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ABSTRACT

Hearing aids (HA) are widely used to compensate for
hearing loss, although users often have difficulty under-
standing speech in complex environments, regardless of
the several available signal processing algorithms. Re-
cent advances in deep neural networks (DNNs) for speech
processing suggest that these approaches could become
a promising alternative to traditional HA technologies.
In this study, we compare the performance of conven-
tional speech enhancement algorithms used in commer-
cially available HAs with that of DNN-based techniques.
We generate speech in noise situations in an Ambisonics
setup and record them with a dummy head. The signals
are either enhanced using the HA default settings or using
a DNN as a post-filter and presented to hearing-impaired
and normal hearing individuals. We evaluate both causal
and non-causal DNN variants, training the models to ei-
ther fully remove or partially preserve reverberation us-
ing anechoic and pseudo-anechoic targets, which we refer
to as strong and mild speech enhancement, respectively.
We observe a significant preference for the mild models
which are less prone to contain sound artifacts and dis-
tortion. Our results conclude that a mild speech enhance-
ment DNN has the potential to improve HA performance
in noisy environments.
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article distributed under the terms of the Creative Commons At-
tribution 3.0 Unported License, which permits unrestricted use,
distribution, and reproduction in any medium, provided the orig-
inal author and source are credited.
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1. INTRODUCTION

HA users often find that noisy environments are the most
unsatisfactory aspect of their experience [1], which may
indicate that the performance of conventional HA speech
enhancement algorithms is still limited in these challeng-
ing acoustic conditions.

This paper expands [2]: an objective evaluation of hear-
ing aids and DNN-based binaural speech enhancement
in complex acoustic scenes. In that study, three virtual
Ambisonics sound environments (VSE) from the ARTE
database [3] were simulated in the laboratory: a crowded
office, a cocktail party, and a restaurant. A target speech
signal from [4] was presented at a distance of one meter
in front of the listener, with a signal-to-noise ratio (SNR)
of +5 dB and an overall level of 70 dB SPL. Six condi-
tions were created by combining three different acoustic
environments with two target speaker positions: on-axis
(0°) and off-axis (30°). This resulted in the following
scenes: office0, office30, party0, party30, restaurant0, and
restaurant30. The sound was reproduced using an Am-
bisonics loudspeaker setup surrounding a KU100 dummy
head wearing HAs. Five receiver-in-canal HAs, config-
ured for a flat 20 dB HL, were recorded in each sce-
nario in two modes: enabled, with default signal enhance-
ment features activated, and bypass, with all enhancement
features disabled. The bypass recordings served as in-
put to an offline DNN-based speech enhancement sys-
tem. We evaluated two architectures: a non-causal model
(SuDoRM-RF++GC) and a causal, HA-oriented model
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(C-SuDoRM-RF++) [5]. The evaluation was based on
four objective metrics: Hearing-Aid Speech Quality In-
dex (HASQI) [6], Hearing-Aid Speech Perception Index
(HASPI) [7], Modified Binaural Short-Time Objective In-
telligibility (MBSTOI) [8] and Scale-invariant signal-to-
distortion ratio (SISDR) as in [5]. We identified that con-
ventional speech enhancement algorithms, such as digital
noise reduction [9] and directional microphones or adap-
tive beamformers [10] face significant challenges under
adverse acoustic conditions, sometimes even resulting in
a reduced performance compared to the absence of any
active algorithm. DNN-based approaches were observed
to surpass traditional methods in terms of noise reduction
and speech intelligibility, albeit with a trade-off in speech
quality.

In this follow-up study, we perform a subjective evalua-
tion of the different processing models with the addition of
what we refer to as mild models. These are the same DNN
models trained using a pseudo-anechoic target to remove
the noise but preserve some reverberation, in contrast to
the strong models trained on anechoic targets. The six
types of processing models described in Tab. 1, which in-
clude the four DNN-based models and the two HA modes
(enabled and bypass), tested across the six virtual acoustic
scenes, serve as the material for the listening test.

This paper is structured as follows. We begin with a de-
scription of the subjective experimental setup, followed by
statistical analysis of the results and participant metadata
obtained via post-test questionnaires. We then present an
objective evaluation using the HASPI and HASQI met-
rics and explore the relationship between the participant’s
preferences and the objectives scores. In the discussion
section, we analyze group-specific differences, noting that
both participant groups preferred DNN models with mild
speech enhancement. We conclude by highlighting the
relevance of these findings in supporting the potential
of DNN-based enhancement models to overcome current
limitations in HA performance under complex acoustic
conditions.

2. MATERIALS AND METHODS
2.1 Participants

The study involved two groups of participants: individuals
with hearing impairments (HI) who use HAs, and individ-
uals with normal hearing (NH) who do not use HAs. Adult
HA users were recruited based on the following inclusion
criteria: moderate to severe sensorineural or mixed sym-
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Table 1. Overview of the different processing mod-

els.
Model Type Causal | Target
mildCausal pseudo
C-SuDoRM-RF++ | v

strongCausal anech
mildNon SuDORM-RE++GC | X pseudo
strongNon anech
enabled HA enh. ON v NA
bypass HA enh. OFF v NA

metrical hearing loss, daily use of the HAs, and binaurally
fitted for more than six months. Twenty participants (7 fe-
male, 13 male; age range: 58-80 years, M = 67.8 £ 7.6)
completed the listening test, each wearing one of the HA
models listed in [2]. In total, four high-end HA models
with similar speech enhancement strategies were tested.
The average binaural hearing loss of the participant, es-
timated using the American Medical Association (AMA)
formula [11], was M = 29.7+£8.3 %. None of the partici-
pants had previous experience with listening tests or sound
quality rating procedures beyond standard clinical hear-
ing assessments. The median of the audiograms demon-
strated a sloping high-frequency hearing loss, characteris-
tic of age-related sensorineural hearing loss (presbycusis).

The second group consisted of 21 NH individuals, out
of which one participant was excluded due to self-reported
hearing loss. The remaining participants either reported
no hearing loss or were uncertain about it. The final group
comprised 10 males and 10 females, with ages ranging
from 19 to 69 years (M = 38.8 £ 11.6).

2.2 Listening test setup

To assess user preference for different speech enhance-
ment models, a Multi Stimulus with Hidden Reference
and Hidden Anchors (MUSHRA)-like test was conducted
[12]. This method allows participants to simultaneously
rate multiple stimuli on screen, compare them easily, and
replay them as needed, minimizing time and fatigue com-
pared to traditional paired comparisons [13]. The ref-
erence signal was the bypass recording, with no speech
enhancement features activated. Participants were in-
formed of the reference as the baseline condition and they
were asked to rate the six unlabeled models on a scale
of 0 to 100, with 100 being the most preferred sound
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to hear with their HA. No anchors were used. The test
was double-blind using the web-based MUSHRA frame-
work [14]. Before data collection, participants underwent
a brief training session in which they familiarized them-
selves with the user interface and stimuli, and adjusted the
volume to a comfortable level.

For the HI group, the listening test was conducted
in a hearing center. The audio files were played from
a computer and streamed directly to their HAs, with the
enhancement algorithms disabled, allowing only hearing
loss compensation. The session lasted approximately 45
minutes per participant and was conducted with the assis-
tance of a researcher. In contrast, the NH group partic-
ipated remotely, using closed headphones in a quiet set-
ting, and completed the test in an average of 25 minutes
without direct supervision. For this group, the audio files
were based on recordings from a single HA. All partic-
ipants completed a questionnaire after the test to collect
statistics on the use of HA and their experience with the
listening task.

2.3 Statistical Analysis

Tab. 2 provides an overview of the test variables, includ-
ing the factors and their corresponding levels used in the
statistical analysis. To evaluate the effects of experimen-
tal conditions on participant responses, we performed in-
dependent Friedman tests for the within-subject factors
(model and scene, each with six levels) and a Kruskal-
Wallis test for the between-subject factor (group: HI vs.
NH). The Friedman test was selected as a non-parametric
alternative to the repeated-measures ANOVA, as it does
not assume normality or homogeneity of variances and
is suitable for analyzing ranked or continuous but non-
normally distributed data. Given the ordinal nature of
some responses and the non-Gaussian distribution ob-
served in preliminary data checks, the Friedman test pro-
vided a robust method for detecting differences across
conditions. Similarly, we employed the Kruskal-Wallis
test as a non-parametric alternative to one-way ANOVA.
All statistical tests were conducted at a significance level
of a = 0.05, consistent with the standard threshold com-
monly adopted in behavioral and perceptual research [13].

2.4 Objective evaluation

HASPI and HASQI were used to predict speech intelli-
gibility and quality, respectively. Although both are in-
trusive metrics, they differ from alternatives such as MB-
STOI or SI-SDR by incorporating an auditory periphery

5199

model that accounts for individual hearing thresholds and
simulates key physiological processes, including those of
the middle ear, cochlea, basilar membrane, and hair cells.
Scores range from 0 to 1, with 1 indicating maximum in-
telligibility or quality. We used the best ear scores and nor-
malized the signals following the procedure in [15]. Un-
like our previous study, we included individualized hear-
ing thresholds in the metric computations: measured au-
diograms for the HI group and age- and sex-based esti-
mations for the NH group [16]. Finally, we evaluated the
relationship between the objective scores and the partici-
pant ratings.

Table 2. Listening test variables and conditions.

Variable
Dependent

Levels
0-100

HI

NH

enabled
mildCausal
mildNon
strongCausa
strongNon
bypass
office0
office30
party0
party30
restaurantQ
restaurant30

Factor
Score

Type
Continuous

Group | Categorical | Independent

Model | Categorical | Independent

l

Scene | Categorical | Independent

3. RESULTS
3.1 Post-test questionnaires

All participants completed a questionnaire at the end of
the experiment. Fig. 1 presents the responses for each
group. Among participants with hearing impairment, 60%
had used HAs for 1-2 years, 15% for 3-4 years, and 15%
for more than 4 years, with 10% not used them for more
than a year. Most reported regular use, with 50% almost
always, 35% always, and 15% sometimes. Satisfaction
with their HAs was high, with 70% satisfied and 20% very
satisfied, although all reported difficulties understanding
speech in noisy environments. Regarding the hearing test,
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65% of the HI group found it quite easy, while 35% of the
NH group reported it as quite easy or very easy. However,
10% of the NH group found the test quite difficult, prob-
ably due to the lack of on-site assistance. In terms of the
realism of sound environments, 60% of the HI group and
65% of the NH group found them quite realistic. However,
10% of the HI participants considered the scenes some-
what unrealistic, suggesting that HA users may be more
critical or sensitive to simulated complex speech-in-noise
scenarios.

HL;-

Gender

HAyluse

HA usage
Satisfaction
Complexity
VSE realism

HL

Gender
Complexity

VSE realism [

. . . . .
50 60 70 80 90
Percentage

. .
30 40 100

Figure 1. Questionnaire responses from the HI
(top) and NH (bottom) groups. HL: degree of hear-
ing loss; HA usage: average hours/day. Responses
based on 5-point Likert scales: HA satisfaction,
test complexity, and VSE realism, ranging from 1
(very dissatisfied/easy/unrealistic) to 5 (very satis-
fied/difficult/realistic).

3.2 Preference scores

We depict in Fig. 2 the preference scores for each speech
enhancement model rated by the participants in both
groups. The left and right halves of the violin plot rep-
resent the HI and NH groups, respectively. The mild-
Non model emerged as the most effective for both groups,
achieving the highest median scores of 85.5 for the HI
group and 77 for the NH group, alongside relatively sta-
ble responses (IQR of 29.5 and 25.5, respectively). The
mildCausal model was the second highest rated, with me-
dian scores of 72.5 and 70 for the HI and NH groups, re-
spectively, and IQR of 33 and 28. The enabled model
demonstrated commendable performance for both groups,
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with median scores of 65 for the HI group and 69 for the
NH group, although it showed considerable variability in
responses (IQR of 38.5 and 36.5, respectively). In con-
trast, the strongCausal and strongNon models underper-
formed in both groups, with strongCausal recording the
lowest median scores (35.5 for HI and 12.5 for NH), in-
dicating a failure to meet the participants’ expectations.
Similarly, strongNon recorded low median scores (53 for
HI and 28 for NH) and exhibited substantial variability in
ratings. The bypass model demonstrated moderate perfor-
mance for both groups, with a median score of 56 for the
HI group and 60 for the NH group, and moderate variabil-
ity (IQR of 34 and 30.5, respectively). In general, HI par-
ticipants exhibited greater variability in their scores (larger
IQR) compared to NH participants, particularly for mod-
els such as strongNon and strongCausal.

100
90
80 -
70
60 -

50

Score

40

30

20 -

10+

Figure 2. Preference scores for each processing
model (HI: left, NH: right of each violin). White dots
indicate the median and the IQR is represented by a
gray vertical line.

Tab. 3 presents the ranking and percentages of partic-
ipants in each group who selected each model as their top
preference across the scenes. The findings indicate that
the HI group exhibited a broader distribution of prefer-
ences, with mildNon being the most popular model (44%),
followed by mildCausal (18%) and strongNon (16%). In
contrast, the NH group preferred predominantly mild-
Non (36%), followed by enabled (31%) and mildCausal
(20%). Both groups demonstrated lower preferences for
bypass (HI: 5%, NH: 8%) and strongCausal (HI: 4%, NH:
0%).
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Table 3. Ranking and percentage of top preferences
for processing models for HI and NH groups.

Rank HI NH
Model Pref.(%) Model Pref.(%)
1 mildNon 44 mildNon 36
2 mildCausal 18 enabled 31
3 strongNon 16 mildCausal 20
4 enabled 13 bypass 8
5 bypass 5 strongNon 6
6 strongCausal 4 strongCausal 0

The results of the statistical tests revealed significant
main effects for all factors examined. For the within-
subject factor model, the Friedman test yielded a statis-
tically significant result x?(5) = 132.76, p < .001, in-
dicating that listener responses varied between different
speech enhancement strategies. Similarly, a significant ef-
fect was observed for scene (x2(5) = 395.02, p < .001),
suggesting that the complexity or realism of the scene
had a measurable impact on the ratings. The Kruskal-
Wallis test revealed a significant main effect of the group
(x%(1) = 21.53, p < .001), indicating that the response
patterns differed significantly between the participants in
each group. To further investigate these effects, we per-
formed post hoc analyzes using Tukey’s Honest Signifi-
cant Difference (HSD) criterion for pairwise comparisons.

Fig. 3 and Fig. 4 present the results of the pair-
wise comparisons for the HI and NH groups, respec-
tively. Within the HI group, significant differences
were identified between mildCausal and strongCausal, as
well as between mildNon and strongCausal. In the NH
group, several pairwise differences were observed: en-
abled differed significantly from both strongCausal and
strongNon; mildCausal differed significantly from both
strongCausal and strongNon; mildNon differed signifi-
cantly from both strongCausal and strongNon; and by-
pass differed significantly from both strongCausal and
strongNon. These results suggest that the strongCausal
and strongNon models consistently elicited distinct re-
sponse patterns compared to the other conditions, partic-
ularly within the NH group, where a wider range of con-
trasts achieved significance. Although the Friedman test
indicated a significant main effect for the scene factor,
none of the pairwise comparisons reached statistical sig-
nificance after correcting for multiple comparisons in any

group of participants. This suggests that the differences
between individual scene conditions were not substantial
enough to be detected when controlling for the family-
wise error rate.

Enabled ©

% MildCausal

3 MidNon |

§ StrongCausal

3

L StrongNon [

Bypass [ L L L L L
5 10 15 20 25 30 35
Mean Rank
Figure 3. Pairwise comparisons of mean ranks

among processing models in the HI group.
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©»  MildCausal -
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Figure 4. Pairwise comparisons of mean ranks

among processing models in the NH group.

No significant interactions were observed between the
different models and scenes.

The effect size, calculated using Hedge’s g-test, aver-
aged 0.65 for the HI group, indicating a moderate effect,
and 1.49 for the NH group, indicating a large effect.

3.3 Speech intelligibility and quality

Fig. 5 and Fig. 6 show the violin plots of the HASPI and
HASQI scores, respectively, for each model and partic-
ipant group. For HASPI in the HI group, the mildNon
model had the highest median score (0.56), followed by
mildCausal and strongNon (0.54), bypass (0.51), strong-
Causal (0.52), and enabled (0.44). IQR values ranged
from 0.08 for strongNon to 0.35 for enabled. In the NH
group, the enabled model had the highest median score
(0.72), followed by mildNon (0.64), mildCausal (0.61),
strongNon (0.60), strongCausal (0.55), and bypass (0.51).
IQR values ranged from 0.13 for strongNon to 0.44 for by-
pass. For HASQI in the HI group, the mildNon model had
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the highest median score (0.22), followed by mildCausal
(0.21), strongNon (0.20), bypass and strongCausal (0.19),
and enabled (0.17). The IQR ranged from 0.06 for bypass
to 0.09 for mildNon. In the NH group, both mildNon and
enabled had a median score of 0.12, followed by strong-
Causal, strongNon, and mildCausal with a median of 0.11
each. bypass had the lowest median score (0.09). IQR
values ranged from 0.02 for strongNon to 0.05 for mild-
Causal and strongCausal. In general, in the HI group,
mildNon performed the best for both HASPI and HASQI
in terms of median scores. In the NH group, enabled per-
formed the best for HASPI, while mildNon and enabled
showed similar performance for HASQI. IQR values indi-
cate that the HI group generally exhibited more variability
between models compared to the NH group. This is likely
due to the fact that the NH group’s recordings came from
the same HA model, the only difference being the input
audiogram used for the metrics calculation.

09
081
0.7
061

05

HASPI

04r

03

02F

01

Figure 5. HASPI scores by processing model (HI:
left, NH: right of each violin).

3.4 Correlation of metrics

The association between the metrics HASQI and HASPI
and the ratings of the participants was assessed using
Spearman’s rank order correlation coefficient (p). enabled
was the only speech enhancement model showing a signif-
icant correlation with both metrics. For HASPI, the corre-
lation was positive with Spearman’s p of 0.35 (p < 0.001),
while for HASQI, the correlation was 0.28 at the same sig-
nificance level.
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HASQI

Figure 6. HASQI scores by processing model (HI:
left, NH: right of each violin).

4. DISCUSSION

In this study, we extended the work presented in [2] by
conducting a listening test to examine the hypothesis that
DNN-based speech enhancement techniques can outper-
form traditional HA enhancement algorithms in challeng-
ing acoustic environments. In addition, we performed
an objective evaluation using HASPI and HASQI met-
rics where, unlike [2], we included the participant’s au-
diograms (HI group) or an age- and sex-based estimation
(NH group). Finally, we assessed the association between
objective metrics and subjective preference scores.

The mildNon model emerged as the most preferred model
for both groups. It achieved the highest median scores
with relatively stable responses, indicating consistent sat-
isfaction among the participants, and was selected as the
first choice in both groups. Its success can be attributed
to its ability to strike a balance between enhancing speech
intelligibility and preserving natural sound characteristics
and spatial perception. In second place is the mildCausal
model, which stands out as a promising candidate for HA
use due to its real-time suitability, unlike the non-causal
version. It was the second most preferred model for the
HI group and the third for the NH group. In contrast,
the strong models performed significantly worse in both
groups, strongCausal being the least preferred. These
models were criticized for overly aggressive noise sup-
pression, resulting in lower speech quality and loss of spa-
tial perception, which most participants perceived as un-
natural. The enabled model performed moderately well,
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although with high variability, and was the fifth preferred
model in the HI group, surprisingly being more preferred
in the NH group. The variability in the ratings suggests
that while the enabled model worked well for some users,
its performance was not consistently appreciated in com-
plex environments, particularly for the HI group. Finally,
the bypass model was moderately rated by both groups,
with a small preference in general, but it still outper-
formed the strong models. The higher variability within
the HI group suggests that hearing-impaired listeners have
more diverse needs and may benefit from more personal-
ized HA settings, while the NH group exhibited a clearer
preference for models that preserve natural sound quality.
Statistical analysis revealed significant main effects for
the speech enhancement model and the participant group.
Post hoc pairwise comparisons indicated that the strong
models generated statistically significant differences com-
pared to the scores of the mild models in both groups.
Although the scene factor initially showed a significant
effect, it did not influence the model preferences after
controlling for multiple comparisons. The results of the
HI group indicated a moderate effect size (0.65), while
the NH group had a larger effect size (1.49), suggesting
clearer distinctions between models.

The objective evaluation revealed that the mildNon model
performed the best in both HASPI and HASQI evalua-
tions within the HI group, followed closely by the mild-
Causal and strongNon models. In the NH group, the
enabled model achieved the highest HASPI, while both
mildNon and enabled exhibited the highest HASQI. How-
ever, the enabled model performed the worst in the HI
group, even trailing behind the bypass model. This sug-
gests that the performance of traditional speech enhance-
ment algorithms can be detrimental in complex and noisy
environments. The strongCausal and strongNon models
performed moderately well in HASPI, surpassing enabled
in the HI group and bypass in both groups, but performed
worse in HASQI due to the aggressive suppression of
noise and reverberation, which, while effective, compro-
mises natural sound quality and introduces sound artifacts.
In particular, the enabled model was the only one to show
a statistically significant correlation with the participant
ratings and HASPI and HASQI. Although the correlation
was positive, it remained relatively modest, indicating a
mild association between objective evaluation and subjec-
tive ratings. HASPI and HASQI, are designed to correlate
with standardized hearing tests [17], further reinforcing
their relevance in assessing HA performance.
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5. CONCLUSIONS

We conclude that our findings support the potential of
DNN-based methods to outperform traditional HA algo-
rithms in ecologically valid complex scenarios, particu-
larly when trained using pseudo-anechoic targets. Al-
though statistical significance was not achieved between
conventional processing techniques and DNN-based mod-
els, the latter emerged as the preferred choice among par-
ticipants, particularly the mild speech enhancement mod-
els that preserved environmental sound details and nat-
ural sound qualities. The results demonstrate that DNN
models can enhance speech intelligibility and quality, al-
though their effectiveness depends on the training strat-
egy, with better outcomes achieved through less aggres-
sive noise suppression and dereverberation. The different
virtual sound environments simulated did not significantly
influence the preference for the speech enhancement strat-
egy. Overall, the findings highlight the strong poten-
tial of DNN-based enhancement models to advance future
HA technologies, albeit their practical integration remains
challenging, especially in terms of power efficiency, real-
time processing capabilities, device miniaturization, and
consistent preservation of speech quality. Building on the
feedback from this experiment, future work will focus on
exploring the potential of spatial audio and other technolo-
gies such as virtual or augmented reality to enhance the re-
alism and ecological validity of simulated speech-in-noise
scenarios. These technologies remain relatively underex-
plored in hearing science, particularly with regard to their
application in individual hearing evaluation and HA fit-
ting.
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