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ARTICLE INFO ABSTRACT

Keywords: Objective: Digitalization is a pillar of reproducible research and a mandatory requirement for Research In-
Biobanking frastructures. Biobanks must ensure a fully engineered and digitalized process towards data FAIRification. To this
Biobanks

aim, the first step is to assess the current level of digitalization using quantitative metrics, which is particularly
Digital Framework challenging given the multi-faceted regulatory and logistical nature of biobanking.

FAIR Principles Methods: We developed a Biobanking digital assessment maturity framework, BB4FAIR, comprising a survey
BBMRI divided into three macro areas, namely IT infrastructure, personnel, and data annotation richness. Furthermore,
Research Infrastructures we implemented an automated R/Shiny system to analyse survey responses and generate visual data represen-
tations. We piloted the tool on 46 Italian biobanks that in 2023 had signed the partner charter with BBMRI. A
scoring table facilitated the tiering of digital maturity, highlighting areas requiring corrective action.

Results: The assessment revealed significant heterogeneity across the three macro-areas of digitalization: almost
half of the biobanks feature adequate IT infrastructure and personnel, and a smaller proportion have robust data
annotation capabilities. Notably, most biobanks reported having a Biobank IT Management System (BIMS) or an
alternative that serves their purposes, yet they still collect the consent to biobanking for future purposes in paper
format; the digitalization of informed consent is generally lacking. These findings highlight the need for targeted
improvements in Biobank digitalization to enhance overall data FAIRness.

Conclusion: The survey results underscore a pressing need for enhanced IT training and improved data annotation
resources within the BBMRLit. Corrective actions on many lacking features and desiderata are ongoing in the
context of the #NextGenerationEu “Strengthening BBMRI.it” project.

Data Management
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1. Introduction

Biobanks are gaining widespread acceptance and interest within the
biomedical research community [1,2] as defined by the official Inter-
national Organisation for Standardisation (ISO) document (ISO
20387:2018) [3]. Biobanks serve as service structures that guarantee
several processes, including the collection, preparation, testing,storage
and distribution of the biological materials and related data, as well as
the management of returning research results. Importantly, biobanks
ensure access to personal and biomedical data necessary for the dis-
covery of new and targetable disease characteristics in accordance with
legal and regulatory requirements. These data may include health re-
cords, lifestyle, demographic, and genetic data, up to more complex
readouts such as —omics and imaging files.

Thus, the true value of biobanks lies in enabling researchers to access
in a controlled way biological and data resources stored in compliance
with international quality standards, while ensuring the privacy and
rights of the biobank participants. Alignment with the FAIR principles
provides a powerful framework for improving the discoverability and
usability of research data [4-6]. This requires efficient information
technology (IT) support and standardised and interoperable clinical
annotation [7]. However, the effective management of data repositories
poses significant challenges and requires careful consideration of many
factors, including infrastructure, equipment, funding and recruitment of
highly specialised personnel [8-12].

Many Italian biobanks, biological resource centers (BRCs), and
sample collections are associated with BBMRL.it (Biobanking and Bio-
molecular Resources Research Infrastructure of Italy) [13]. However,
biobanks may have different backgrounds and objectives influencing
their structure and relative management systems. Therefore, the anal-
ysis of the current state of the Italian BBMRI biobanks has revealed some
discrepancies and differences between the infrastructures.

In the overall drive towards data FAIRification, many maturity
models have been implemented and tested in the European context. The
Italian research hospital network has been assessed through the 10-year
Health Big Data project [14], while the OECI-supported DIGICORE
network implemented a specific maturity model for Cancer Outcomes
[15,16].

We hereby discuss the implementation and testing of BB4FAIR, a
framework for Biobanking Digital Maturity. We piloted the framework
with 46 Italian biobanks associated with BBMRLit, assigning each to a
digital maturity tier and identifying priority areas for improvement. Our
long-term vision is to consolidate the data engineering processes in
mature biobanks, support intermediate-tier biobanks with additional
resources, and handle corrective action for those in the starting tiers.
Moreover, BB4FAIR comprises an automatized R framework that en-
ables automated feedback generation and visualization of results. This
can be applied in different contexts with a particular interest in digital
maturity assessment, such as in biobanks and other service and/or
research provider organizations that collect, store, manage, and share
data and biological samples.

Statement of Significance

Problem Assessing the digitalization status of Biobanks. Achieving
Findable, Accessible, Interoperable, and Reusable (FAIR) data
principles in biobanking.

What is Already Digitalization is crucial for fair access and reproducible

Known research and alignment with FAIR principles. Effective

management requires IT support, standardized clinical
annotations, and specialized staff. Biobanks in Italy are
numerous and diverse in terms of collected material,
governance and purpose.

What This Paper Introduces BB4FAIR, a framework for assessing digital maturity

Adds of biobanks with quantitative metrics and automated analysis.

Pilots the BB4FAIR framework with 46 Italian biobanks
included in the Biobanking and Biomolecular Resources
Research Infrastructure — European Research Infrastructure
Consortium (BBMRI-ERIC) and highlights key areas for
improvement.
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2. Materials and Methods
2.1. Infrastructure context

The objective of this study was to assess 46 qualified biobanks that
had formally joined BBMRL.it through the signature of the BBMRI-ERIC
partner charter as of July 2023.

BBMRI-ERIC is a distributed research infrastructure of biomolecular
resources based on a hub-and-spoke architecture in which each member
state participates through a national node that provides expertise and
services, specifically in Information Technology, Quality, and ELSI.

2.2. Survey dimensions and context description

We designed a survey with 38 questions addressing various crucial
aspects of biobanking data and metadata digitalization (Table S1,
Fig. 1). The first part gathers information about Biobank, affiliation and
respondents, followed by questions focused on three main digital clus-
ters: IT infrastructure facilities, data annotation richness and dedicated
IT personnel, labelled in short with, IT infrastructure, data, and personnel,
respectively. To our knowledge, this survey represents the first evalua-
tion focused on the basic digital resources available to biobanks. The
information collected from the BBMRL.it biobanks will serve as a starting
point for tracking the digital maturity progress over time.

2.3. Definition of the three main digital areas and questions clustering

The survey sought to investigate three main digital areas: IT infra-
structure facilities, data annotation richness, and dedicated IT staff.

IT infrastructures: Informatic and technological resources are of
pivotal importance to enable biobanks to allocate specific services such
as Federated computing nodes and advanced, redundant, and disaster-
ready data storage facilities. In the Italian context, a migration to the
cloud of several critical healthcare services is still ongoing [17], but for
Biobanks, a hybrid local cloud approach is still preferred to enable fast
setup of GDPR-compliant clinical research services. These requirements
are tightly linked to internal equipment since centres that also act as
core facilities, producing terabytes of —omics data for internal and
external purposes, necessitate ensuring additional layers of structured
and secure data processes, especially when dealing with sensitive mo-
lecular signatures. Moreover, the presence of specific management
software is accounted as infrastructure, specifically regarding Biobank
Information Management System (BIMS) [18-20]. In the survey, we also
requested information about data management, focusing on data
annotation. This includes the possibility of connecting biobank data to
other clinical data management systems or Electronic Health Records
(EHR), the presence of collections shared with specialized networks, and
the use of a digital-electronic informed consent. For this purpose, we
evaluated questions 14, 16, 17, 19, 20 (Table S1 and Table S2).

Data annotation richness: Data annotation richness refers to all tools
and procedures that make biobanked samples findable, including on-
tologies, and that help to define the magnitude of sub-collections thanks
to structured data and annotations containing at least the minimal fields
required by the BBMRI-ERIC Federated Platform [21]. Richer annota-
tions regarding clinical phenotypes, longitudinal data, and linked-omics
data enable to answer nuanced research questions without expensive
data recollection and analysis. The questions referring to this aspect of
digital maturity were 15, 22, 30, 34, and 36 (Table S1 and Table S2).

Dedicated personnel: In this area, we sought to evaluate the presence
of dedicated personnel specialized in IT, Data Engineering, or Data
Analysis. Experienced biobank staff members empower the Biobank to
design data processes and speed up data cleaning and collection tasks.
We also examined the presence of human resources dedicated
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Fig. 1. Graphical representation of the Digital Maturity Framework, from Biobank surveying (left) to content clustering and analysis (middle) to tiering pro-

cesses (right).

exclusively to biobank digitalization and what kind of professional skills
they have, with a particular emphasis on expertise in data annotation
and modelling and the usage of Common Data Models (CDM) such as
OMOP and HL7-FHIR. Knowledge of Common Data Models is an
advanced feature that has been classified in the personnel and not in the
data section since the conversion of Biobank databases in standardized
models requires a strong know-how of mixture semantics between on-
tologies, computer science, and database programming. The BBMRLit is
working towards a unified and open-source model for Extract, Trans-
form and Load (ETL) processes on the minimal required dataset [22]. To
this end, questions n. 2, 6, 8, and 10 of the survey were evaluated
(Table S1 and Table S2). To evaluate the digitalization status of BBMRL.it
biobanks, we created a scoring system based on the survey responses.
First, we normalized and standardized the qualitative answers to enable
automated scoring and visualization. This step required manual curation
of the descriptive answers and data cleaning. Then, we developed a
visualization script that generates plots for each question, allowing us to
identify general trends within the biobank community.

To rank Biobanks by their digitalization status, we developed a
scoring strategy based on a matrix that converts qualitative responses
into quantitative scores. We defined the possible values for each
response and used these to construct the scoring matrix. Each row of the
matrix corresponds to a survey question and contains different scores
based on the potential responses. Some questions gave a binary score
based on whether a feature was present or absent. However, other fea-
tures needed a different scoring scale, and in this case, scores were
weighted according to the item’s relevance to digitalization. For
example, the usage of a proper BIMS has a higher score than the pres-
ence of a massive storage system (Table S2). In the cases in which the
answers did not provide full compliance with the specific feature, we
assigned a lower score defined as partial response. For instance, some
Biobanks do not have a proper BIMS in place, but they do have inter-
mediate software dealing with cryopreservation or other tools simply
containing a relational database with annotation. That situation is
regarded as a first step towards an engineered metadata process.

The scoring workflow considers both the answers file and scoring
matrix, connects them by the question ID to which they refer and assigns
a value according to the response. The script’s output is a table with
rows corresponding to biobanks and columns filled with answer scores,
with the last column containing the summarized result.

For the limited set of non-binary features, we adjusted the score
values to facilitate visualization of the results (Table S2). We scaled
them to the unit by dividing by the higher value initially assigned to
them, obtaining for all the answers the same lower and higher value,
respectively 0 and 1.

2.4. Biobank Tiering System

Biobanks were divided into Tiers based on their scores, partitioning

by tertiles. Biobanks with the highest score in the top third are placed in
the Mature Tier, those in the middle are classified as Advanced Tier,
while the bottom third represents the Starting Tier. The R script pro-
cesses the scoring module and assigns each Biobank to its corresponding
tier. The whole process, from data normalization, plot visualization, to
scoring and tiering, is implemented in an R script repository [23]. To
ensure portability and reproducibility, the required packages have been
embedded in a Conda repository list and virtualized in a Docker image
[24,25]. The required input is a CSV/XLSX file where each row contains
the responses from a single Biobank, and each column corresponds to a
survey question. For each question, the script processes the corre-
sponding column, performs string normalization to standardize the re-
sponses, counts the occurrences of each response and then generates a
plot for results visualization.

3. Results
3.1. Feature analysis and Tiering results

46 Biobanks participated in the study. Of these, 37 gave explicit
consent to publishing their results in a pseudonymised format. Explor-
atory analysis of all questions across the three dimensions for the bio-
banks that gave consent is depicted in Fig. 2, included in the public
ShinyApp. All these results and subsequent comments must take into
consideration the high heterogeneity in the BBMRI.it landscape, which
contains disease-oriented, population-based, and multi-specialistic bio-
banks that exhibit slight differences in digitalization requirements
(Supplementary Material)

When considering the density of all the answers, the score distribu-
tion is bimodal, reflecting the feature weights, which are mostly binary.

Furthermore, almost half of the biobanks meet the requisites for IT
infrastructure and personnel (respectively ~ 51 % (51.4) and 50 %
(50.7)), while the data cluster is enriched in only about 40 % (38.9) of
the sample population (Fig. 2A).

When considering the answers from a more fine-grained view, some
features are transversally present or absent across the network which
may easily drive infrastructure-wide corrective actions (Fig. 2B).

On the data landscape, all biobanks declare having at least one of the
annotations defined at a macro level (e.g., clinical data, phenotype,
genomics) (100 %). The number of biobanks able to link samples to
national registries is quite high (62.2 %), while the refinement on spe-
cific clinical data or internal data warehouses is lower (respectively 16.2
% and 30.5 %). This result can be associated with the different mission
and governance of the Italian infrastructures; for instance, population
biobanks are not required to have a data warehouse, lacking the usual
data silos issue present in disease-oriented biobanks. Finally, only the
paper form was in use to trace and document the informed consent to
biobanking for future purposes, de facto its digitalization is virtually
absent in the biobank environment (94.6 %).
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Fig. 2. density plot of the distribution of the BB4FAIR score in the three different macro areas (A); heatmap of the BB4FAIR score in the single facilities for the
pseudonymized biobanks (B); radar plot of the mean BB4FAIR score in the different biobanks facilities split by three-tier class from starting to mature (C).

When considering the IT infrastructures associated with biobanks,
most of them declare having access to an IT infrastructure able to pro-
cess data, allocate resources for specific services such as Federated
Search, and with more than 20 TB massive storage (75.7 %, 56.5 %,
54.1 %, respectively). More than half declare having a biobank man-
agement software (BIMS) (67.6 %), while the rest have an alternative
that serves their purposes or plan to acquire one (32.4 %). In particular,
when performing data cleaning steps in the BIMS-related responses, we
concluded that one third of biobanks have a proper BIMS in place,
another third employs relational database or other management LIMSes,
and another third still need to acquire any system or rely on other
department software (e.g., the Pathology department) (Fig. S2).

Regarding the personnel-related questions, almost all biobanks are
empowered with an IT coordinator and dedicated staff to data man-
agement (78.4 % and 70.3 %, respectively). The nature of this figure
varies in specialization, from Data Stewards or Data Scientists to more
institutional profiles, such as the head of IT services in cases of smaller
institutions. We did not further investigate this aspect, which is inher-
ently heterogeneous along with the biobank landscape. On the other
hand, the know-how regarding Common Data Models is very low (21.2
%), as witnessed in many European endeavours aimed at improving
infrastructure interoperability [26-28]. Finally, the ontology richness
feature describes that more than half biobanks employ standardized
nomenclatures in routine annotation (59.5 %).

To make infrastructure-wise considerations, we produced specific
visualizations for all scores in the three maturity tiers, helpful to
personalize node support (Fig. 2C). Starting Tier biobanks are charac-
terized by the availability of registry and clinical data without a BIMS
system in place. In contrast, advanced Tier Biobanks do exhibit more
infrastructure features and dedicated personnel. Finally, the transition
from tiers 2 and 3 to the Mature Tier is characterized by the acquisition
of a BIMS and additional IT infrastructure scores such as data service
access and storage (Fig. 2C). Taken together, all these results point to the
main factors to be dealt with to improve Biobank’s digitalization and
overall data FAIRness.

3.2. Results Dissemination

Gathering all the data made it necessary to disclose the scores each
biobank obtained and make them available in an aggregated and
pseudonymised manner. To complete this process, a ShinyApp page was
developed and made publicly available following the URL: https://bbda
taeng.shinyapps.io/bb4fair_app/.

The BB4FAIR tool is useful for viewing the survey results both in
individual and aggregate form. In the main web interface, the four
panel’s tabs in the left-hand menu (Fig. 3A) allow to navigate through
the entire survey and grasp its various nuances. The scores section
(Fig. 3B) summarises the main characteristics of the biobanks and pre-
sents the data in pseudonymised form, with some variables scaled down
in relation to the total score to ensure a homogeneous weighting across
the different institutions. The feature analysis section (Fig. 3C) shows the
data in percentage and absolute form for individual responses to the
survey questions. The visualization section (Fig. 3D) gives an aggregate
graphical representation of the entire survey, showing the frequency
density and a heatmap with the maturity percentage in each facility.
Finally, in the tiering section (Fig. 3E), an overview of the scores for the
single biobank is reported, highlighting the mean trend of the biobanks
present in the national node at the time the questionnaire was admin-
istered, and a ranking based on the division into tertiles of the sum of the
total scores obtained.

4. Discussion

Data FAIRness is a requirement designed by all research stakeholders
to improve research quality and reproducibility. Implementing maturity
frameworks is a strategy that sets specific goals for RI networks.
Importantly, these characteristics represent the basic foundation for the
evolving biobanking sector. The quality of biological samples is guar-
anteed by timely technical verification, but the associated data quality is
yet to be defined. As a minimum requirement for a FAIRification pro-
cess, data must be collected, stored, and shared correctly. These pro-
cesses should be performed by dedicated personnel who must be trained
and informed about the standards for data elements, data types, and file
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panel presenting an aggregate graphical representation of responses across macro-areas, facilities, and tiers. (E) Tiering panel illustrating individual biobank per-

formance over the national average and ranking based on tertiles of total scores.

formats.

Importantly, these results confirm the strategy that a few aspects
must be improved at the national level: these aims are pillars of the
“Strengthening BBMRLit” project [29]. Among these, the knowledge and
usage of Common Data Models [22] and the implementation of a digi-
talized informed consent based on the Common Condition of Use Ele-
ments aimed at characterizing the samples biobanked with the
participants’ preferences as condition of use [30].

Having IT-savvy dedicated personnel is a natural desideratum of
smaller nodes that cannot rely on larger centralized IT facilities. Un-
fortunately, the job market is pressing the need for data experts of
varying complexity, from data stewards to AI engineers, that low-
income and public nodes struggle to retain [31]. This situation is
pushing national nodes like BBMRLit into recruiting and training
distributed teams of Data Engineers dedicated to biomedical data
management.

This work aimed at creating a gold-standard model for biobanks’
digital maturity that complies with the FAIR principles and measures
how digital maturity progresses over time, rather than serve as a method
of classification of biobanks.

Importantly, this digital assessment could be extended to all BBMRI-
ERIC biobanks. The common objectives and principles are specified in
the Partner Charter and signed by all members, creating an environment
driven by common goals and challenges.

There is also the possibility of applying this model to other types of
healthcare-providing institutions involved in research. Our approach is
based on implementations of digital tools that can greatly facilitate
scientific research by helping to make the data and results generated
more reproducible, accessible and managed in accordance with current
regulations.

Finally, this and other similar efforts can pave the way for integrating
biobanks in Health Information Systems since the improvement of
interoperability processes is proceeding in parallel and will finally
converge, from where data and metadata are collected towards biobank
data storage. We consider this vision particularly important for the
Italian EHR system, which can be considered a pilot for other European
systems facilitating compliance with European Health Data Space re-
quirements [32].

Digital maturity correlates with several Key Performance Indicators
(KPIs), such as the number of accesses and FAIRified collections. In
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addition, it can be used to evaluate the progress against a performance
baseline.

Finally, this framework could be aligned with existing general
frameworks like the FAIR toolkit implemented by the Pistoia Alliance
[33,34], with a putative mapping model from our maturity levels to
standardized FAIR levels. Nonetheless we consider this a valuable and
scalable tool built specifically for the biobanking domain.

5. Conclusions

The discussed digital framework was tested to assess the status of
BBMRI Italian biobanks at a specific time. Biobanks are rapidly evolving
towards more complex data infrastructures. It is expected that this tool,
which is easy to manage and update, will be able to provide a concise but
qualified picture of the progress of each biobank over time, with the
possibility of updating in certain period its progress and guiding the
corrective actions among the facilities in the different macro-areas for
the entire node.
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