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Abstract. Biobanks are collections of biological samples (e.g. tissues, blood
and derivatives, other body fluids, cells, DNA, etc.) and their associated data.
Consequently, human biobanks represent collections of human samples and
data and are of fundamental importance for scientific research as they are an
excellent resource to access and measure biological constituents that can be
used to monitor the status and trends of both health and disease. Most -omics
data trust on a secure access to these collections of stored human samples to
provide the basis for establishing the ranges and frequencies of expression.
However, there are many open questions and future challenges associated with
the large amounts of heterogeneous data, ranging from pre-processing, data
integration and data fusion to knowledge discovery and data mining along with
a strong focus on privacy, data protection, safety and security.
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1 Introduction and Motivation

One of the grand challenges in our networked world are the large, complex, and often
weakly structured data sets along with the increasing amount of unstructured informa-
tion [1]. Often called “Big Data”[2], these challenges are most evident in the biomed-
ical domain [3],[4] as the data sets are typically heterogeneous (Variety), time-
sensitive (Velocity), of low quality (Veracity) and large (Volume) [5].

The trend towards precision medicine (P4 Medicine: Predictive, Preventive, Parti-
cipatory, Personalized) [6] has resulted in an explosion in the amount of generated
biomedical data sets — in particular -omics data (e.g. from genomics [7], [8], proteo-
mics [9], metabolomics [10], lipidomics [11], transcriptomics [12], epigenetics [13],
microbiomics [14], fluxomics [15], phenomics [16], etc.).

A good example in this respect is biomarker research [17]: Worldwide, health-care
systems spend billions of dollars annually on biomarker research to foster persona-
lized medicine. Success depends on the quality of specimens and data used to identify
or validate biomarkers, but a lack of quality control for samples and data is polluting
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the scientific literature with flawed information that will take a long time to be sorted
out [18].

The word “Biobank” appeared only relatively recently in the biomedical litera-
ture, namely in a 1996 paper by Loft & Poulsen [19] and for the upcoming years it
was mainly used to describe human population-based biobanks. In recent years, the
term biobank has been used in a more general sense, including all types of biologi-
cal sample collection facilities (samples from animals, plants, fungi, microbes,
etc.). Unfortunately, there are currently various definitions that are used to define a
biobank. Human biobanks are specific and limited to the collection of only human
samples, sometimes even focusing on specific population-based or tissue-restricted
collections.

Hewitt & Watson (2013) [20] carried out a survey of 303 questionnaires: The re-
sults show that there is consensus that the term biobank may be applied to biological
collections of human, animal, plant or microbial samples; and that the term biobank
should only be applied to sample collections with associated sample data, and to
collections that are managed according to professional standards.

However, they found that there was no consensus on the purpose, size or level of
access; consequently they argue that a general, broad definition of the term “biobank”
is okay, but that now attention should be paid on the need for a universally-accepted,
systematic classification of the different biobank types [20]. The same remark was
made by Shaw, Elger & Colledge (2014) [21], who also confirm that there is agree-
ment on what constitutes a biobank; however, that there is (still) much disagreement
regarding a precise definition. Their results show that, in addition to the core concepts
of biological samples and linked data, the planned use of samples (including sharing)
is a key criterion, moreover it emerged that some researchers avoid the term to cir-
cumvent certain regulatory guidelines, including informed consent requirements [21].
All authors agree that biobanks are a multi-disciplinary facility and definitely impor-
tant for the future of personalized, individualized and molecular medical approaches
[22, 23].

Looking at the Swedish Act on Biobanks (SF 2002:297) one can find some inter-
esting views on what a biobank can be. In this act it is defined that the size of a
sample collection does not have any significance, rather even a single human sam-
ple may be a biobank. Moreover, the act defines that any human biological material
that cannot be traced back to the donor (i.e. unidentified material) is not biobank
material,

One of the major advantages of today’s high-end technologies in the —omics field
is the generation of huge amounts of data that — in combination with the medical data
associated to the samples - open new avenues in personalized and stratified medicine.
However, at the same time this is also one of the major challenges of these technolo-
gies. The respective data analysis has not been able to follow the speed of technologi-
cal achievements and hence, large data sets are present that cannot be analyzed in a
proper way and thus, important information cannot be used to further foster biomarker
identification and stratification of diseases.
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2 Glossary and Key Terms

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.

Biomarker: is a characteristic and quantifiable measure (e.g. “x” as a biomarker for
the disease “y”) used as an indicator for normal or pathogenic biological processes, or
pharmacologic responses to a therapeutic intervention. Biomarkers can be physical
measures (ultrasound, X-ray, blood pressure), proteins or other molecular indicators.

Genomics: is a branch of molecular biology, which focuses on the structure, func-
tion, mapping & evolution of the genome. Personal genomics analyses the genome of
an individual.

Metabolomics: study /quantify short-lived metabolites. Today, a challenge is to in-
tegrate proteomic, transcriptomic, and metabolomic information to provide a more
complete understanding of living organisms.

Molecular Medicine: emphasizes cellular and molecular phenomena and interven-
tions rather than the previous conceptual and observational focus on patients and their
organs.

Omics data: are derived from various sources, e.g. genomics, proteomics, metabo-
lomics, lipidomics, transcriptomics, epigenetics, microbiomics, fluxomics, phenomics,
foodomics, cytomics, embryomics, exposonomics, phytochemomics, etc. (all -omics
technologies).

Proteome: describes the entire complex repertoire of proteins that is expressed by a
cell, tissue, or organism at a specific time point and under specific environmental
conditions.

Proteomics: is a field of molecular biology focusing on determining the proteins
present in a cell/tissue/organ at a given time point, the proteome.

P-Health Model: Preventive, Participatory, Pre-emptive, Personalized, Predictive,
Pervasive (= available to anybody, anytime, anywhere).

Translational Medicine: is based on interventional epidemiology. Progress of Evi-
dence-Based Medicine (EBM) integrates research from basic science for patient care
and prevention.

3 State-of-the-Art

3.1 Towards a Standardized Definition

Today, biobanks can be found all over the world. Due to the still unclear definition of
biobanks (as outlined in the introduction), the term is widely used without any clear
boundaries. Biobanks are heterogeneous constructs and mostly developed on demand
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in relation to a specific research question following local demands on annotation
of the collected samples. Riegman et al. (2008) [24] classified biobanks into three
categories:

1) Population-based biobanks to obtain biomarkers of susceptibility and population
identity. Their operational substrate is mostly DNA from a huge number of healthy
donors including large data sets including life style, environmental exposure etc.,
representative of a specific (e.g. regional) cohort.

2) Epidemiological, disease-oriented biobanks to focus on biomarkers of exposure,
using a very large number of samples, following a healthy exposed cohort/case—
control design. They study DNA or serum markers and a great amount of specifically
designed and collected data.

3) Disease-oriented general biobanks (e.g. tumor banks) usually associated to clini-
cal data and sometimes associated to clinical trials, where it is essential that the
amount of clinical data linked to the sample determinate the availability and biologi-
cal value of the sample (see [24] for more details).

There are biobanks such as Biobank Graz that represent a mixture of all three types
of biobanks. Thus, such large and supra-regional biobanks offer samples and data for
epidemiological as well as disease-based research studies.

A recent analysis from Korea by Kang et al. (2013) [25] revealed that in 60% of all
biobanks there are samples of less than 100,000 donors and only very few biobanks
(10%) store specimens of more than a million donors. Most of the biobanks today
seem to be very small, and since the term biobank is not protected, even a single sam-
ple in a freezer may be called a biobank. It is anticipated that within the next few
years a further clarification and refinement of what a biobank is all about will be
achieved.

Parallel to the wide use of the term biobank, large and supra-regional biobanks are
starting to connect to each other to enable not only easier access to samples and data
world-wide, but also to speed-up harmonization of sample collection and storage
conditions and protocols as well as data availability. The close interaction of those
biobanks is also intended to harmonize ethical, legal and social issues that are still
poorly defined, sometimes even within a single country. An example of emerging
biobank networks is the recently established European infrastructure BBMRI-ERIC
(Biobanking and Bio-Molecular resources Research Infrastructure - European Re-
search Infrastructure Consortium). It is one of the first European infrastructures that is
funded by member states of the EU and which aims at connecting all biobanks of the
member states. BBMRI_ERIC started its action in January 2014 with its headquarter
in Graz, Austria (bbmri-eric.eu).

The ongoing demands to define biobanks in a more rigorous way have led to the
certification of biobanks according to the standards of ISO 2008:9001. Although this
standard is not directly related to biobanking, it at least defines clear management
tools to improve sample and data collection and storage. In the moment, there
are actions under way, which aim to develop a unique biobanking standard, which
then will be included into the ISO system to finally be used as a specific biobanking
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standard. As soon as this new standard will become available all biobanks will need to
introduce this standard to become or maintain up-to-date.

3.2  Examples of Biobanks and Linkage to Medical Data

Roden et al. (2008) [26] developed a DNA biobank linked to phenotypic data derived
directly from an electronic medical record (EMR) system: An “opt-out” model was
implemented and their strategy included the development and maintenance of a
de-identified mirror image of the EMR, which they named the “synthetic derivative”
(SD). DNA extracted from discarded blood samples was then linked to the SD.
Surveys of patients indicated a general acceptance of the concept, with only a minori-
ty (~5%) opposing it. They developed also algorithms for sample handling and
procedures for de-identification and validated them in order to ensure acceptable error
rates [26].

A non-European example is the national Biobank of Korea (NBK) aiming at con-
solidating various human-originated biomedical resources collected by individual
hospitals nation-wide and integrating them with their donors' clinical information,
which researchers can take advantage of. Kim et al. (2011) reported about their expe-
riences in developing the Clinical Information Integration System (CIIS) for NBK:
Their system automatically extracts clinical data from hospital information systems as
much as possible to avoid errors from manual entry. It maintains the independence of
individual hospitals by employing a two-layer approach, one of which takes care of
all hospital-specific aspects. Interoperability is achieved by adopting HL7 v2.x mes-
saging between the biobank and hospitals [27].

3.3 Example: Biobank Graz

Biobank Graz (www.medunigraz.at/biobank) is a central service facility of Medical
University of Graz supporting investigations of the causes of diseases and the devel-
opment of improvements in disease diagnosis and treatment. The goal is to contribute
to the provision of improved healthcare for the general population and in particular to
contribute towards the future of personalized health care. Biobank Graz is unique as it
is the largest academic biobank in Europe, directly linked to the LKH University
Hospital Graz. It houses nearly 6 million samples including formalin-fixed paraffin
embedded (FFPE) tissue samples kept at room temperature, fresh frozen tissue sam-
ples kept in the vapor phase of liquid nitrogen and samples of body fluids (blood,
serum, plasma, buffy coat, urine, liquor) kept at minus 80°C. All standard procedures
run at Biobank Graz are based on standard operating procedures (SOPs), consistent
with its certification according to ISO 2008:9001.

The maintenance of sample quality during pre-analytics is one of the major chal-
lenges biobanks have to face. As soon as a sample is taken from a human, this sample
will start to change and the content will undergo degradative processes. Hence, at any
biobank protocols need to be in place that minimize handling times and temperature
changes of any given sample. At Biobank Graz a typical example shows how this
problem can be solved. Blood samples from any cooperating clinic at LKH University
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Hospital Graz are sent to the central laboratory of the hospital, where a unique pipet-
ting robot of Biobank Graz is located. Any blood sample reaching the central lab will
be automatically screened for its inclusion into the collection of Biobank Graz and if
so, will be directly transferred to the respective robot. This robot is unique in that it
identifies the sample (serum, plasma, buffy coat, etc.) and its volume, opens the re-
spective number of tubes for aliquoting, aliquots the samples and transfers single
tubes to an integrated freezing unit. Hence, the whole process from identification of
the primary tube to freezing of the aliquots takes maximally five minutes. This way,
sample quality is maintained as good as possible.

Recently, Biobank Graz has become member of the Austrian (BBMRI.AT) as well
as the European network of biobanks (BBMRI-ERIC), see Figure 1. These networks
have been established as infrastructures to intensify crosstalk between biobanks
enabling biomarker research on a much higher level. The headquarters of both net-
works, the national and the European network of biobanks, are located in close vicini-
ty to Biobank Graz, allowing a direct interaction and exchange between the networks

and the biobank.
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Fig. 1. In 2009 the 25 European biobanks with the largest numbers of samples cooperated to
establish a European network of biobanks. This lead to the development of BBMRI-ERIC
which started its action in January 2014.

3.4 Minimal Data Set

Samples stored in a biobank always need to be linked to the respective data of the
donor. Without this information, a sample is of no value since a simple piece of tissue
or a simple aliquot of blood without any further information on the donor cannot be
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used for any research study. It may only be used to test a specific method where for
example a test kit or an antibody is tested. Even then, information on the sample itself
is important.

On the BBMRI Wiki homepage (bbmri-wiki.com) the MIABIS 2.0 site gives de-
tailed information on the minimum information required to initiate collaboration be-
tween biobanks and between biobanks and researchers. At the same time, each and
every biobank has its own definition of the minimal data set. At Biobank Graz, the
minimal data set comprises the following data:

- Age (age of donor at time of sample collection),

- Gender (male, female, other),

- Date of death (if applicable),

- Pathological diagnosis (type of tumor etc.),

- Sample type (DNA, blood cells, serum etc.),

- Data on processing and storage of sample (time, temperature etc.).

For specific sample sets more detailed sets of data can be offered. For example,
tumor samples are further connected to a standard data set at Biobank Graz, compris-
ing the following additional data:

- ICD-10/ICD-O0 code,

- TNM classification,

- Staging,

- Grading,

- Receptor status,

- Residual tumor,

- Affection of lymph nodes,
- Metastases.

Of course, such standard data set can be extended dependent on the amount of clin-
ical information available for each sample. If a biobank is directly connected to a
hospital, it may be possible to retrieve all clinical information of a donor and link
them to a sample. In these cases even longitudinal information on disease and treat-
ment progresses may become available.

3.5 From a Sample to Big Data

Following the data flow from obtaining a human biological sample to a research
study, one can easily identify the accumulation of data (Figure 2). If a patient ap-
proaching a hospital signs an informed consent and allows the use of his/her samples
for research studies, this person becomes a donor of a biobank (Figure 2B). The new-
ly derived clinical data plus the data from the clinical labs from the current stay at the
hospital are added to the already existing clinical data. If the samples are used in a
research project additional data are added. This research data may be derived from a
variety of methods including all the —omics technologies. Hence, huge data sets may
be generated that add to the already existing data.

This way, clinical data over time (including diagnoses, images etc.) are linked
to clinical lab data (over time), different sample types (again over time) and a large
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variety of lab data from research projects. So far, this data sets are not directly linked
to each other and hence, the benefit of large data integration and analysis still awaits
its use. A typical workflow can be seen in figure 2.
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Fig. 2. (A) Typical sample workflow in the hospital; (B) Data integration, data fusion
and analysis as main future challenges in the cross-disciplinary workflows of hospitals and
biobanks

4 Open Challenges

Today, sample and data quality in biobanks shows an astonishing level of heterogene-
ity. As outlined above, so far, harmonization of sample and data collection and sto-
rage protocols has not been achieved yet. At the same time, any agreement on a mi-
nimal quality level is not acceptable as it would produce another mass of suboptimal
scientific data and publications. Hence, it will be the task of large biobanks such as
Biobank Graz, networks such as BBMRI-ERIC and societies such as ISBER (Interna-
tional Society for Biological and Environmental Repositories) to develop standards
and definitions for best practice in biobanking.

A typical example and use case of the heterogeneity and quality differences in bio-
banks today is presented as follows: A scientific study has asked for a collection of a
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specific set of samples and approached a number of biobanks to result in a sufficient
number of cases. The scientists received the samples from the different biobanks and
evaluated the samples according to their protocols. Looking for their marker of inter-
est the scientists identified differences in the samples and thought it would relate to
cases and controls. However, a thorough analysis of their data revealed that the differ-
ences they detected were not related to cases and controls but rather to the biobank the
samples were collected from. The data they achieved with their methods could be
clustered into groups directly representing the different biobanks. This example clear-
ly illustrates the paramount importance of collecting and storing samples and data at
the highest quality level. Taken together, the establishment and maintenance of bio-
banks is demanding and surveillance systems are mandatory to ensure trustworthy
samples for future research [28]. Besides quality of samples, biobanks have to face
further challenges in the following years. Some open challenges include but are not
limited to:

Challenge 1: Systematic assessment and use of clinical data associated with samples.
Problem: Most of the clinical data are available only as unstructured information,
partly in free text [29] or at least in semi-structured form.

Challenge 2: Data integration and fusion of the heterogeneous data sets from vari-
ous data banks (e.g. business enterprise hospital information systems and biobank).
Problem: Heterogeneity of data, weakly structured data, complexity of data, massive
amount of unstructured information, lack of data quality etc.

Challenge 3: Integration of other medical data including, e.g. data from imaging
systems [30] such as ultrasound or radiology. Problem: Complexity and heterogeneity
of data, new approaches for data integration needed.

Challenge 4: Integration and association of scientific data with clinical data and
samples. Problem: On the scientific side huge amounts of scientific data are produced
by -omics technologies, which so far cannot be easily linked to medical data in a
wider range.

Challenge 5: A major issue is the general underuse of biobanks [31]. Biobanks are
housing millions and millions of samples while use of such samples is very limited
due to various reasons. Problem: Lack of awareness in the communities, lack of ex-
change standards, lack of open data initiatives.

Challenge 6: To support research on an international level, the availability of open
data sets would be required. Problem: Privacy, data protection, safety and security
issues.

Moreover, ethical and legal issues remain a big challenge [32]. Different biobanks
follow different strategies how to deal with information of donors, specificity of the
informed consent and acceptance of studies by local ethical committees. Accordingly,
access to samples from different biobanks is restricted due to the various policies that
are embedded in different ethical and legal frameworks.

Public awareness and information of the general population on the importance and
possibilities of biobanks are still lacking [33]. Hundreds of biobanks are currently in
operation across Europe. And although scientists routinely use the phrase “biobank”,
the wider public is still confused when the word 'bank' is being connected with the
collection of their biological samples.



326 B. Huppertz and A. Holzinger

Lack of data quality regarding pre-analytical procedures remains one of the major
challenges associated with biobanking. Simeon-Dubach & Perren (2011) [18] ana-
lyzed 125 papers retrieved in a PubMed search of open-access articles using the key
words biomarker discovery for the years 2004 and 2009. Astonishingly, more than
half of the papers contained no information about the bio-specimens used, and even
four papers on biomarker discoveries published in Nature in 2009 contained insuffi-
cient specimen data. Leading journals are trendsetters when it comes to defining pub-
lication criteria. For example, for some 15 years they have required statements on
ethical review boards and informed consent; today for most journals a biomedical
paper without this information would be unthinkable. To uphold standards, all jour-
nals should insist on full details of biobanked specimens (including pre-analytical
procedures such as collection, processing and storage). Thousands of potential bio-
markers are reported every year, consequently the responsible biobank managers
should collect complete data sets on specimens and pass it on to researchers to in-
clude the source data in their publications [18].

5 Conclusion and Future Work

A recent article in Nature Medicine [34] proposed a number of solutions to the prob-
lem of sample underuse in biospecimen repositories, but the article failed to ad-
dress one important source of underuse: the lack of access to biobank resources by
researchers working in the biomedical domain [35]. This results in the fact that scien-
tific data generated by analyzing samples from biobanks are not flowing back to the
biobanks — and hence cannot be linked to medical data or other scientific data.

Consequently, a grand challenge today can be identified in data fusion and data in-
tegration, fusing clinical data (e.g. patient records, medical reports, pathological data,
etc.) with scientific data such as -omics data derived from biobank samples. To reach
this goal cooperation is needed between advanced knowledge discovery experts and
data mining specialists, biobanking experts and clinicians, -omics data producers and
business experts. This concerted action will bring research results into daily practice
seeking the advice of international experts and with full consideration of data protec-
tion, security, safety and privacy protection.

Marko-Varga et al. (2012) emphasized that biobanks are a major resource to access
and measure biological constituents that can be used to monitor the status of health
and disease, both in unique individual samples and within populations. Moreover,
most -omics-related activities rely on the access to these collections to provide the
basis for establishing the ranges and frequencies of expression. Furthermore, informa-
tion about the relative abundance and form of protein constituents found in stored
samples provides an important historical index for comparative studies of inherited,
epidemic and developing diseases. Standardization of sample quality including han-
dling, storage and analysis is an important unmet need and requirement for gaining
the full benefit from collected samples.

Coupled to this standard is the provision of annotation describing clinical status
and metadata of measurements of clinical phenotype that characterizes the sample.
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Today, we have not yet achieved consensus on how to collect, manage, and build
biobank repositories to reach the goal where these efforts are translated into value for
the patient. Several initiatives (OBBR, ISBER, BBMRI) that disseminate best practice
examples for biobanking are expected to play an important role in ensuring the need
to preserve sample integrity of biosamples stored for periods that reach one or several
decades. These developments will be of great value and importance to programs such
as the Chromosome Human Protein Project (C-HPP) that will associate protein ex-
pression in healthy and disease states with genetic foci along each of the human
chromosomes [36].

LaBaer (2012) [37] reported that the increasing interest in translational research
has created a large demand for blood, tissue and other clinical samples, which find
use in a broad variety of research including genomics, proteomics and metabolomics.
Hundreds of millions of dollars have been invested internationally on the collection,
storage and distribution of samples. Nevertheless, many researchers complain in fru-
stration about their inability to obtain relevant and/or useful samples for their re-
search. Lack of access to samples, poor conditions of samples and unavailability of
appropriate control samples have slowed our progress in studying diseases and bio-
markers. The five major challenges that hinder use of clinical samples for translation-
al research are: (1) Define own biobanking needs. (2) Increase using and accessing
standard operating procedures (SOPs). (3) Recognize interobserver differences to
normalize diagnoses. (4) Identify appropriate internal controls to normalize differenc-
es due to different biobanks. (5) Redefine clinical sample paradigms by establishing
partnerships with the general population [37].

The author states, that for each challenge, the respective tools are already available
to achieve the objective soon. However, it remains that the future of proteomics and
other —omics technologies strongly depends on access to high quality samples, col-
lected under standardized conditions, accurately annotated and shared under condi-
tions that promote research that is needed [37].

Finally, Norlin et al. (2012) reported on numerous successful scientific results
which have emerged from projects using biobanks. They emphasized that in order to
facilitate the discovery of underutilized biobank samples, it would be helpful to estab-
lish a global biobank register, containing descriptive information about existing sam-
ples. However, for shared data to be comparable, data needs to be harmonized first. It
is the aim of BBMRI-ERIC to harmonize biobanking across Europe and to move
towards a universal information infrastructure for biobanking. This is directly con-
nected to the issues of interoperability through standardized message formats and
controlled terminologies. Therefore, the authors have developed a minimal data set
for biobanks and studies using human biospecimens. The data set is called MIABIS
(Minimum Information About Blobank data Sharing) and consists of 52 attributes
describing a biobank content. The authors aim to facilitate data discovery through
harmonization of data elements describing a biobank at an aggregated level. As many
biobanks across Europe possess a tremendous amount of samples that are underuti-
lized, this would help pave the way for biobank networking on a national and interna-
tional level, resulting in time and cost savings and faster emergence of new scientific
results [38].
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Within the HORIZON 2020 program, where “big data” generally, and personalized
medicine specifically are major issues [39] there are numerous calls open that ask for
actions on big data and open data innovation as well as big data research. The latter
calls address fundamental research problems related to the scalability and responsive-
ness of analytics capabilities always basing on biobank samples and data.

Today, the grand challenge is to make the data useable and useful for the medical
professional. To reach such a goal it needs a concerted effort of various research areas
ranging from the very physical handling of complex and weakly-structured data, i.e.
data fusion, pre-processing, data mapping and interactive data mining to interactive
data visualization at the clinical workplace ensuring privacy, data protection, safety
and security at every time [40]. Due to the complexity of biomedical data sets, a ma-
nual analysis will no longer be possible, hence we must make use of sophisticated
machine learning algorithms [41], [42], [43]; and a more effective approach is in
putting the human users in control, since human experts have the abilities to identify
patterns which machines cannot [44], [45]. To bring together these different worlds
the international expert network “HCI-KDD” has been established [46].
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