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Abstract

Hearing loss constitutes a major disability that hinders communica-

tion and quality of life. Recent evidence has uncovered its impact
on cognitive decline, thus highlighting its multifactorial dimension
and the outstanding need for creating multimodal hearing data-
sets that further cover clinical data across different health domains.
The aim of this study is to develop a multi-collaborative database
to systematically collect and analyze interdisciplinary data for
audiological research, including auditory thresholds, speech tests,
auditory evoked potentials, cognitive and quality-of-life tests, and
medical images, among others. The database has been imple-
mented in the Otorhinolaryngology Service of the Virgen Macarena
University Hospital in Seville, integrated in the Intranet of the
Andalusian Health Service, connected to the electronic patients’
medical records. This database relies on open-source software
and complies with national and international guidelines on data
protection. A specific registry module has been designed to auto-
matically import auditory thresholds and auditory evoked poten-

tials from clinical devices into the platform. A mobile app has

Clinical implications

This work proposes a multimodal digital platform for collecting hearing data from
various sources, including auditory thresholds, speech tests, auditory evoked
potentials, and cognitive, health and quality-of-life tests, among others. The

aim of our platform is a multi-collaborative and unified technical framework for
clinicians and researchers in the audiology field. This will hopefully promote a
joint interdisciplinary collaboration among researchers and clinicians to collect
high-quality multimodal hearing research data. The availability of open and
comprehensive hearing datasets may help better delineate hearing phenotypes
and profiles, as well as identify further interdisciplinary associations.


https://doi.org/10.51445/sja.auditio.vol8.2024.109
https://doi.org/10.51445/sja.auditio.vol8.2024.109
https://orcid.org/0000-0001-9336-2411
https://orcid.org/0000-0003-0784-6327
https://orcid.org/0000-0003-0784-6327,
https://orcid.org/0009-0005-6484-9673
https://orcid.org/0009-0009-4268-9751
https://orcid.org/0009-0009-4268-9751,
https://orcid.org/0000-0002-6459-6419
https://orcid.org/0000-0002-6459-6419,
https://orcid.org/0009-0007-3934-4854
https://orcid.org/0009-0003-7668-4533
https://orcid.org/0009-0003-7668-4533,
https://orcid.org/0000-0002-2522-652X
https://orcid.org/0000-0002-2522-652X,
https://orcid.org/0000-0002-5682-3722
https://orcid.org/0000-0002-5682-3722,
https://orcid.org/0009-0002-9501-3842
https://orcid.org/0009-0002-8793-019X
https://orcid.org/0000-0001-9166-4942
https://orcid.org/0009-0006-7735-5151
https://orcid.org/0009-0006-7735-5151,
https://orcid.org/0000-0002-6760-1252
https://orcid.org/0000-0002-6760-1252,
https://orcid.org/0000-0002-2628-7076
https://orcid.org/0000-0002-2628-7076,
https://orcid.org/0000-0002-5286-0112
https://orcid.org/0000-0002-5286-0112,
https://orcid.org/0000-0002-8330-6982
https://orcid.org/0000-0002-5897-7821
mailto:mcallejon@us.es
https://journal.auditio.com/

AU3

also been implemented to collect questionnaires from patients
remotely. A demo web version of the platform is freely available
to the audiology community. The multimodal platform developed
paves the way towards a multi-collaborative and unified framework
for audiology research in Spain. Nevertheless, support from clini-
cians and healthcare stakeholders remains critical to develop more

Introduction

According to the WHO, more than 1.5 billion indi-
viduals worldwide suffer from some type of hearing
disorder, and at least 430 million will need medical
attention (WHO, 2021). Hearing loss hinders the com-
munication capability of a person, vital for an active
and independent lifestyle (Dawes & Volter, 2023;
Mosnier et al., 2018). If left untreated, hearing loss
may lead to loneliness and social isolation, as well
as depression, reduced self-efficacy, poorer physical
activity, and/or limited cognitive stimulation (Calvino
et al., 2022; Martinez-Amezcua et al., 2021; Powell
et al., 2021). Also according to the WHO, the num-
ber of individuals suffering from dementia is set to
increase from 55 million in 2019 to 139 million in 2050
(Gauthier et al., 2022). Recent evidence has revealed
that these two conditions are closely related, with
hearing loss being a modifiable risk factor that may
prevent or delay the onset of approximately 8% of
dementia cases. Other contributing factors include
comorbidities, low levels of education, and lifestyle
habits (Livingston et al., 2020; Uchida et al., 2019a;
Loughrey et al., 2018).

Hearing devices, such as hearing aids and cochlear
implants, have been identified as protective factors
by delaying the onset of dementia and maintaining
independence, social engagement, and quality of life
(Volter et al., 2022a; Castiglione et al., 2019; Wayne &
Johnsrude, 2015; Lin et al., 2013). Given the complex-
ity of hearing loss, interdisciplinary approaches and
interventions are necessary to delineate both the
audiological and neurocognitive profiles of patients
(Andries et al., 2023), as well as their intrinsic interde-
pendence (Giallini et al., 2023a; Dazert et al., 2020). It
is well known that hearing loss is related to a variety
of genetic and clinical risk factors including viral infec-
tions or pathogens, chronic disease (e.g., hyperten-
sion, cardiovascular disease, diabetes), ototoxic drugs,
smoking, head trauma, noise exposure, ear related
conditions (e.g., Meniere's disease), and nutritional
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deficiencies, among others (Choi et al., 2024; Daniel,
2007; Nieman & Oh, 2020). While some of these fac-
tors can be partially managed through prevention
measures (Lin et al., 2011; Wang et al., 2020), hearing
loss has also proved to be a multifactorial condition
linked to environmental, socioeconomic, and lifestyle
factors such as physical activity and frailty, smok-
ing, malnutrition, and social isolation (He et al., 2019;
Lawrence et al., 2020; Rutherford et al., 2018). Thus,
there is a need to evaluate clinical and behavioral
variables that impact a patient’s quality of life, along
with the benefits of developing multifactorial treat-
ment approaches (Brewster et al., 2022; Goodwin
etal., 2023b).

Over the past decade, advances in audiologi-
cal innovations have been coupled with the imple-
mentation of digital health techniques, including big
data analysis and artificial intelligence (Al) algorithms
(Gajecki & Nogueira, 2022; Rajpurkar et al., 2022;
Sanchez-Lopez et al., 2020; Waring et al., 2020) as
well as mobile health (m-health) resources (Almufarrij
etal., 2023; Swanepoel, 2023). According to Wasmann
and colleagues (Wasmann et al., 2021), computational
audiology has the potential to set up a new stand-
ard paradigm for modern audiological care delivery.
With the aim of systematically gathering hearing
data, various research groups are actively working on
the definition of audiological registries and datasets,
paving the way for more comprehensive and person-
alized hearing therapies (Huang et al., 2021; Sanchez-
Lopez et al., 2019; Chen et al., 2017; Theunisse
et al., 2014; Berrettini et al., 2011). However, there
is an outstanding need to create multimodal digital
platforms and datasets for collecting a wide range
of variables across different health domains within
hearing research. The main objective of this work is
to develop a multi-collaborative database to system-
atically collect and analyze multimodal hearing data.
This database aims to offer support to clinical and
translational audiological research, both nationally
and internationally.
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Project objectives
and requisites

This project aims to develop and validate a multi-
modal database for information management in the
fields of audiology and hearing research. The data-
base will facilitate the integration of data from diverse
sources, including auditory thresholds, speech tests,
auditory evoked potentials (AEPs), cognitive, health
and quality-of-life tests, and medical images, among
others. The objectives of this database are:

e To facilitate systematic collection and data recruitment
based on real-world clinical conditions

e To provide researchers with access to and management
of multimodal information based on relevant state-of-
the-art variables on hearing research

e To offer add-on tools for the advanced analysis, visu-
alization and exploitation of the data, as well as their
integration with available clinical information

e To provide mHealth solutions, defined as medical and
public health practice supported by mobile devices (Ryu,
2012), for remote follow-up and data collection from
hearing loss patients

e To promote collaboration between researchers across
different organizations in multicenter studies by comply-
ing with regulations, security and confidentiality issues
outlined in international guidelines on data protection,
datasets for datasheets specifications (Gebru et al., 2021)
and FAIR principles for effective data reuse (Wilkinson
etal., 2016).

Platform system and
requirements

The multimodal database is based on the ITCBio plat-
form system (HUVM Website, n.d.; Moreno-Conde
et al., 2019), connected to the patient's electronic
health records (EHR) through the Intranet of the
Andalusian Health Service (SAS) named “Diraya”
(Mufioyerro-Muiiz et al., 2020). ITCBio platform imple-
ments a context management system for research,
based on open-software and interoperability stand-
ards such as ISO 13606 and CDISC (Moreno-Conde
et al.,, 2022). It also complies with national and inter-
national guidelines on data protection GDPR (EU
2016/679; Publications Office of the European Union,
2016). The use of the platform and recruitment of

health data has been approved by an Ethics Commit-
tee under the studies PEIBA 1735-N-22 and 1752-N-22.

Platform Implementation
and Validation

Platform Implementation:
Architecture and Modules
A new multimodal platform combining different types
of data has been implemented in the Otorhinolaryn-
gology (ORL) Service of the Virgen Macarena University
Hospital (VMUH), in Seville. The platform incorporates
three main modules: i) a registration module, where
the information is recorded, pseudo-anonymized, and
followed up; ii) a data analysis module, where differ-
ent subsets of patients can be selected and subjected
to various analytical and statistical tools, ranging from
basic descriptive statistical analysis to more complex
signal processing pipelines and ML algorithms, and
iii) @ mobile app that allows communication with the
patient, who can complete questionnaires remotely.
Figure 1 shows the conceptual architecture of the
platform, along with the main data sources collected
and the main modules deployed. A demo web ver-
sion of the platform has been implemented and can
be freely accessed through the links in Appendix A.
Given that the main objective of this work is to cre-
ate a multimodal database to collect comprehensive
audiological datasets, various registration modules
have been developed, including a specific module
dedicated to automatically collect audiometric thresh-
olds and speech perception tests. Measures of spec-
tral and temporal resolution, reported to be relevant
for speech intelligibility (Relafio-Iborra & Dau, 2022;
Archer-Boyd et al., 2018) have also been incorpo-
rated. A test battery has been designed to quantify
and identify the main cognitive domains involved in
patients with different hearing profiles and rehabili-
tation strategies. This battery has been selected with
the help of experts in the fields of cognitive impair-
ment and Alzheimer’s disease (Fernandez-Alvarez
et al., 2023). An extensive collection of questionnaires
evaluating self-reported hearing difficulties, general
health, personality, and lifestyle has been included
to further understand the overall impact and asso-
ciation of hearing loss in real-life scenarios, which
are difficult to emulate in clinical settings. A mod-
ule has been designed to automatically import
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Figure 1. Functional architecture of the platform. The platform consists of three main modules: 1) a registration and monitoring module, where the infor-
mation is recorded, followed-up and pseudo-anonymized; 2) a data analysis and machine learning module, and 3) an app module that allows the patient
to remotely complete questionnaires through their mobile phone. The data sources of the multimodal platform include: a) clinical and sociodemographic
variables, b) audiology data, such as audiometric thresholds and speech tests, ¢) auditory evoked potentials, d) health and cognitive questionnaires and
e) medical image data.

electrophysiological auditory brainstem and cortical
responses, providing information about the function-
ing of both peripheral and central auditory pathways.
Additionally, a dedicated module and pipeline for
processing medical images of the ear and the brain
has also been implemented. Further details of the
variables, questionnaires, and tests employed in the
platform are described below. The three main mod-
ules of the platform, shown in Figure 1, are explained
in detail as follows:

1.

Registration and monitoring module

The primary registration and monitoring module facili-
tates the recording of new data into the platform and
its integration with the patient’s clinical records (e.g.,
demographic, diagnosis, laboratory, prescriptions,
etc.). S1_Figure 1A in Supplementary Material 1 shows
a screenshot of the main page of the database registra-
tion module. The data sources that feed the registration
and monitoring module in the database are explained
below.

a. Clinical and sociodemographic data

Both clinical and demographic data can be regis-
tered, including variables such as age, gender, height,
weight, lifestyle habits (smoking and alcohol intake),

educational level, urban or rural habitat, etc. Rel-
evant clinical data, such as previous comorbidities

and diagnostics, surgical interventions, blood tests,
and pharmacological history, are obtained from a

patient's EHR by authorized professionals. These are

based on predefined terms according to the Interna-
tional Classification of Diseases (CIE 10a; eC/E-Maps -
Documentacion (Sanidad.Gob.Es); ICD- 10 - CM Interna-
tional Classification of Diseases, Tenth Revision, Clini-
cal Modification (ICD-10-CM) (Cdc.Gov)). Additionally,
socioeconomic variables are related to a patient's

access to appropriate hearing rehabilitation (Zhan

et al., 2020). S1_Figure 1B shows a view of the clini-
cal and demographic data section. As part of surgical

information, we have also codified the SAMEO-ATO

system for categorizing tympanomastoid interven-
tions in our platform (Yung et al., 2018).

. Audiometric thresholds and speech tests

This section allows clinicians to gather information
regarding the type of hearing loss, etiology, dura-
tion of hearing deprivation, and details of the hear-
ing device used by the patient (see S1_Figure 1C).
Audiological data are collected and represented
on the platform, including hearing thresholds for
air and bone conduction and speech tests in quiet
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and in noise (Figure 2). A dedicated data registra-
tion module has been developed to automatically
import and read the XML files exported from the
Otoaccess software and audiometers available in
our clinical setting (Interacoustics A/S, Middelfart,
Denmark; sS1_Figure 1D). The codes implemented
for automatically importing the XML files with the
raw audiometry and speech tests are accessible
as described in Appendix B. Additionally, tempo-
ral and spectral resolution is measured through
SMRT test and is also collected in the platform
(Zhang et al. 2023, Aronoff & Landsberger, 2013).
Categories of auditory performance (CAP) scale has
also been implemented (Archbold et al., 1998).
¢. Auditory evoked potentials (AEPS)
The digital platform also allows the uploading of dif-
ferent types of auditory evoked potentials (AEPS),
such as brainstem and cortical AEPs. A dedicated
data registration module has been designed to spe-
cifically import the XML files containing the epoch
signals exported by the Eclipse EP25 system (Intera-
coustics A/S, Middelfart, Denmark). In addition to
the raw EEG data, this module automatically reads
and collects specific information related to protocol
stimuli and setup, such as frequency, intensity, noise
filters or gain (Callején-Leblic et al., 2023). The source
codes implemented are available in Appendix B.
d. Tests and questionnaires

An extensive collection of validated tests and ques-
tionnaires (see Supplementary Material 2) has been
implemented in the platform, covering different
health domains including hearing quality, tinnitus,
balance and dizziness, cognition, mood disorder,
quality of life, physical activity, sleep quality, and
nutrition. The selection of these tests is based on the

research aim of evaluating different health domains
and their intrinsic interdependence or impact on
hearing (Uchida et al., 2019b; Viergever et al., 2021).
To select them, a comprehensive review of state-of-
the-art of tests and questionnaires used in the litera-
ture has been conducted.

Hearing-related questionnaires

Different questionnaires were selected to assess
hearing quality. For example, SSQ-12 (Cafiete et
al., 2022) and HISQUI-19 (Calvino et al., 2016) were
selected to assess spatial audition, sound per-
ception, and hearing quality. Specific tests, such
as NCIQ (Sanchez-Cuadrado, Gavilan, et al., 2015;
Sanchez-Cuadrado, Lassaletta, et al., 2015) and APSQ
(Billinger-Finke et al., 2020) were selected to evaluate
quality of life and satisfaction with the sound proces-
sor in cochlear implant users, respectively. However,
APHAB (Solarte et al., 2016) was selected to evaluate
subjective hearing in users with hearing aids. On the
other hand, tinnitus and dizziness constitute relevant
variables in patients with hearing disorder (Wang
etal., 2020), therefore THI (Newman et al., 1996) and
DHI (Formeister et al., 2020) questionnaires were
selected for this purpose.

Cognitive tests

A comprehensive test battery has been designed
to evaluate various cognitive domains based on
previous studies that had significantly associated
hearing loss with a poorer cognitive performance
(Andries et al., 2023; Calvino et al., 2022; Castiglione
et al., 2016; Claes et al., 2018; Giallini et al., 2023b;
Huber et al., 2020; Volter et al., 2022b), particularly
affecting cognitive domains such as processing speed,
cognitive flexibility (Huber et al., 2020; Vélter et al.,
2017), non-verbal reasoning (Kramer et al., 2018;

Figure 2. Visualization of the imported patients' audiometries in the database.
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Zhang et al., 2023), spatial and episodic memory
(Jayakody et al., 2018) and working memory (Kramer
et al., 2018). Therefore, the cognitive battery devel-
oped in this platform consists of a compilation of
tests that evaluate general cognition (e.g. MoCA),
memory (e.g. DSST), language (eg. denomination),
verbal fluency (e.g. semantic and phonemic), atten-
tion (e.g. N-back), and different executive functions
(e.g. TMT A&B, Matrix, Stroop Visual).

e Psychophysical and general health questionnaires
Hearing loss has also been related to mood disorders
and personality changes, especially in older adults
(Brewster et al., 2022; Cuda et al., 2024; Goodwin
et al., 2023a). Through specific tests, our platform
also evaluates the mood disorders most commonly
reported in patients with hearing loss: depression
(GDS-15), loneliness (JLS), apathy (DAS) and anxiety
(BAI). These psychosocial consequences of hearing
loss have also been shown to indirectly contribute to
cognitive impairment in these patients (Babajanian &
Gurgel, 2022; Calvino et al., 2022). Furthermore, other
physical and psychosocial conditions and health vari-
ables associated with hearing loss (Holman et al.,
2019; Wells et al., 2020), such as quality of life (e.g.,
HUI3-S and GBI), physical activity (e.g. PASE, AFAI),
activities of daily living (e.g. IADL, BI), sleep quality
(e.g. PSQI, ESE) and nutrition (e.g. ADM) have also
been taken into consideration in our platform.

e. Clinical image data
A module for uploading medical images, including
computed tomography (CT) scans of the ear, and
structural and functional magnetic resonance images
(MRI) of the brain, is being developed (Callejon-Leblic
etal., 2024; Lazo-Maestre et al., 2024; Callejon-Leblic &
Miranda, 2020). The objective is to collect data regard-
ing cochlear anatomy to analyze its relation to hearing
performance, especially relevant in cochlear implant
recipients (Fitzhugh & Pa, 2023; Giroud et al., 2021;
Ha et al., 2020; Rosemann & Thiel, 2020; Wang et al.,
2022). Additionally, neuroimaging biomarkers will help
us analyze possible associations between hearing sta-
tus and cognition (Cantero et al., 2018; Ha et al., 2020;
Rosemann & Thiel, 2020; Giroud et al., 2021). Future
implementations will explore the use of standardized
architectures, such as BIDS (Gorgolewski et al., 2016),
to process, store, and share neuroimaging data.

Further information, including the definition of all
the variables implemented in the platform, can be
found in Supplementary Material 3.
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2. Data analysis and machine learning module

The collected data are properly labelled and pseudo-
anonymized. Basic analytical tools have been imple-
mented in the platform to display descriptive statistics
and relevant trends in data. Some of the add-ons
already implemented in the platform include tools
for visualizing the distribution and evolution of col-
lected variables, such as audiometries and speech
tests over time, depending on parameters such as
the audiological profile of patients (type of hearing
loss, etiology, etc.). In addition, a dedicated exporta-
tion data module has been implemented to export
CSV data for external analysis. Expert researchers
can also access the database with secure protocols
through SQL queries, or process data directly using
different languages based on Python, Matlab/Octave
or R. Based on the multimodal data gathered, a dedi-
cated pipeline has been coded to conduct various
data analysis including descriptive statistics, corre-
lation analysis, regression modelling, and ML algo-
rithms, among others. Post-processing pipelines have
been developed to monitor data quality by evaluat-
ing different metrics such as integrity, completeness,
consistency, and accuracy (Schmidt et al., 2021; Kahn
etal., 2016; Chen et al., 2014).

3. Mobile App

The app module systematically collects informa-
tion on health status and quality of life through val-
idated questionnaires, which can be personalized
and remotely completed by patients on their mobile
phones. It also provides access to educational infor-
mation and content provided by clinical specialists.
A screenshot of some of the different facilities pro-
vided by the mobile app can be seen in Figure 3.

Platform Validation

From a functional perspective, the multimodal data-
base provides advanced capabilities that support the
primary research processes present in our audiologi-
cal clinical setting. Currently, the platform database is
being validated by specialized clinicians and research-
ers by handling and collecting data from patients with
hearing loss in the context of a multicentric project
funded by the Spanish Ministry of Economy and Digi-
tal Transformation under project AI4HA from Mis-
iones I+D in Artificial Intelligence 2021, which aims to
develop open databases and IA algorithms to early
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detect and treat diseases with high prevalence in
aging. At present, data from more than 200 patients
and healthy controls has been collected.

Discussion

In this project, a unified framework integrating infor-
mation from various audiological and health data
sources relevant in both clinical and translational
research fields in audiology has been developed.
Within this process, a dedicated multimodal database
oriented towards the integration of cross-sectional
data from different health domains and devices has
been implemented, thereby facilitating the customiza-
tion of various add-ons and data analytics tools. The
clinical suitability and applicability of the implemented
tests and measures, as well as the possibilities that
this platform brings to further standardization, are
discussed below.

Towards the standardization and
collection of interdisciplinary
audiological datasets

In the field of audiology, an issue remains with com-
paratively small and disaggregated datasets gen-
erated at only few centers. Tonal audiometry still
represents, in many cases, the clinical gold stand-
ard and the primary measure used to characterize

individual hearing loss. It also serves as the basis
for treatments involving hearing solutions such as
hearing-aid and cochlear implant fitting. However,
hearing loss is also related to poor spectral resolution
and reduced intelligibility, especially in noisy real-life
scenarios, where difficulties in perception and clar-
ity are not reflected by an audiogram (Sanchez-Lopez
etal., 2020). Indeed, the consequences of poor speech
understanding may also lead to a decline in cogni-
tive capabilities and quality of life. These factors are
relevant variables, not only for fully understanding
the impact of hearing loss on a patient’s daily life
(Raymond et al., 2023; Gurgel et al., 2022), but also
for guiding and improving personalized hearing aid
and cochlear implant fittings (Cone-Wesson & Wun-
derlich, 2003; Rader et al., 2023; Van Dun et al., 2016;
Van Opstal & Noordanus, 2023). However, these vari-
ables are not always comprehensively assessed in
daily clinical practice, possibly due to the lack of suit-
able, clinically applicable tests and materials, as well
as standardized protocols across centers. The issue
of the coexistence of different data management sys-
tems and audiological materials persists nationally
and internationally, hindering our ability to provide
open and statistically significant datasets for re-use
and validation (Ait Abdelouahid et al., 2023).

Initial efforts to provide comprehensive norma-
tive audiological data across five international insti-
tutions and countries were made by Van Esch et al.
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(2013), who proposed a battery of tests termed the
“preliminary auditory profile”. This profile includes
various measures of loudness perception, listening
effort, speech perception, spatial hearing, spectral
and temporal resolution, cognitive capabilities, and
self-reported hearing disability. The battery was evalu-
ated in an international multi-center study with two
normal-hearing and hearing-impaired subgroups and
showed good test-retest variability across centers,
although with some differences in language-specific
tests across countries. More recently, Buhl et al. (2019,
2020) proposed Common Audiological Functional
Parameters (CAFPAs) as a compact but statistically
meaningful representation of audiological diagnostics
and treatments. This aims to provide real-world clinic
databases with a universally applicable audiological
datasheet based on Bayesian networks, which is par-
tially robust against the choice of different or redun-
dant audiological tests. A first preliminary set of ten
CAFPAs representing information on hearing thresh-
olds, supra-threshold deficits, binaural, neural and
cognitive properties of the human auditory system,
as well as socio-economic variables, was proposed
and validated. As concluded by the authors, further
collection of data from real clinical databases should
be conducted to train and validate the CAFPA concept
or other ML-based diagnostic tool approaches.
Motivated by these previous studies, our mul-
timodal platform aims to integrate various health
domains related to auditory function into a single
dedicated database. This facilitates the systematic col-
lection of heterogeneous data for hearing research.
With this purpose, we have met two technical require-
ments that we considered important for automatiza-
tion. Firstly, we integrated XML files containing the
audiometric thresholds and raw auditory EEG signals
from the Interacoustics proprietary medical devices
available in our hospital into our platform. Detailed
documentation of the source codes used to import
and read these XML files is provided in Appendix B,
with the intention of aiding other clinics and research
centers using the same equipment. Another mile-
stone was achieved through the integration of this
multimodal data with clinical information derived
from patients’ EHRs. This was accomplished by suc-
cessfully connecting the multimodal platform into the
Intranet of the Andalusian Health Service. This has
allowed us to use international normalized predefined
CIE 10 diagnostic and treatments codes, hopefully
enabling data accessibility across primary and tertiary
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care centers in Andalusia and Spain. Moreover, the
platform complies with the international standard
ISO 13606 (/SO 13606 Standard - EHR Interoperability;
Santos et al., 2010), which provides specifications
for the structure of clinical information to be shared
between different EHR systems. This standard aims to
improve interoperability and effective data exchange
(Frid et al., 2023). A previous work by Moreno-Conde
et al. (2022) provides a semantic infrastructure
description of certain terminology subsets and forms
included in the multimodal platform developed, thus
specifying its associated attributes and how they are
mapped into ISO 13606.

Clinical applicability and suitability

A wide variety of tests has been implemented for
subjects ranging from normal hearing to hearing
impaired, including those with different hearing
devices such as hearing aids or cochlear implants. In
this way, different test implementations have been
defined and selectively adapted to different hear-
ing profiles. A critical factor for clinical applicability
is the evaluation time. Currently, the complete bat-
tery of tests implemented in our platform takes up to
three hours (divided into two sessions): one session of
60 minutes for audiological assessment (auditory
thresholds, speech in noise test, auditory electro-
physiological measures, etc.) and a second session
of about 120 min for cognitive evaluation, includ-
ing breaks to ensure that patients do not become
fatigued. According to our experience, patients with
bilateral severe hearing loss, low levels of education
and/or advanced age, find it more difficult to complete
the entire cognitive battery. Additionally, it is essential
to ensure the communication and comprehension of
instructions, aided by visual information (i.e. slides,
dictation-writing tools) for a more fluid communi-
cation. We acknowledge that obtaining a full audi-
tory and cognitive profile across different domains is
time-consuming and probably not suitable for clini-
cal use. Conversely, the implemented database and
mobile app, allow us to partly automate the process
and collect data from patients remotely, successfully
integrating it into our daily clinical setup. However,
we have also found that some subjects, especially
older patients, often report difficulties when using
their mobile phones, necessitating in-person inter-
views. Thus, it is important to evaluate and detect the
most relevant cognitive domains and variables related
to hearing loss, with the aim of developing more
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versatile screening tests that could be strategically
useful for evaluating patients in daily clinical practice.

Ethics, privacy, and quality issues

As new Al-based clinical decision support systems
are increasingly being incorporated into healthcare,
remaining challenges such as data quality, bias, eth-
ics, and privacy regulations become more evident
and critical. Technical challenges exist to comply with
the GDPR while still adhering to FAIR principles. In
our platform, pseudonymization and anonymiza-
tion are addressed at two different levels. Internally,
data extraction performed by the researchers is done
in a pseudo-anonymized manner using a patient
identifier encryption mechanism based on NUHSA
codes (Protti, 2007). The patient identifier (NUHSA)
is replaced by a code generated using the SHA-512
encryption algorithm (Algredo-Badillo et al., 2012),
with a specific seed unknown to the researchers. This
mechanism ensures technical and functional separa-
tion between the research team and those who carry
out the pseudonymization. It includes specific meas-
ures to prevent the re-identification of the subjects
and unauthorized access to the data, as established
in Section d) of Organic Law 3/2018, 5 December,
GDPR, for the use of pseudonymized personal data
for health research purposes (Ley Orgdnica 3/2018,
de 5 de Diciembre, de Proteccién de Datos Personales
y Garantia de Los Derechos Digitales). Pseudonymi-
zation still allows the re-identification of patients, if
necessary (only by authorized clinical and technical
staff of the hospital), due to health risks or findings
uncovered during the research. However, externally,
open datasets available to the scientific community
will be fully anonymized. For anonymization we are
currently implementing hash and k-anonymization
techniques in our data processing pipelines to ensure
robust anonymization of data, in line with recom-
mendations provided by the Spanish Agency on Data
Protection (Anonimizacién y Seudonimizacion |AEPD).
Regarding neuroimaging, further efforts should be
made to improve standardization and compatibility
across different clinics and centers. Currently, we are
planning to implement widely accepted standards
like Brain Imaging Data Structure, BIDS, (Boré et al.,
2023; Gorgolewski et al., 2016), which would help in
the FAIRification process of our neuroimaging data-
set. Given the sensible nature of the collected infor-
mation, our research group must carefully study and
analyze neuroimaging privacy and usage policies, as

discussed by other research groups when creating a
neuroimage data repository (Jwa & Poldrack, 2022).

High-quality and non-biased datasets are crucial
when used as input for |A algorithms that support
clinical decisions (Vicente & Matute, 2023). Differ-
ent methods have been proposed in the literature
to quantify the quality of collected data (Bertossi &
Geerts, 2020; Holzinger et al., 2020). Some of these
methods are based on rigorous methodological que-
ries to the database, safeguarding data consistency
(Levman et al., 2023). Other relevant aspects, espe-
cially those recommended for ML models, rely on
concepts such as causality or explainability (Livshits
etal., 2021; Linardatos et al., 2020). Bias analysis and
mitigation must be carried out during the develop-
ment of ML models to guarantee the quality and accu-
racy of the predictions (Siddique et al., 2023). All these
concepts will be properly taken into consideration to
quantify the quality of our data when developing new
updates for our multimodal platform.

Limitations and future developments
We provide in Supplementary Material 2 and 3 a
description of the variables implemented in our plat-
form, offering an overall view of its capability to collect
multimodal data from different sources. Our objective
is to make such data accessible for research purposes
by the entire scientific community in audiology. Thus,
we plan to provide the data collected on our platform
in open repositories. Regarding dataset specifications,
we have followed the template “datasheets for data-
sets” provided by Gebru et al. (2021) which aims to
facilitate data sharing and communication between
dataset creators and consumers. The platform is scal-
able and permits new questionnaires and data sec-
tions to be implemented according to new research
goals and projects. Indeed, future developments will
implement other relevant variables, such as distor-
tion product otoacoustic emissions (DPOE) or cochlear
implant fitting parameters, among others.
Regarding interoperability, we must acknowl-
edge that our platform is still in the initial phase of
development, with heterogeneity being only par-
tially addressed. Additional efforts will be required
to evolve towards the adoption of other specifications
such as OpenEHR (Haarbrandt et al., 2018; openEHR
website) or HL7 (HL7 Diagnostic Audiology Reporting
Implementation Guide), which will hopefully make our
developments more versatile and accessible. Finally,
we also aim to incorporate FAIR-compliant metadata
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to generate research data collections, which would
allow universal reusability of datasets for open sci-
ence research (Wilkinson et al., 2016).

In summary, we present the multimodal platform
developed as a step towards a multi-collaborative
database in Audiology. Nevertheless, in addition to
the need for a common framework and technical
platform, support from clinicians in audiology and
healthcare stakeholders is crucial. The database could
be increasingly used by various agents and organiza-
tions at a national level, including researchers and
industrial partners, to develop more evidence and
high-quality multimodal open datasets for audiologi-
cal research.

Conclusion

In this work, a multimodal digital platform and data-
base have been developed and implemented in the
Otorhinolaryngology Service of the Virgen Macarena
University Hospital in Seville to systematically collect
audiological and health data from different sources,
including auditory thresholds, speech tests, auditory
evoked potentials, medical images, quality of life, and
cognitive tests, among others. A demo web version
of the platform, along with all variables and sections
implemented, and the coded scripts to automatically
import and read audiological data, are freely available
for the clinical and scientific community in audiology.
Further joint efforts are still required to generate
larger, comprehensive, and open datasets for hear-
ing research.
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