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Abstract. Biobanks are essential for the realization of P4-medicine, hence indis‐
pensable for smart health. One of the grand challenges in biobank research is to close
the research cycle in such a way that all the data generated by one research study can
be consistently associated to the original samples, therefore data and knowledge
can be reused in other studies. A catalogue must provide the information hub
connecting all relevant information sources. The key knowledge embedded in a
biobank catalogue is the availability and quality of proper samples to perform a
research project. Depending on the study type, the samples can reflect a healthy
reference population, a cross sectional representation of a certain group of people
(healthy or with various diseases) or a certain disease type or stage. To overview
and compare collections from different catalogues, we introduce visual analytics
techniques, especially glyph based visualization techniques, which were success‐
fully applied for knowledge discovery of single biobank catalogues. In this paper,
we describe the state-of-the art in the integration of biobank catalogues addressing
the challenge of combining heterogeneous data sources in a unified and meaningful
way, consequently enabling the discovery and visualization of data from different
sources. Finally we present open questions both in data integration and visualization
of unified catalogues and propose future research in data integration with a linked
data approach and the fusion of multi level glyph and network visualization.

Keywords: Biobank catalogue · Linked data · Minimum information about
biobank data sharing (MIABIS) · Knowledge discovery · Visualization · Glyph

1 Introduction

Biobanking is a relatively new concept that has been evolving over the years to become
an essential part of biomedical research. Thousands of biobanks worldwide have been
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collecting bio-specimens, clinical and research data from millions of individuals in
different stages of their lives, before, during and after disease. All this information is a
great source of knowledge for fundamental biomedical research and has the potential to
dramatically contribute to the development of better predictive, preventive, personalized
and participatory (P4) healthcare.

The biobanking landscape is evolving from insulated local biospecimen repositories
to robust organizations providing services that cover a large part of the biomedical
research cycle, from the biobanking processes up to large scale molecular profiling.
High-throughput technologies are more accessible to research-biobanking and the
number of biobanks providing services that require large storage capability and parallel
data analysis is increasing.

One of the major challenges in biobank research is to close the research cycle in such
a way that all the data generated by one research study can be consistently associated to
the original samples and hence data and knowledge can be reused in other studies.

Another challenge is to achieve a real informatics integration of biobanks. Even when
the technical conditions are created to establish networks of biobanks where bio-
resources can be visible to clinicians and researchers regardless of the geographical
location, the harmonization process is still in a very early state, not only due to the
heterogeneous representation of biobank data but also and most importantly, to the lack
of standards for representing and implementing governing policies for ethics and regu‐
lation involving sharing of biobank human samples and data (Fig. 1).

Fig. 1. Example of biomedical research cycle involving biobanking. Data generated in several
steps of the research process should be associated to the original samples in the biobank for further
reuse.

A high level of collaboration is necessary in the biobank community to gather suffi‐
cient resources to be pooled in order to reach statistical significance and hence derive
consistent associations and meaningful knowledge. At the same time, data disclosure
should be carried out in compliance with legal and regulatory issues at different levels:
national, institutional, biobank, study participant, etc. Harmonization, standardization
and regulations need to be in place in order to stimulate the development of infrastruc‐
tures for biobank interoperability in such a way that all these resources can be visible to
the biomedical research community.

Several initiatives are on-going in that direction. For instance, MIABIS: Minimum
Information About Biobank data Sharing [1] defines guidelines where several components

262 H. Müller et al.



represent different actors in the biomedical research process involving biobanking. Each
component has a minimum list of attributes required to provide valuable information.

At the European level, an increasing number of countries and projects are imple‐
menting biobank catalogues aiming to make their bioresources visible and hence stim‐
ulate biobank data sharing. MIABIS is being implemented by several of these initiatives
as part of their data models.

The key question when searching a biobank catalogue is where one can get the proper
samples to perform a research project. Depending on the study type, the samples should
reflect a healthy control population, a cross sectional representation of a certain group of
people (healthy or with various diseases) or a certain disease type or stage. To support
this first level of a query, harmonized disease and phenotype ontologies are needed. The
typical next step of a query is which samples are available. Different study types require
different types of samples (e.g., blood, serum plasma, tissue, urine, isolated biomolecules,
such DNA, RNA, or proteins), and depending on the planned analytical challenge since
currently there is no unique description of sample quality available. However the level
of compliance with ISO and CEN standards as well as results from spot check quality
testing will provide a common description of key quality-relevant parameters. Most
research projects not only require access to samples but also access to detailed informa‐
tion on the sample and donor. To provide this information in an internationally standar‐
dized manner requires an enormous international collaborative effort addressing many
as yet unsolved issues of health care informatics. The next level of information required
to initiate a biobank-based research project refers to ethical and legal conformity and
terms of access. All this above mentioned information should be provided in an aggre‐
gated manner to avoid privacy issues. However, the level of detail should be appropriate
in order to allow the definition of a research project and to obtain approval by a research
ethics committee or to pass scientific review. Finally, after successful approval of a
research project by the respective bodies and after signature of a material transfer agree‐
ment, coded data related to individual samples and donors should be made available to
users. All these different steps should be efficiently supported by an integrated biobank
catalogue, thereby minimizing the time period from the first query to a biobank catalogue
to the actual release of samples and data to start the research project. This time period is
the most important performance indicator for biobanks.

Fig. 2. Different levels of a biobanking catalogue. These levels correspond to the steps of user
access needs.

State-of-the-Art and Future Challenges in the Integration of Biobank Catalogues 263



To overview and compare collections from different catalogues and to search for
new hypotheses, we must find unexpected patterns and interpret evidence in ways that
frame new questions and suggest further explorations. Multilevel glyphs and visual
analytics methods will help us to (1) overview collections within a catalogue as the
human visual sense is optimized for parallel processing, (2) connect the global view
with detail information, (3) provide different contextual views depending on users’
needs and experience levels and (4) deal with heterogeneous data sets and different
levels of data quality.

Current research highlights the need for interactive data visualization of biobank
catalogues, while first approaches of visualization are already emerging [2, 3]. To further
address this need it is essential to combine results of knowledge discovery in biobank
catalogues and make use of visualization to benefit from the high visual data analysis
capacities of humans in order to achieve new fundamental findings for predictive
analytics in the medical domain.

2 Glossary and Key Terms

BBMRI-ERIC: is a pan-European distributed research infrastructure of biobanks and
biomolecular resources. BBMRI-ERIC facilitates the access to biological resources as
well as biomedical facilities and support high-quality biomolecular and medical
research.

Biobank: is a collection of biological samples (e.g. tissues, blood, body fluids, cells,
DNA etc.) in combination with their associated data. Here this term is mostly used for
collections of samples of human origin.

BioSampleDB: The BioSamples database of the EMBL-EBI aggregates sample infor‐
mation for reference samples (e.g. Coriell Cell lines) and samples for which data exist
in one of the EBI’s assay databases such as ArrayExpress, the European Nucleotide
Archive or PRoteomics Identificates DatabasE.

Glyph: In the context of data visualization, a glyph is the visual representation of a piece
of data where the attributes of a graphical entity are dictated by one or more attributes
of a data record [4].

Linked Data: describes a method of publishing structured data so that it can be inter‐
linked and become more useful through semantic queries. It builds upon standard Web
technologies such as HTTP, RDF and URIs, but rather than using them to serve web
pages for human readers, it extends them to share information in a way that can be read
automatically by computers. This enables data from different sources to be connected
and queried.

MIABIS: Minimum Information About Biobank data Sharing is an attempt to harmonize
biobank and research data for sharing. MIABIS defines guidelines where several compo‐
nents represent different actors in the biomedical research process involving biobanking.

P4 Medicine: Preventive, Participatory, Pre-emptive, Personalized, Predictive, Perva‐
sive (= available to anybody, anytime, anywhere).
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TNM staging: The TNM Classification of Malignant Tumours (TNM) is a cancer staging
notation system that gives codes to describe the stage of a person’s cancer, when this
originates with a solid tumor: T describes the size of the original (primary) tumor and
whether it has invaded nearby tissue: N describes nearby (regional) lymph nodes that
are involved: M describes distant metastasis.

Sample Collection: A collection of biological specimens (tissue, blood, blood compo‐
nents, cell lines, biopsies, etc.) having at least one common characteristic.

3 State-of-the-Art

3.1 Tools and Data Structure for Catalogue Harmonizations

3.1.1 State of the Art Publications
Data integration is about combining heterogeneous data sources in a unified and mean‐
ingful way, enabling the discovery and monitoring of data from different sources. Data
integration is synonymous with sharing. When it comes to biomedical data, complexity,
diversity and sensitivity are major factors driving the modelling of the integration
process. An additional factor is the need to comply with the ethics and regulations for
sharing clinical data or research data involving human samples.

The DataSHaPER (Data Schema and Harmonization Platform for Epidemiological
Research) is both a scientific approach and a suite of practical tools. Its primary aims
are to facilitate the prospective harmonization of emerging biobanks, provide a
template for retrospective synthesis and support the development of questionnaires and
information-collection devices, even when pooling of data with other biobanks is not
foreseen. [5].

The integration of biomedical data is preceded by harmonization and standardization
processes. The BioSHaRE project [6] demonstrated how retrospective harmonization
could make it possible to perform complex statistical analysis on distributed data without
compromising personal data protection when using DataSHIELD method [7]. Another
interesting sharing tool is eagle-i [8] that allows bio-resources discovery among research
institutions. Eagle-i uses the ontology approach to model research resources as instru‐
ments, platforms, protocols, bio-specimens, etc. in a distributed environment.

MIABIS is the BBMRI-ERIC’s approach to harmonize biobank data for sharing.
MIABIS 1.0 standardized high-level biobank data. The main components were
“Biobank” and “Sample Collection” [1] (level 1 and level 2 as in Fig. 2). MIABIS paved
the way for the creation of the first ontology for biobanking: omiabis [9]. These two
steps in the biobank harmonization process have raised interest from the biobank
community. Projects such as BiobankCloud (http://www.biobankcloud.com/), BioMed‐
Bridges (http://www.biomedbridges.eu/) and RD-Connect (http://rd-connect.eu/) are
implementing MIABIS in their data models. Several catalogue initiatives from BBMRI-
ERIC member states and BCNet (http://bcnet.iarc.fr/) are also implementing MIABIS.
MIABIS 2.0 is currently being designed and a widespread adoption of this standard in
Europe is expected.

In the biomedical research domain, integration and interoperability strongly depend
on good methods and open source tools that facilitate the adoption of standards and
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hence stimulate the sharing culture. Harmonization is frustrating hard work that requires
significant human intervention. Biomedical informatics systems are not easily modifi‐
able or adaptable to new standards. We need best practice guidelines for semantics and
data formats which at the same time, allow biobanks and researchers to continue using
their own idiosyncratic semantics. Biobank management systems should be queried to
discover what data they can offer and they should return references to data in the form
of URIs (Uniform Resource Identifiers). In that way, biobanks and researchers will use
their own semantic annotations rather than imposed specific labels and attributes. At
some point the biomedical research domain will need to embrace the Internet of Thing
(IoT) concept which is perfectly adaptable when it comes to cataloguing biobank and
research bioresources.

Started in the BBMRI Netherlands, the MOLGENIS/catalogue tool was developed
as a unified framework to create and federate local and national biobank catalogues. The
result is an open source software that is now collaboratively developed between BBMRI,
CTMM/TraIT, LifeLines, BioMedBridges and RD-Connect to name a few. The cata‐
logue can host four levels of information: (1) biobank/study descriptions using custom
or MIABIS standard format; (2) data schema/data dictionary of data elements; (3)
aggregate data/sample availability counts and (4) the individual level data ready for
analysis. Increasingly bigger datasets are required for epidemiological and genetic anal‐
ysis and hence it is important to enable pooling of data from multiple biobanks.

The MOLGENIS/catalogue is building on the open source MOLGENIS platform
[10]. This platform was chosen because its data structure can be completely configured
using a meta-data definition in the Excel file. It offers pre-build components that allow
users to (i) upload data (ii) visualize the data in aggregated or tabular form (iii) securely
share the data through a comprehensive security model (iv) integrate data from different
domains. In addition there are programmatic interfaces in R for statisticians and in
javascript for systems integrators, which also allows data federation of multiple
MOLGENIS/catalogues as demonstrated in the BioMedBridges project.

In collaboration with BioSHaRE, Biobank Standardisation and Harmonisation for
Research Excellence in the European Union, MOLGENIS also addresses the challenge
of data harmonization and integration via the BiobankConnect [11] toolbox aids,
designed to assist with this arduous task.

3.1.2 Advantages and Disadvantages of Data Exchange Scenarios
With the growing possibilities of biobank data sharing, (associative) studies can achieve
the power necessary to unveil biologically relevant associations for complex traits or
diseases. However, sharing phenotypic and genotypic information opens up a complex
world of regulatory compliance and privacy concerns. When this information is shared
and can be linked back, re-identification of the subject becomes a real concern. Minimal
information models help to reduce the risk of re-identification by reducing the available
parameters. Study subject selection for most associative studies can be performed on
coarser information that aggregates subjects in larger cohorts of similar patients and
therefore protects their privacy.

Standardisation of the data items in the models improves the ability to find and reuse
biobank data, but simplification of complex phenotypic information in coarse data
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vocabularies can lead to a loss of precision. Data vocabularies and ontologies need to
be extensive and up to date with the current insights into the biology of diseases. A
linked data model provides the ability to maintain the precision of rich ontologies by
using linkage instead of tying a data model to a specific ontology.

3.2 Visual Analytics for Biobank Catalogues

3.2.1 State of the Art Publications
When dealing with the integration of biological data for analysis, visualization plays a
major role in the process of understanding and sense-making [12, 13]. An overview
about the state of the art in the visualization of multivariate data is given by Peng and
Laramee [14] as well as Bürger and Hauser, where they discuss how different techniques
take effect at specific stages of the visualization pipeline and how they apply to multi-
variate data sets being composed of scalars, vectors, and tensors. Moreover they provide
a categorization of these techniques with the aim of a better overview of related
approaches [15], with an update published 2009 [16].

Visual data exploration methods on large data sets were described by several
authors, and particularly Keim [17], Hege et al. [18], Fayyad, Wierse and Grinstein
[19], Fekete and Plaisant [20], and Santos and Brodlie [21] provide a good introduction
to this topic. A recent state-of-the-art report on glyph based visualization and a good
overview on theoretic frameworks, e.g. on the semiotic system of Bertin, was given
by Borgo et al. [22].

Krzywinski et al., [23] introduce a network structure called hive plots, a graph
visualization with nodes as glyphs in the context of systems biology. The layout and
format of their glyphs is extensible and editable. Genes that connect cancer subsystems
to other systems are represented differently. Another interesting application of glyphs
for a visual analytics is an approach for understanding biclustering results from micro‐
array data that has been presented by Santamaria, Theron and Quintales [24] and
another one by Gehlenborg and Brazma [25] and Helt et al. [26] and a recent work by
Konwar et al. [27]. The closest work to using glyphs with an adaptive layout is the
work of Legg et al. [28] in the application domain of sport analysis. Here the data space
is event based, and the adaptive layout strategy is focused on overlapping events with
so called “macro glyphs”, which combine several glyphs into one. In the “macro
glyph” approach only scaling and no level of detail suitable for different screen spaces
are applied. Maguire describes a taxonomy based glyph design with an application of
biological workflow analysis [29, 30]. Last but not least Müller et al. [2] also show the
usage of data glyphs in a visual analytics application and provide an outlook to a
biomedical web visualization scenario, the combination of focus and context principle
and different level of details are shown in Fig. 3.

A glyph visualizes the mortal state, disease free survival time and the T-Staging of
a diagnosis, related to a sample, see Fig. 4.
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Fig. 4. Mapping of sample attributes to a 3D glyph

Fig. 5. Comparison of two sample collections of the Biobank Graz

In Fig. 5 the comparison of two sample collections of the Biobank Graz, each
covering the same time range of 25 years is shown. The spatial arrangement of the
glyphs is done in an age pyramid. All male cancer patients are on the left side and
female patients on the right side. The vertical position of a glyph is determined by
the patients’ age and the horizontal position by the T-staging. We can clearly see the
differences in the overall number of rectum and prostate cancer cases as well as the

Fig. 3. Visualization of a collection of approx. 10.000 colon cancer samples, shown in 4 zoom
levels [2]
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different distributions of T-Staging. Beside of the overview and comparison of two
medium size groups, outliers and data errors can be identified easily, e.g. patients with
age of 0 years and female prostate cancer cases.

3.2.2 Advantages and Disadvantages of Glyph Visualization
Glyph visualization is a natural way to map information about a sample to a visual
symbol (glyph). However, the data density in this application area is very high, therefore
we propose higher dimensional (2,5D and 3D) visualization methods. There are certain
advantages and disadvantages when using 2D, 2.5D and 3D glyph visualizations,
including different possibilities for placement strategies, linking and brushing, mapping
low- to high-dimensional data, projection and interaction, up to benefitting from depth
perception while dealing with issues such as occlusion and overlapping glyphs. A
comprehensive comparison of 2D, 2.5D and 3D glyphs are still a matter to be researched:
Systematically comparing visual complexity levels of 2D, 2.5D and 3D glyph visuali‐
zation and methods for smooth transitions between different levels of graphical
complexity are therefore fundamental research questions yet to be solved [2, 22].

Nonetheless, glyph based visualization is less abstract for effectively conveying
information compared to other (visual) representations. By combining glyphs with
graphs, certain visualization issues can be solved. For instance, by presenting complex
glyphs as nodes in a network, the network itself shrinks and glyph visualization benefits
from the graph’s spatial arrangement.

Compare also Sect. 4 regarding Challenges and Sect. 5 regarding the fusion of Glyph
and Network visualization.

4 Open Problems

Challenge 1: Harmonization of data is a huge challenge in the interchange of biobank
data. Minimal data models such as MIABIS are a first attempt to harmonize the field,
however, cannot solve the problem of harmonizing the data between different institutes.
There is a difference in the definition of data items.

Challenge 2: tightly connected with challenge 1 there is also a difference in the manner
in which data is encoded. Data is often encoded in non-standardized text (often called:
“free text”) and in the respective national language and there is a plethora of incompat‐
ible or only partially compatible ontologies and thesauri, often with merely a national
scope.

Challenge 3: Legal and ethical requirements in the protection of patient privacy and
concerns about losing control of research data lead to hurdles for sharing of data. Even
though technical solutions exist to pseudonymize data, manual code lists are often used,
which leads to risk of privacy breaches.

Challenge 4: At the same time sharing and linking data can lead to re-identification
through combination of data from different sources.
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Challenge 5: When the data elements are (well) structured and connected to ontologies
we can analyse and compare collections in a catalogue. For this purpose glyph visuali‐
zation techniques can be applied, i.e. for visual comparison, hypothesis generation and
quality control. Here an appropriate glyph design is important, the development of glyph
assessments algorithms and a comparison of visual complexity levels of 2D, 2½ D and
3D glyph visualization has to be done.

Challenge 6: Additionally to challenge 5, we have to find methods for smooth transi‐
tions between different levels of graphical complexity. The main research question
here is, on how a high-density design (along with the challenges of the realization of
such aspects, e.g. occlusion, depth perception and visual cluttering), indeed influence
the user perception and recognition rate in glyph visualization. In particular it is neces‐
sary to look at the composition and interferences of visual variables and to carry out a
systematic evaluation of shape/placement methods. There are a lot of studies comparing
2D versus 3D visualization techniques in the visualization of spatial related data, e.g.
medical renderings or geographic data. However, for abstract information no inherent
mapping of the data either to the 3D shape of a glyph nor the spatial position is given,
which would be a natural model for visualization. In current solutions the glyph
rendering method is changed due to the glyph size in the screen space. Future work
should focus on methods for automatic glyph transitions (fusion of semantic and graph‐
ical zoom) and evaluate the results in a study.

Challenge 7: After the open problems of dimensionality and transitions of level of
details are solved, algorithms for the optimization of the sample/catalogue attribute
mapping to visual variables and methods for the spatial arrangement of glyphs
derived from network structures have to be developed.

Challenge 8: In the fusion of glyph and network visualization a central research question
is, how a network topology can be mapped to glyph attributes (e.g. relations of a
sample to several studies) and/or to spatial positioning (e.g. temporal relation of a sample
within a disease trajectory).

5 Future Outlook

A major task in the integration and harmonization of biobank catalogues is the provision
of a terminology mapping service to overcome the non comparability of data from
different sources. This results from the circumstance that institutions usually define their
own best fitting data schema for sole use. As a consequence, they often omit to describe
the exact meaning of their data, because they don’t take into account, that it could be
useful for future research performed by others. However, for the correct interpretation
of data, especially for third parties, this is essential. Another problem is the fact that the
partnering scientists have to consent on a common data schema, which is time-
consuming and assumes willingness for compromises.

Within a terminology-mapping service attributes of structured data sets are described
in a detailed both formal as well as descriptive manner. This should, in an ideal world,
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be done by data creators, who usually know their domain well. Future research will
develop methods to support this process as well as motivating the users in doing it. This
can e.g. be done with a visual analytics application, which indicates possible matches
between attributes from different data schemas already during the data creation process
and supports the description of data schema by presenting possible existing metadata
sets matching as a starting point.

In the terminology mapping data elements are described by a set of overlapping
ontologies, which can are modelled as Linked Data objects and stored together with
sample attributes in a (federated) triple store. A toolbox for the curation of a triple store
is essential to describe and improve data quality and completeness of a biobank cata‐
logue. For the visualization part of such a toolbox glyphs together with focus and
context techniques can be applied. To overcome certain issues with spatial placement
of glyphs and benefitting from the fact that common graphs are easy to read, glyph
visualization together with network visualization of Linked Data and enrichments on
linked data graphs should be combined. In addition, nesting graphs by putting related
biobank data into a formal graph structure may enable further exploration. With the
emerging standards in biobank data sharing, this approach can be applied to visualise
unified biobank catalogues and consequently, unveil and make sense of biologically
relevant associations.
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