of the Affinity module to check that the gain was
consistent with hearing loss.

2.3. Procedure

All tests were conducted in a single session which lasted an average of 65 min for the
NH group and 100 min for the HA group, where tests were conducted with and without
their HAs. The order of testing was EEG recording (15 min), followed by pupillometry
(15 min), and then loudness rating (5 min). Between EEG recording and pupillometry,
participants were given a 30-min break. If a participant felt asleep during recording, the
test was stopped and a break was given before continuing the session.

2.3.1. Categorical Loudness Scaling

Three 1-kHz tone bursts (total duration = 1 s) at three intensities (40, 60, 80 dBA) were
presented in random order via two loudspeakers positioned 1.3 m away from the participant
and at −45◦ and +45◦ relative to center. After the stimulus presentation, participants were
asked to rate the loudness according to a scale that ranged from 0 (inaudible level) to
10 (intolerable level). Aided and unaided (with and without HA) loudness ratings were
obtained from the HA group. For all participants, loudness ratings were obtained for each
intensity 3 times.

2.3.2. Cortical Auditory Evoked Potentials (CAEPs)
Stimuli

Stimuli (n = 360) were 1-kHz tone bursts (duration = 200 ms) generated using MATLAB
(Mathworks, Natick, MA). Stimuli were presented at 40 (n = 120), 60 (n = 120), and 80
(n = 120) dBA via two loudspeakers situated at 1.3 m away from the participant and −45◦

and +45◦ relative to center. The inter-stimulus interval (ISI) varied from 2 to 3 s (offset to
onset). For the HA group, cortical recordings were made with and without the HAs in two
separate sessions. The orders of the stimulus intensity and listening condition (with or
without HA) were randomized. The neurophysiological recordings took approximately
30 min for each session. During the recording session, participants sat in a sound-attenuated
room and watched a silent movie.

Electroencephalogram (EEG) Data Recording

EEG data were recorded using a Compumedics System Neuroscan EEG system
(Synamps RT amplifier and Curry 7 software) with 64 electrodes referenced on line to
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the nose. All electrodes were placed according to the international 10–20 electrode place-
ment standard. Electrode impedances were kept below 5 kΩ. In addition, electrooculogram
(EOG) activity was recorded from electrodes placed at the outer canthi of both eyes (hori-
zontal EOG) and above and below the right eye (vertical EOG). The EEG data were recorded
with a sampling frequency of 500 Hz and low-pass filtered at 200 Hz. The stimulus presen-
tation was controlled by Presentation software.

EEG analysis was performed using ELAN software [67]. EEG recordings were fil-
tered by a band-pass filter (0.3–70 Hz). Artifacts resulting from eye movements were
removed using independent component analysis, and movement artifacts characterized by
a high-frequency or high-amplitude signal were discarded manually by the experimenter.
Afterwards, EEG was segmented into epochs from −100 to 500 ms relative to the stimulus
onset. The epochs were baseline-corrected relative to a 100-ms pre-stimulus time window,
and a digital zero-phase-shift low-pass filter of 30 Hz was applied. The mean number of
epochs varied: 81.7 ± 14.6 (without HA), 82.3 ± 13.7 (with HA), and 85.6 ± 12.5 (NH) at
40 dBA; 80.8 ± 16.0 (without HA), 81.6 ± 13.6 (with HA), and 83.5 ± 12.9 (NH) at 60 dBA;
and 77.5 ± 17.7 (without HA), 80.8 ± 14.3 (with HA), and 84.4 ± 12.7 (NH) at 80 dBA.

2.4. Pupillometry
2.4.1. Stimuli

Stimuli were 1-kHz tone bursts (duration = 1 s) generated using MATLAB (Mathworks,
Natick, MA, USA). Seven stimuli for each of the 40, 60, and 80 dBA intensities were
presented via 2 loudspeakers situated at 1.3 m away from the subject and −45◦ and +45◦

relative to center. The order of intensity presentation was randomized, and the ISI was
20 ± 30 s (offset to onset). Pupillometry was measured with and without HAs in the HA
group in two separate sessions.

2.4.2. Data Recording

Visual stimuli were sent by an SMI iView X RED (version 2.8) remote eye-tracking
system with a spatial resolution of 0.03◦ and a sampling frequency of 500 Hz. The system
consisted of a computer equipped with two cameras sensitive to infrared light as well as a
light source. A PC screen was positioned on top of the pupillometry system, about 45 cm
away from the participant’s head. The illumination of the room (20 lux) was kept constant
during the experiment for all participants. No eye-tracking equipment was needed to be
worn by participants, as the corneal reflection of infrared light allowed for monitoring of
ocular behavior.

The prototype of the experiment is presented in Figure 1. First, a white image was
presented for 2 s, followed by a black image for 2 s, and finally a white image for 2 s
to record the photo–motor response. For the rest of the experimental run, the visual
stimulation was a gray image (20 lux) and included a cross to direct participants’ gaze on
the screen. Experimental data recording began after 2 s of silence. Participants were seated
in a comfortable armchair in a silent room and were asked to keep calm, not move, and
watch the screen. For the HA group, pupillometry was measured with and without HAs.
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Figure 1. Pupillometry paradigm. Progression of the visual stimuli: first a white image was presented
for 2 s, followed by a black image for 2 s, followed by a white image for 2 s, followed finally by a gray
image, which remained present during the experimental run. A 1-kHz tone burst was presented at
an interval of 20–30 s.

2.5. Analysis

The baseline pupil size was determined as the average pupil size in the 1.0 s interval
preceding the auditory stimulation. Only pupil sizes between 1 and 9 mm were considered
for the analysis [68]. All remaining traces were baseline corrected by subtracting a baseline
value from each time point within that trace. The mean pupil diameter at each intensity
presentation was calculated by averaging the pupil diameter between stimulus onset and
5 s after stimulus offset. The mean pupil response at each intensity presentation was
estimate during a period of 5 s from baseline (1 s before to 4 s after stimulus onset). If the
pupil data contained more than 50% blinks between the start of the baseline and the prompt
signal, it was excluded from the analysis. After this, the mean curves for each stimulation
level were generated using MATLAB. Two pupil measures were extracted from the average
trace: (1) peak dilation amplitude, defined as the maximum pupil diameter after the onset
of the tone burst (peak level–baseline); and (2) latency of the peak dilation amplitude. Peak
dilation amplitude was determined manually.

Pupil analysis data were analyzed for only 15 participants in the HA group, as data
from two participants (HA-8 aided and HA-5 unaided) could not be used. For cate-
gorical loudness ratings and CAEP analysis, aided and unaided data were used for all
17 participants in the HA group.

Statistical Analyses

Analyses of variance (ANOVAs) were performed to evaluate the effects of intensity
(40, 60, 80 dBA) and listening condition (NH, HA aided, HA unaided) on subjective
and objective data. Within the NH and HA groups, separate repeated-measures (RM)
ANOVAs were used to evaluate intensity effects (both groups) and HA effect (HA group);
in cases where assumptions of normal distribution and equal variance were violated, non-
parametric tests were used. Across the NH and HA groups, non-parametric tests were
used to compare NH data to HA data (aided or unaided). For all analyses, the significance
level was 0.05; Bonferroni or Tukey adjustments to the significance level were applied to all
post hoc pairwise comparisons. Analyses were performed using IBM SPSS software.
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Focused Principal Component Analysis (FCPA) was used to characterize relationships
among the behavioral and objective measures. [69]. FCPA is based on Principal Compo-
nent Analysis (PCA) and converts the structure of a correlation matrix into a distance
matrix. FPCA allows for a graphical representation of associations between the depen-
dent variable (here, subjective loudness scaling) and explanatory variables (here, objective
measures of pupillometry and CAEPs), as well as the relationships among the explanatory
variables [69,70]. FCPA was performed using the Psy library in R software, and figures
were generated using the coorplot package in R software.

All data are reported in Supplementary Material (S1).

3. Results
3.1. Categorical Loudness Scaling

Figure 2 shows boxplots of loudness ratings for the NH and HA groups (aided or
unaided). In general, lo bSudness ratings increased with intensity for both groups. For
the NH group, mean loudness ratings were 2.9 ± 1.7, 5.4 ± 1.5, and 7.8 ± 1.4 at 40, 60,
and 80 dBA, respectively. A RM ANOVA was performed on the NH data, with intensity
(40, 60, 80 dB) as the factor. Results showed a significant effect of intensity [F (2,32) = 124.0,
p < 0.001]; Bonferroni-adjusted post hoc pairwise comparisons showed significant differ-
ences among all three intensities (p < 0.001 in all cases). For the HA group, mean loudness
ratings with the HA off were 1.8 ± 1.4, 4.3 ± 2.3, and 7.2 ± 1.4 at 40, 60, and 80 dB, re-
spectively; mean ratings with the HA on were 3.4 ± 1.3, 5.5 ± 1.1, and 7.2 ± 1.3 at 40, 60,
and 80 dB, respectively. An RM ANOVA was performed on the HA group data, with HA
(on, off) and intensity (40, 60, 80 dB) as factors. Results showed significant effects of HA
[F (1,32) = 16.3, p < 0.001] and intensity [F (2,32) = 77.7, p < 0.001]; there was a significant
interaction [F (2,32) = 11.0, p < 0.001]. Bonferroni-adjusted post hoc pairwise comparisons
showed significant differences among all intensities for both listening conditions (p < 0.001
in all cases), and significantly higher ratings with the HA on than off at 40 and 60 dB
(p < 0.001 in both cases), but not at 80 dB.
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Figure 2. Boxplots of loudness ratings for 1-kHz tone bursts at 40, 60, or 80 dBA for the NH group,
the HA group (aided), and the HA group (unaided). The boxes show the 25th and 75th percentiles,
the error bars show the 10th and 90th percentiles, the filled circles show outliers, the horizontal lines
show the median, and the white stars show the mean.

To determine across-group differences, separate Kruskal–Wallis ANOVAs on ranked
loudness rating data were performed at each intensity, with listening group (NH, HA
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aided, and HA unaided) as the factor. Results showed significant effects of listening
group at 40 (dF = 2, H = 11.1, p = 0.004) and 60 dB (dF = 2, H = 7.4, p = 0.024); there
was no significant effect at 80 dB. After Bonferroni adjustment, post hoc Dunn pairwise
comparisons showed no significant difference between the NH and the HA-aided or HA-
unaided loudness ratings.

3.2. CAEPs

Figure 3 shows mean CAEP data for the NH and HA groups (aided and unaided). In
general, peak amplitude increased with intensity for GFP and at Cz, and latency reduced
with intensity. For the HA group, amplitude was generally higher and latency was generally
earlier with the HA on than with the HA off. Amplitude and latency values were generally
similar between the NH and HA group with the HA on, with slightly lower amplitudes and
longer latencies observed for the HA group with the HA off. Mean and standard deviation
for peak CAEP values for the NH group and the HA group (aided and unaided) are shown
in Table 2.
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Table 2. Mean ± standard deviation for peak CAEP amplitude and latency at Cz electrode and for
global field power (GFP), for the NH group and the HA group (aided or unaided) at each intensity.

Intensity Peak NH HA Aided HA Unaided

40 dBA

P1
Amplitude (µV) Cz 1.4 ± 1.2 1.5 ± 1.3 0.9 ± 1.2

GFP 0.9 ± 0.5 0.8 ± 0.3 0.7 ± 0.2

Latency (ms) Cz 64.8 ± 10.7 78.4 ± 19.4 77.7 ± 23.3

GFP 58.8 ± 14.1 76.1 ± 12.2 71.9 ± 20.7

N1
Amplitude (µV) Cz −4.9 ± 2 −2.1 ± 2.4 −1.8 ± 2.7

GFP 2.4 ± 0.7 2.0 ± 0.9 0.8 ± 0.3

Latency (ms) Cz 116.8 ± 10.3 138.9 ± 29.9 128.7 ± 29.8

GFP 114.8 ± 15.3 136.1 ± 18.5 129.9 ± 16.4

P2
Amplitude (µV) Cz 0.7 ± 1.5 1.0 ± 1.7 0.8 ± 1.2

GFP 1.0 ± 0.4 1.1 ± 0.4 0.9 ± 0.4

Latency (ms) Cz 183.5 ± 30.7 192.2 ± 42.9 181.2 ± 40.2

GFP 188.3 ± 19.9 208.2 ± 28 204.2 ± 24.9

N1-P2 Amplitude (µV) Cz 5.6 ± 1.8 3.2 ± 2.6 3.0 ± 2

60 dBA

P1
Amplitude (µV) Cz 2.1 ± 1.7 1.6 ± 1.8 1.4 ± 1.9

GFP 1.0 ± 0.4 1.2 ± 0.4 1.1 ± 0.3

Latency (ms) Cz 58.7 ± 8 69.9 ± 8.6 72.9 ± 11.6

GFP 53.0 ± 8.6 63.1 ± 8.2 62.6 ± 15.9

N1
Amplitude (µV) Cz −5.6 ± 2.7 −4.5 ± 2.1 −3.0 ± 2.9

GFP 2.9 ± 0.9 3.3 ± 0.9 2.7 ± 1.1

Latency (ms) Cz 110.4 ± 7.7 120.4 ± 10.3 132 ± 20.7

GFP 102 ± 6.9 113.9 ± 11.7 120.1 ± 15.1

P2
Amplitude (µV) Cz 2.5 ± 1.9 2.6 ± 2.6 1.8 ± 1.6

GFP 1.4 ± 0.6 1.3 ± 0.5 1.3 ± 0.5

Latency (ms) Cz 199.7 ± 40.7 194.8 ± 29.2 201.8 ± 30.8

GFP 191.6 ± 25.7 198.1 ± 25.8 199.9 ± 22

N1-P2 Amplitude (µV) Cz 8.1 ± 2.4 7.1 ± 2.9 5.0 ± 2.2

80 dBA

P1
Amplitude (µV) Cz 2.6 ± 2.6 3.1 ± 2.4 2.7 ± 1.1

GFP 1.2 ± 0.4 1.5 ± 0.5 1.3 ± 0.5

Latency (ms) Cz 56.9 ± 5.4 62.4 ± 9.1 64.5 ± 15.9

GFP 51.4 ± 6.4 61.1 ± 6.9 58.5 ± 8.2

N1
Amplitude (µV) Cz −7.8 ± 2.7 −5.5 ± 3 −5.8 ± 3.3

GFP 3.5 ± 1.2 4.2 ± 1.1 3.7 ± 1.5

Latency (ms) Cz 107.1 ± 7.4 114.5 ± 12.8 116 ± 15.9

GFP 101.9 ± 5.6 107.8 ± 10.6 109.8 ± 11.4

P2
Amplitude (µV) Cz 4.1 ± 2.9 2.8 ± 3.3 2.7 ± 2.9

GFP 1.6 ± 0.9 1.4 ± 0.7 1.9 ± 1.1

Latency (ms) Cz 200.8 ± 31.1 184.1 ± 31.3 185.7 ± 29.9

GFP 196.8 ± 22.3 194.9 ± 20.7 204 ± 29.8

N1-P2 Amplitude (µV) Cz 11.9 ± 3.3 8.4 ± 4.1 8.2 ± 4.7

GFP = global field power; NH = normal hearing; HA = hearing aid.
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The effects of intensity (40, 60, 80 dB) on CAEP responses were analyzed within the
NH group using RM ANOVAs or non-parametric tests, as appropriate; complete results
are shown in Table 3. For CZ amplitude, significant effects for intensity were observed at
N1 (80 > 60 or 40 dB), P2 (80 > 60 or 40 dB), and N1-P2 (80 > 60 > 40 dB). For CZ latency, a
significant effect of intensity was observed only at N1 (40 > 60 or 80 dB). For GFP amplitude,
significant effects of intensity were observed at P1 (80 > 40 dB), N1 (80 > 60 > 40 dB), and
P2 (80 > 60 > 40 dB). For GFP latency, significant effects of intensity were observed at P1
(40 > 80) and N1 (40 > 60, 80).

Table 3. Results of RM ANOVAs performed on NH CAEP amplitude and latency data at Cz and
for global field power (GFP); in cases where assumptions of normality and equal variance were
violated, non-parametric tests were performed (shown in lower part of the table). Significant effects
are indicated by asterisks and italics; post hoc significant differences are shown after Bonferroni or
Tukey correction for multiple comparisons.

RM ANOVA

Peak Factor dF, res F p Post Hoc
Bonferroni

N1 amp Cz Intensity 2, 32 18.2 <0.001 * 60, 40 > 80
P2 amp Cz Intensity 2, 32 14.5 <0.001 * 80, 60 > 40
N1-P2 amp

Cz Intensity 2, 32 61.9 <0.001 * 80 > 60 > 40

N1 lat Cz Intensity 2, 32 14.5 <0.001 * 40 > 60, 80

P1 amp GFP Intensity 2, 32 3.3 0.049 * 80 > 40
N1 amp GFP Intensity 2, 32 24.0 <0.001 * 80 > 60 > 40

P2 lat GFP Intensity 2, 32 1.7 0.196

Kruskal–Wallis ANOVA on ranked data

Peak Factor dF χ2 p Post Hoc
Tukey

P1 amp Cz Intensity 2 4.6 0.101
P1 lat Cz Intensity 2 13.6 0.001 * 80 > 40
P2 lat Cz Intensity 2 4.4 0.113

P2 amp GFP Intensity 2 19.2 <0.001 * 80 > 60, 40
P1 lat GFP Intensity 2 8.9 0.012 * 40 > 80
N1 lat GFP Intensity 2 23.7 <0.001 * 40 > 60, 80

The effects of intensity (40, 60, 80 dB) and HA (on or off) on CAEP responses were
analyzed within the HA group (aided and unaided) using RM ANOVAs or non-parametric
tests, as appropriate; complete results are shown in Table 4. For CZ amplitude, significant
effects for intensity were observed at P1 (80 > 60 or 40 dB), N1 (80 > 60 or 40 dB), P2 (80 > 60
or 40 dB), and N1-P2 (80, 60 > 40 dB); there was no effect of HA. For CZ latency, significant
effects for intensity were observed at P1 (40 > 80) and at N1 with the HA on (40 > 60, 80).
For GFP amplitude, significant effects of intensity were observed at P1 (80 > 60 > 40), N1
(80 > 60 > 40), and P2 (80 > 40); significant effects of HA were observed at P1 (on > off) and
N1 (off > on). For GFP latency, significant effects of intensity were observed at P1 (40 > 60,
80) and N1 40 > 60 > 80); there was no significant effect of HA.
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Table 4. Results of RM ANOVAs performed on HA CAEP amplitude and latency data (aided and
unaided) at Cz and for global field power (GFP); in cases where assumptions of normality and equal
variance were violated, non-parametric tests were performed (shown in lower part of the table). For
the HA factor, the HA was on or off. Significant effects are indicated by asterisks and italics; post hoc
significant differences are shown after Bonferroni or Tukey correction for multiple comparisons.

RM ANOVA

Peak Factor dF, res F p Post Hoc Bonferroni

P1 amp Cz
HA 1, 32 1.4 0.260

Intensity 2, 32 8.7 <0.001 * 80 > 60, 40
HA x intensity 2, 32 0.1 0.872

P2 amp Cz
HA 1, 32 1.3 0.275

Intensity 2, 32 5.8 0.007 80, 60 > 40
HA x intensity 2, 32 0.5 0.619

P1 lat Cz
HA 1, 32 0.1 0.818

Intensity 2, 32 11.0 <0.001 * 40 > 80
HA x intensity 2, 32 0.2 0.804

P2 lat Cz
HA 1, 32 <0.1 0.857

Intensity 2, 32 1.4 0.260
HA x intensity 2, 32 0.8 0.458

P1 amp GFP
HA 1, 32 5.0 0.039 * HA on > HA off

Intensity 2, 32 27.4 <0.001 * 80 > 60 > 40
HA x intensity 2, 32 0.3 0.769

N1 amp GFP
HA 1, 32 32.1 <0.001 * HA-a > HA-un

Intensity 2, 32 56.6 <0.001 * 80 > 60 > 40
HA x intensity 2, 32 3.0 0.063

P2 amp GFP
HA 1, 32 0.8 0.391

Intensity 2, 32 10.8 <0.001 * 80 > 40

HA x intensity 2, 32 5.9 0.007 * HA on: 80 > 60 > 40;
80: HA on > HA off

P1 lat GFP
HA 1, 32 2.0 0.179

Intensity 2, 32 10.7 <0.001 * 40 > 60, 80
HA x intensity 2, 32 0.2 0.800

N1 lat GFP
HA 1, 32 0.1 0.783

Intensity 2, 32 31.0 <0.001 * 40 > 60 > 80
HA x intensity 2, 32 1.9 0.163

P2 lat GFP
HA 1, 32 0.3 0.583

Intensity 2, 32 0.9 0.432
HA x intensity 2, 32 0.8 0.452

Kruskal–Wallis ANOVA on ranked data
Peak Factor dF χ2 P Post Hoc Tukey

N1 amp Cz HA, intensity 5 51.2 <0.001 * 60, 40 > 80
N1-P2 amp Cz HA, intensity 5 44.9 <0.001 * 80, 60 > 40

N1 lat Cz HA, intensity 5 21.7 <0.001 * HA on: 40 > 60, 80

CAEP responses were compared between the NH group and the HA group with the
HA on or off at each intensity using Kruskal–Wallis ANOVAs on ranked data; complete
results are shown in Table 5. At Cz, N1 amplitude was significantly lower for the NH group
than for the HA group with the HA off at all intensities. N1-P2 amplitude was significantly
higher for the NH group compared to the HA group with the HA off at all intensities and
with the HA on at 40 dBA. P1 latency was significantly shorter for the NH group compared
to the HA group with the HA on at all intensities and with the HA off at 60 dBA. N1 latency
was significantly shorter for the NH group compared to the HA group with the HA on at
40 and 60 dBA and with the HA off at 60 dBA. For GFP, N1 amplitude was significantly
larger for the NH group than for the HA group with the HA off at 40 dB; there were no
other significant differences between the NH group and the HA group with the HA on or
off. P1 latency was significantly shorter for the NH group compared the HA group with
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the HA on at all intensities and with the HA off at 80 dBA. N1 latency was significantly
shorter for the NH group compared the HA group with the HA on or off at 40 and 60 dBA.

Table 5. Results of Kruskal–Wallis ANOVAs on ranked data. CAEP amplitude and latency data
(aided and unaided) were compared across the NH and HA groups (aided or unaided) at Cz and for
global field power (GFP) at each intensity. Significant effects are indicated by asterisks and italics;
post hoc significant differences are shown after Bonferroni correction (adjusted p = 0.025) for multiple
comparisons (Dunn) where NH data were compared to HA data with the HA on or off.

CAEP Intensity dF H p Post Hoc Dunn’s

P1 amp Cz
40 2 1.7 0.423
60 2 1.2 0.554
80 2 1.6 0.557

N1 amp Cz
40 2 19 <0.001 * NH < HA off
60 2 8.1 0.018 * NH < HA off
80 2 7.1 0.029 * NH < HA off

P2 amp Cz
40 2 1.1 0.569
60 2 1.4 0.504
80 2 1.7 0.437

N1-P2 amp Cz
40 2 14.1 <0.001 * NH > Ha off, HA on
60 2 12.4 0.002 * NH > HA off
80 2 7.3 0.027 * NH > HA off

P1 lat Cz
40 2 6.5 0.039 * NH < HA on
60 2 17 <0.001 * NH < HA off, HA on
80 2 7.5 0.024 * NH < HA on

N1 lat Cz
40 2 8.5 0.014 * NH < HA on
60 2 16.2 <0.001 * NH < HA off, HA on
80 2 4.1 0.132

P2 lat Cz
40 2 1.1 0.570
60 2 0.5 0.779
80 2 3 0.223

P1 amp GFP
40 2 1.1 0.586
60 2 2.2 0.328
80 2 4 0.135

N1 amp GFP
40 2 30.3 <0.001 * NH > HA off
60 2 4.8 0.093
80 2 3 0.218

P2 amp GFP
40 2 2.8 0.243
60 2 0.4 0.803
80 2 1 0.592

P1 lat GFP
40 2 10.9 0.004 * NH < HA on
60 2 7.8 0.020 * NH < HA on
80 2 13.9 <0.001 * NH < HA on, HA off

N1 lat GFP
40 2 13.2 0.001 * NH < HA on, HA off
60 2 14.7 <0.001 * NH < HA on, HA off
80 2 3.5 0.170

P2 lat GFP
40 2 4.2 0.123
60 2 0.5 0.760
80 2 0.9 0.645

3.3. Pupillometry

Figure 4 shows an example of pupil dilation over time at the three intensities for one
NH participant. There was little change in pupil diameter at 40 dB. At 60 dB, there was
greater variation in pupil dilation. The largest pupil dilation was observed at 80 dB.
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Figure 4. Peak pupil diameter as a function of time for mean NH group and the HA group (aided
and unaided) after a tone burst at 1 kHz with 1 s length (grey shaded).

Figure 5 shows boxplots of peak pupil diameter and latency at the three intensities for
the NH group and the HA group (aided or unaided); mean values are shown in Table 6.
In general, pupil diameter and latency increased with intensity. Within the NH group,
an RM ANOVA showed significant effects of intensity on pupil diameter [F (2, 32) = 27.1,
p < 0.001] and latency [F (2, 32) = 21.5, p < 0.001]. Post hoc Bonferroni pairwise comparisons
showed that both pupil diameter and latency were significantly lower at 40 dB than at 60
or 80 dB (p < 0.001 in all cases). Within the HA group, an RM ANOVA showed a significant
effect of intensity on pupil diameter [F (2, 28) = 3.8, p = 0.036]; post hoc Bonferroni pairwise
comparisons showed that pupil diameter was significantly lower at 40 dB than at 80 dB
(p = 0.032). There was no significant effect of HA (on or off) on pupil diameter or latency. A
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Kruskal–Wallis ANOVA on ranked data showed a difference across the NH and HA groups
only for pupil latency at 80 dBA (dF = 2, H = 9.5, p = 0.009). After Bonferroni adjustment
for multiple comparisons, latency was significantly higher for the NH group than for the
HA group with the HA off (p = 0.008).
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Figure 5. Boxplots of peak pupil diameter (top) and latency (bottom) in response to 1-kHz tone
bursts at 40, 60, or 80 dBA for the NH for the NH group and the HA group with the HA on or off.
The boxes show the 25th and 75th percentiles, the error bars show the 10th and 90th percentiles, the
filled circles show outliers, the horizontal lines show the median, and the white stars show the mean.

Table 6. Mean ± standard deviation for peak pupil diameter and latency for the NH group and the
HA group (aided or unaided) at each intensity.

Intensity NH HA Aided HA Unaided

Peak dilation
(mm)

40 dBA 0.08 ± 0.05 0.07 ± 0.08 0.04 ± 0.09
60 dBA 0.11 ± 0.07 0.07 ± 0.08 0.09 ± 0.10
80 dBA 0.21 ± 0.09 0.18 ± 0.13 0.11 ± 0.18

Peak latency
(ms)

40 dBA 1.11 ± 0.36 1.20 ± 0.29 1.23 ± 0.36
60 dBA 1.32 ± 0.38 1.37 ± 0.23 1.18 ± 0.25
80 dBA 1.70 ± 0.31 1.42 ± 0.37 1.33 ± 0.38

3.4. Relationships among Behavioral and Objective Measures Using FCPA

FCPA was performed on the subjective loudness, CAEP, and pupillometry data to
explore the relationships between loudness perception and explanatory objective measures,
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as well as the relationships among the objective measures. The right panels of Figure 6
show the correlation matrix among all variables. The right panels of Figure 6 visualize these
correlations. The strength of the correlation between the dependent variable of loudness
(the center of the circle) and the explanatory objective measures are represented by the
concentric circles; r values ≥ 0.5 were considered to be the strongest explanatory variables,
and data within the red circle indicate significant relationships (p < 0.05). The closer the
variable is to the center of the plot, the stronger the correlation. The distance among the
explanatory variables indicates the degree of inter-correlation. When points are close
together, the variables are strongly and positively correlated. When points are diametrically
opposed, the variables are strongly and negatively correlated. When points are equidistant
from the origin, there is no significant inter-correlation [69,70].
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and explanatory variables (pupillometry and CAEPs). The circles represent Cz amplitude, the squares
represent Cz latency, the up triangles represent GFP amplitude, the down triangles represent GFP
latency, the stars represent pupil diameter, and the diamonds represent pupil latency. The green and
yellow symbols represent positive and negative correlations between the dependent and explanatory
variables, respectively. The explanatory variables within the red circle were significantly correlated
with the dependent variable (p < 0.05). Right panels: Correlation matrices among the behavioral and
objective measures. The bar to the right of the matrices shows the color coding for the correlation
coefficients, ranging from −1 to 1. Within the matrices, the color and size of the circle represents the
strength of correlation between two variables.

For the NH group (top panels of Figure 6), loudness perception was positively corre-
lated with [N1-P2] amplitude at Cz (r = 0.64), pupil diameter (r = 0.59), and pupil latency
(r = 0.61), and negatively correlated with N1 amplitude GFP (r = −0.57). Pupil diameter
and latency were in close proximity, indicating substantial inter-correlation (r = 0.59). Pupil
latency and N1 latency GFP were diametrically opposed, indicating some inter-correlation
(r = −0.37). The remaining objective measures showed relatively weak relationships to
loudness perception (r < 0.05).

With the HA on, loudness perception for the HA group was positively correlated with
P1 amplitude GFP (r = 0.56), and negatively correlated with P1 latency at Cz (r = −0.6), N1
latency at Cz (r = −0.6), and N1 latency GFP (r = −0.68). N1 latency at Cz and N1 latency
GFP latency were in close proximity, indicating substantial inter-correlation (r = 0.82). With
the HA off, loudness perception was positively correlated with P1 amplitude GFP (r = 0.51)
and N1 amplitude GFP (r = 0.6).

4. Discussion

To the best of our knowledge, this is the first exploratory study to compare loudness,
pupillometry, and CAEPs in NH and HA listeners. Most previous studies have compared
such subjective and objective measures in cochlear implant (CI) rather than HA users [20,21].
The goal of this study was to determine if pupillometry and/or CAEP could be a marker of
auditory listening comfort. Results showed a strong impact of intensity level on loudness
ratings, pupillometry, and CAEP responses in the NH and HA groups (with the HA on or
off). For the HA group, there was little difference in behavioral responses when the HA
was on or off. Significant relationships were observed between loudness ratings and some
CAEP and pupillometry measures, though these differed between the NH and HA groups.
Below we discuss the findings in greater detail.

4.1. Effect of Intensity Level on Loudness Perception, CAEP, and Pupillometry

Not surprisingly, loudness perception was closely related to intensity level for the
NH and HA groups (Figure 2). No significant difference was observed between the NH
group and the HA group with the HA on or off. Within the NH and HA groups, loudness
ratings significantly increased with intensity. Within the HA group, loudness ratings were
significantly higher with the HA on than off at 40 and 60 dB, but not at 80 dB. This was
likely due to the compression in the HA, where softer sounds would be amplified, and
loud sounds would be peak-limited.

For all groups, stimulus intensity affected CAEP waveform morphology (Figure 3). For
the NH group, significant effects of intensity were observed for all CAEP responses except
for P1 amplitude at Cz, P2 latency at Cz, and P2 latency GFP (Table 3). Similarly, significant
effects for intensity were observed for all CAEP responses, except for P2 latency at Cz, and
P2 latency GFP (Table 4). Shorter peak latencies signify decreased neural conduction time,
and higher amplitudes represent increased response strength [40–53]. Similar patterns
were observed in the present study, especially for P1 and N1 responses. Neural encoding
for sound intensity has been directly linked to N1 peak amplitude [49,58].

Some significant differences in CAEP responses were observed between the NH group
and the HA group, mostly for P1 latency and N1 amplitude and latency (Table 5). With the
HA off, peak amplitude negativity was generally smaller for the HA group than for the NH
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group. This may have corresponded to the lower loudness ratings at 40 and 60 dB when the
HA was off, compared to the NH group. With the HA on or off, peak latency was generally
longer for the HA group than for the NH group. When the HA was on, compressor time
constants may have affected latency. When the HA was off, poorer audibility may have
resulted in longer latency [71].

Significant effects of intensity on pupillometry were observed for the NH and HA
groups (Figure 5). For the NH group, peak pupil diameter and latency significantly
increased across all intensities. These results agree with previous NH studies that showed
larger pupil responses with increasing intensity [46–48]. The increase in pupil response
could be explained by the nature of the stimuli, which were sudden and novel from trial
to trial, and may have evoked automatic attentional effects. As hearing is important
for warning sounds, high intensity levels could be interpreted as an alarm signal or an
environmental stressor, which would disturb the autonomic nervous system. As pupil
dilation depends on the autonomic nervous system [72], it adapts to the environmental
demands, including auditory stimulation. Kahneman described pupillometry as an index of
“load on attention capacity” [73]; high intensity stimulation likely leads to greater attention.
Thus, the increase in pupil dilation with intensity could be interpreted as an automatic
direction of attention to the stimulus. Pupillometry can also provide an estimate of mental
effort and has been correlated with activity in the locus coeruleus [74]. High intensity
may require more time to arrive at peak dilation because of noradrenaline discharge [60],
resulting in longer peak latency, as observed in the present NH group.

For the HA group, peak dilation was significantly different only between 40 and
80 dB, and only when the HA was on. There was no significant difference in peak latency
across intensities with the HA on or off. When the HA was on, peak intensity may have
been compressed and lower intensities would be likely be amplified, resulting in less
differentiation across intensity than would occur with NH listeners. When the HA was off,
there may have been a reduction in audibility that may have limited pupil response.

Interestingly, the only significant difference observed between the NH group and
HA groups was for pupil dilation at 80 dB when the HA was off. While pupil response
to intensity was more pronounced for the NH group, the range of pupil responses was
generally similar between the NH group and the HA group when the HA was on or off
(Table 6).

4.2. Effect of HA Amplification on Loudness Perception, CAEP, and Pupillometry Responses

Because intensity significantly affected loudness ratings and CAEP responses in the HA
group, and because lower sounds would be amplified when the HA was on, we expected
that HA amplification would significantly affect loudness perception and CAEP response.
HA amplification significantly increased loudness ratings only at 40 and 60 dB, with no
difference at 80 dB. Note that the compression ratio was greater for high and moderate
sound levels (1.7 ± 0.7) than for low sound levels (1.3 ± 0.4), which may have contributed
to this finding. Alternatively, there may have been some physiological saturation at the
higher 80 dB intensity level that was unaffected by HA amplification [75]. HA amplification
significantly increased CAEP responses for P1 and N1 amplitude GFP across all intensities,
for P2 amplitude GFP at 80 dB (Table 4). No significant differences for HA amplification
were observed for latency measures. The greater neural recruitment associated with HA
amplification may increase CAEP amplitude in some cases but may not affect auditory
processing time at the cortical level [76].

Previous studies in which NH listeners were tested with or without simulations of
HA amplification showed that CAEP amplitudes decreased with HA amplification [63] or
were unaffected by HA amplification [62,64]. Other studies in individuals with hearing loss
showed no change in cortical responses with HA amplification [77]. Karawani et al. (2018)
found increased N1 and P2 peak amplitude with HA amplification that was correlated
with improvements in working memory [78], suggesting that HA experience may enhance
cortical sound processing and improve cognitive function. In the present study, we did not
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observe a robust effect of HA amplification, even though participants had used their HA
for at least one year. One possible explanation is that daily auditory stimulation via HA did
not alter the neurophysiological representation of sound at the level of the auditory cortex.

The mean changes in loudness across intensities were different with and without HA
amplification. With the HA off, the mean change in loudness was 2.5 from 40 to 60 dB,
and 2.9 from 60 to 80 dB; with the HA on, the mean change in loudness was 2.1 from 40 to
60 dB, and 1.7 from 60 to 80 dB. As such, changes in loudness with intensity were much
smaller with HA amplification than with changes in intensity. It is also possible that HA
amplification changes more than just the intensity of a stimulus. HA amplification may
differently affect neural responses to changes in intensity, although this may be truer for
more complex stimuli (e.g., speech, noise) than for the pure tone stimuli used in this study.
Taken together, the present data suggest that cortical responses and pupillometry may not
be good approaches to evaluate the effects of HA amplification.

4.3. Relationships between Subjective and Objective Measures of Auditory Intensity

FCPA revealed few significant relationships between behavioral and objective re-
sponses to intensity; the observed relationships differed among the NH groups and the
HA group with the HA on or off. For the NH group, loudness was significantly associated
with [N1-P2] amplitude at Cz, N1 amplitude GFP, as well as pupil dilation and latency.
For the HA group, loudness was significantly associated with P1 and N1 latency at Cz, P1
amplitude GFP, and N1 latency GFP; with the HA off, loudness was significantly associated
with P1 and N1 amplitude GFP.

Loudness was significantly associated with pupil dilation and latency only in the NH
group. The mean dynamic range for pupil dilation was 0.13 mm for the NH group, 11 mm
for the HA group with the HA on, and 7 mm for the HA group with the HA off (Table 6).
Increasing age has been associated with reduced dynamic range of pupil dilation in older
than in younger listeners [79]. Age might differentially affect different components of the
pupil response reflecting parasympathetic versus sympathetic effects [80]. In this study, the
mean age of the NH group (64.0 ± 3.9 years) was 12 years younger than that of the HA
group (76.0 ± 7.0 years). The older age of the HA group may partly explain the lack of
association between loudness and pupil response, due to the reduced dynamic range of
pupil dilation.

Concerning CAEPs, Bakhos et al. (2014) showed that some pediatric HA users exhibit
abnormal temporal brain function (absence of N1c) that may underlie language impair-
ment [81]. Of course, children react differently than adults, and their hearing loss may
have other consequences for children (e.g., language development) than for elderly adults
(e.g., CAEPs or pupil responses). Behavioral and objective responses to sound intensity
should also be measured in children. Indeed, the principal interest in using objective mea-
sures is responses to sound intensity where behavioral measures are difficult to measure,
as is the case for young children.

4.4. Limits to Study

While this study demonstrated the impact of intensity on CAEPs and pupillometry,
the number of participants was limited. Indeed, a power analysis with G *power software
indicated that for power = 0.95, 43 participants would be needed for each group. Additional
studies with a larger cohort should be conducted to confirm the present findings. In
addition, only 1-kHz tone bursts were used, and it remains unclear how tone frequency
might affect responses to sound intensity. Indeed, loudness has been shown to depend on
spectral [82–84] and temporal [85–87] properties of sound, as well as other factors.

Age at testing was significantly different between both the NH and HA groups and
might have contributed to group differences by affecting neural responses. However, it
is difficult to recruit adults up to 70 years old that still have normal hearing thresholds
due to presbycusis. Moreover, HA devices are very complex. In this study, only Oticon
and Bernafon in-ear HAs were used. HA signal processing, such as channel-specific



Brain Sci. 2022, 12, 392 19 of 22

compression time constants, noise reduction algorithms, and adaptive directionality, may
affect CAEPs [88]. It may be preferable to conduct this study using the exact same devices
and settings for all HA participants.

Finally, good HA outcomes likely cannot be reduced to auditory comfort markers
such as CAEP or pupillometry. Many factors can contribute to good HA outcomes, such
as device-specific (e.g., directional microphones, signal processing, gain settings) and
patient-specific variables (age, attention, motivation, biology, personality, lifestyle) [63].

5. Summary of the Results

SNHL can distort perception of sound intensity. In this study, behavioral (loudness)
and objective responses (CAEPs, pupillometry) to sound intensity were measured in NH
and HA participants (with the HA on or off). For all groups, loudness increased with
intensity; for the HA group, loudness was significantly higher with the HA on than off
only at the low-to-mid intensities. Most CAEPs showed a significant response to intensity
in the NH and HA groups; there was little effect of HA amplification on CAEPs. Similarly,
there was a significant response in pupil dilation and latency to intensity in the NH and HA
groups; there was little effect of HA amplification on pupil response. FPCA showed only a
few significant relationships between behavioral and objective measures. Further research
is needed to better understand the relationship between stimulus intensity, loudness
perception, and objective measures.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/brainsci12030392/s1.

Author Contributions: Conceptualization: D.B., E.L., S.R., M.G., Y.M. and N.A.-H.; Data curation:
E.L.; Methodology: D.B., E.L., S.R., M.G., Y.M. and N.A.-H.; Investigation: E.L.; Supervision: D.B.,
J.G. and J.-M.A.; Project administration: D.B.; Visualization: E.L., J.G. and D.B.; Resources: D.B. and
J.-M.A.; Software: E.L., Y.M. and S.R.; Formal Analysis: E.L., J.G., Y.M. and D.B.; Funding Acquisition:
J.-M.A.; Writing—original draft preparation: E.L., Writing—review and editing: D.B. and J.G. All
authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by a CIFRE convention (Audilab France, ANRT n◦290/2015).

Institutional Review Board Statement: The Ethics Committee of the University Hospital of Tours
specifically approved the protocol for participants in the HA group (N◦ID RCB No. 2015-A01249-40)
and the NH group (N◦ID RCB No. 2017-A00756-47).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data are available in the Supplementary files.

Acknowledgments: We thank all of the participants for their effort in this study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Marozeau, J.; Florentine, M. Loudness Growth in Individual Listeners with Hearing Losses: A Review. J. Acoust. Soc. Am. 2007,

122, EL81–EL87. [CrossRef] [PubMed]
2. Robles, L.; Ruggero, M.A. Mechanics of the Mammalian Cochlea. Physiol. Rev. 2001, 81, 1305–1352. [CrossRef] [PubMed]
3. Ruggero, M.A.; Rich, N.C.; Recio, A. The Effect of Intense Acoustic Stimulation on Basilar-Membrane Vibrations. Audit. Neurosci.

1996, 2, 329–345.
4. Lopez-Poveda, E.A. Why Do I Hear but Not Understand? Stochastic Undersampling as a Model of Degraded Neural Encoding of

Speech. Front. Neurosci. 2014, 8, 348. [CrossRef]
5. Lopez-Poveda, E.A.; Johannesen, P.T. Behavioral Estimates of the Contribution of Inner and Outer Hair Cell Dysfunction to

Individualized Audiometric Loss. JARO J. Assoc. Res. Otolaryngol. 2012, 13, 485–504. [CrossRef] [PubMed]
6. Keidser, G.; Dillon, H.; Flax, M.; Ching, T.; Brewer, S. The NAL-NL2 Prescription Procedure. Audiol. Res. 2011, 1, 88–90. [CrossRef]
7. Scollie, S.; Seewald, R.; Cornelisse, L.; Moodie, S.; Bagatto, M.; Laurnagaray, D.; Beaulac, S.; Pumford, J. The Desired Sensation

Level Multistage Input/Output Algorithm. Trends Amplif. 2005, 9, 159–197. [CrossRef]
8. Beck, D. Programmable Instruments and Successive Approximations. Hear. Rev. 1997, 4, 21–26.

https://www.mdpi.com/article/10.3390/brainsci12030392/s1
https://www.mdpi.com/article/10.3390/brainsci12030392/s1
http://doi.org/10.1121/1.2761924
http://www.ncbi.nlm.nih.gov/pubmed/17927312
http://doi.org/10.1152/physrev.2001.81.3.1305
http://www.ncbi.nlm.nih.gov/pubmed/11427697
http://doi.org/10.3389/fnins.2014.00348
http://doi.org/10.1007/s10162-012-0327-2
http://www.ncbi.nlm.nih.gov/pubmed/22526735
http://doi.org/10.4081/audiores.2011.e24
http://doi.org/10.1177/108471380500900403


Brain Sci. 2022, 12, 392 20 of 22

9. Jenstad, L.M.; Van Tasell, D.J.; Ewert, C. Hearing Aid Troubleshooting Based on Patients’ Descriptions. J. Am. Acad. Audiol. 2003,
14, 347–360. [CrossRef]

10. Kuk, F. How Flow Charts Can Help You Troubleshoot Hearing Aid Problems. Hear. J. 1999, 52, 46–52. [CrossRef]
11. Kuk, F. Using the i/o Curve to Help Solve Subjective Complaints with WDRC Hearing Instruments. Hear. Rev. 1998, 5, 8–59.
12. Schum, D.J.; Burton, C.; Christensen, J. The Use of Advanced Fitting Software in the Counseling Process. Hear. Rev. 1997, 4, 59–62.
13. Schweitzer, C.; Mortz, M.; Vaughan, N. Perhaps Not by Prescription—But by Perception. High Perform. Hear. Solut. 1999, 3, 58–62.
14. Abrams, H.B.; Kihm, J. An Introduction to MarkeTrak IX: A New Baseline for the Hearing Aid Market. Hear. Rev. 2015, 22, 16.
15. Artières, F.; Vieu, A.; Mondain, M.; Uziel, A.; Venail, F. Impact of Early Cochlear Implantation on the Linguistic Development of

the Deaf Child. Otol. Neurotol. 2009, 30, 736–742. [CrossRef]
16. Nikolopoulos, T.P.; Gibbin, K.P.; Dyar, D. Predicting Speech Perception Outcomes Following Cochlear Implantation Using

Nottingham Children’s Implant Profile (NChIP). Int. J. Pediatric Otorhinolaryngol. 2004, 68, 137–141. [CrossRef] [PubMed]
17. Niparko, J.K.; Tobey, E.A.; Thal, D.J.; Eisenberg, L.S.; Wang, N.-Y.; Quittner, A.L.; Fink, N.E.; CI Investigative Team. Spoken

Language Development in Children Following Cochlear Implantation. JAMA 2010, 303, 1498–1506. [CrossRef]
18. O’Donoghue, G.M.; Nikolopoulos, T.P.; Archbold, S.M. Determinants of Speech Perception in Children after Cochlear Implantation.

Lancet 2000, 356, 466–468. [CrossRef]
19. Lazard, D.S.; Lee, H.J.; Gaebler, M.; Kell, C.A.; Truy, E.; Giraud, A.L. Phonological Processing in Post-Lingual Deafness and

Cochlear Implant Outcome. NeuroImage 2010, 49, 3443–3451. [CrossRef]
20. Purdy, S.; Katsch, R.; Dillon, H.; Storey, L.; Sharma, M.; Agung, K. Aided Cortical Auditory Evoked Potentials for Hearing Instrument

Evaluation in Infants; Phonak AG: Stäfa, Switzerland, 2005; pp. 115–128.
21. Mehta, K.; Mahon, M.; Van Dun, B.; Marriage, J.; Vickers, D. Clinicians’ Views of Using Cortical Auditory Evoked Potentials

(CAEP) in the Permanent Childhood Hearing Impairment Patient Pathway. Int. J. Audiol. 2020, 59, 81–89. [CrossRef]
22. Carter, L.; Golding, M.; Dillon, H.; Seymour, J. The Detection of Infant Cortical Auditory Evoked Potentials (CAEPs) Using

Statistical and Visual Detection Techniques. J. Am. Acad. Audiol. 2010, 21, 347–356. [CrossRef] [PubMed]
23. McPherson, D.L. Late Potentials of the Auditory System; Singular Publishing Group: San Diego, CA, USA, 1996.
24. Kosaner, J. Generating Speech Processor Programmes for Children Using ESRT Measurements. Cochlear Implant. Int. 2010, 11,

20–24. [CrossRef]
25. Kosaner, J.; Anderson, I.; Turan, Z.; Deibl, M. The Use of ESRT in Fitting Children with Cochlear Implants. J. Int. Adv. Otol. 2009,

5, 70–79.
26. Bertrand, A.L.; Garcia, J.B.S.; Viera, E.B.; Santos, A.M.; Bertrand, R.H. Pupillometry: The Influence of Gender and Anxiety on the

Pain Response. Pain Physician 2013, 16, E257–E266. [PubMed]
27. Connelly, M.A.; Brown, J.T.; Kearns, G.L.; Anderson, R.A.; St Peter, S.D.; Neville, K.A. Pupillometry: A Non-Invasive Technique

for Pain Assessment in Paediatric Patients. Arch. Dis. Child. 2014, 99, 1125–1131. [CrossRef] [PubMed]
28. Kahneman, D.; Beatty, J. Pupil Diameter and Load on Memory. Science 1966, 154, 1583–1585. [CrossRef]
29. Tursky, B.; Shapiro, D.; Crider, A.; Kahneman, D. Pupillary, Heart Rate, and Skin Resistance Changes during a Mental Task. J. Exp.

Psychol. 1969, 79, 164–167. [CrossRef]
30. Hillyard, S.A.; Hink, R.F.; Schwent, V.L.; Picton, T.W. Electrical Signs of Selective Attention in the Human Brain. Science 1973, 182,

177–180. [CrossRef]
31. Kahneman, D.; Onuska, L.; Wolman, R.E. Effects of Grouping on the Pupillary Response in a Short-Term Memory Task. Q. J. Exp.

Psychol. 1968, 20, 309–311. [CrossRef]
32. Schluroff, M.; Zimmermann, T.E.; Freeman, R.B.; Hofmeister, K.; Lorscheid, T.; Weber, A. Pupillary Responses to Syntactic

Ambiguity of Sentences. Brain Lang 1986, 27, 322–344. [CrossRef]
33. Samuels, E.R.; Szabadi, E. Functional Neuroanatomy of the Noradrenergic Locus Coeruleus: Its Roles in the Regulation of

Arousal and Autonomic Function Part II: Physiological and Pharmacological Manipulations and Pathological Alterations of
Locus Coeruleus Activity in Humans. Curr. Neuropharmacol. 2008, 6, 254–285. [CrossRef] [PubMed]

34. Steinhauer, S.R.; Siegle, G.J.; Condray, R.; Pless, M. Sympathetic and Parasympathetic Innervation of Pupillary Dilation during
Sustained Processing. Int. J. Psychophysiol. Off. J. Int. Organ. Psychophysiol. 2004, 52, 77–86. [CrossRef] [PubMed]

35. Hess, E.H. Review of Pupillometry: The Psychology of the Pupillary Response. Am. J. Psychol. 1978, 91, 547–549. [CrossRef]
36. Beatty, J. Phasic Not Tonic Pupillary Responses Vary with Auditory Vigilance Performance. Psychophysiology 1982, 19, 167–172.

[CrossRef]
37. Zekveld, A.A.; Kramer, S.E.; Festen, J.M. Cognitive Load during Speech Perception in Noise: The Influence of Age, Hearing Loss,

and Cognition on the Pupil Response. Ear Hear. 2011, 32, 498–510. [CrossRef] [PubMed]
38. Zekveld, A.A.; Kramer, S.E.; Festen, J.M. Pupil Response as an Indication of Effortful Listening: The Influence of Sentence

Intelligibility. Ear Hear. 2010, 31, 480–490. [CrossRef]
39. Ahern, S.; Beatty, J. Pupillary Responses during Information Processing Vary with Scholastic Aptitude Test Scores. Science 1979,

205, 1289–1292. [CrossRef]
40. McGarrigle, R.; Dawes, P.; Stewart, A.J.; Kuchinsky, S.E.; Munro, K.J. Pupillometry Reveals Changes in Physiological Arousal

during a Sustained Listening Task. Psychophysiology 2017, 54, 193–203. [CrossRef]
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