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Biobanks have long existed to support research activities with BBMRI-ERIC formed
as a European research infrastructure supporting the coordination for biobanking
with 20 country members and one international organization. Although the benefits
of biobanks to the research community are well-established, the direct benefit to
citizens is limited to the generic benefit of promoting future research. Furthermore,
the advent of General Data Protection Regulation (GDPR) legislation raised a series of
challenges for scientific research especially related to biobanking associate activities
and longitudinal research studies. Electronic health record (EHR) registries have long
existed in healthcare providers. In some countries, even at the national level, these
record the state of the health of citizens through time for the purposes of healthcare
and data portability between different providers. The potential of EHRs in research
is great and has been demonstrated in many projects that have transformed EHR
data into retrospective medical history information on participating subjects directly
from their physician’s collected records; many key challenges, however, remain. In
this paper, we present a citizen-centric framework called eHealthBioR, which would
enable biobanks to link to EHR systems, thus enabling not just retrospective but also
lifelong prospective longitudinal studies of participating citizens. It will also ensure strict
adherence to legal and ethical requirements, enabling greater control that encourages
participation. Citizens would benefit from the real and direct control of their data and
samples, utilizing technology, to empower them to make informed decisions about
providing consent and practicing their rights related to the use of their data, as well
as by having access to knowledge and data generated from samples they provided
to biobanks. This is expected to motivate patient engagement in future research
and even leads to participatory design methodologies with citizen/patient-centric
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designed studies. The development of platforms based on the eHealthBioR framework
would need to overcome significant challenges. However, it would shift the burden of
addressing these to experts in the field while providing solutions enabling in the long
term the lower monetary and time cost of longitudinal studies coupled with the option of
lifelong monitoring through EHRs.

Keywords: biobanks, ethical, national health, legal and social issues (ELSI), electronic health record

INTRODUCTION

“It's more important to know what sort of person has a disease
than to know what sort of disease a person has” is a phrase
attributed to the ancient Greek physician Hippocrates. It is a
phrase that was expressed almost 2,500 years ago and is one
of the most powerful justifications for the necessity and the
value of designing and developing complete, functional, and
reliable electronic data and medical sample capture systems
today that support medical research. It is clear, nowadays, that
different types of persons require a different type of health
management, either proactive or reactive (1). Being able to
understand the type of person paves the way to select the
most suitable and beneficial health strategy for the citizen’s
benefit. Thus, well-designed and implemented systems at the
national level that include a well-integrated electronic health
record (EHR) system to biobanks may be regarded as a tool
for painting the full picture of a citizen’s health status. This,
in turn, will enable the discovery of specific disease subtypes
that may be associated with specific treatment outcomes,
empowering personalized healthcare and adapting preventive or
therapeutic recommendations on the specialized health needs of
every citizen.

By serving the citizen-centricity idealism, the central actor
of the eHealth ecosystem is the citizen who is responsible
for making the proper selections to improve his/her own
health quality. Accordingly, it is crucial to allow the citizen
to understand thoroughly the impact of choices at both the
personal and societal levels, in terms of health and financial
status. For example, citizens should become educated about
the meaning of pharmacogenomics testing and how it can be
used to minimize the ineffective medications and the ineffective
doses as well as to control drugs adverse effects (2-4). Human
genome sequencing is an important biomedical finding, which
generates an explosion of genetic data obtained for clinical
purposes [e.g., spot medically actionable diseases or variants for
which preventive measures are available (5, 6)]. The power of the
analysis of this kind of genetic data can be further strengthened
if it is incorporated into national integrated EHR systems (7, 8).
The continuous dramatic drop in price of the genome sequencing
escalates the need to find a way to accomplish this integration
(9), and thus a mass adoption of sequencing-based technologies
can be utilized for clinical care improvement (10). Notably, the
genetic/genomics-based medicine is reported to reduce costs and
improve outcomes mainly because of its preventive character,
which allows the identification of potential or early-stage health
problems (2).

Biobanks collect, catalog, and store biological samples, acting
as a biorepository tool with great impact on medical research.
Biobanks also act as databanks that maintain the data generated
from the analyses of samples, providing researchers access
to large numbers of digitized data across many subjects for
often cross-purpose research studies. However, biobanks have
provoked questions on privacy, research, and medical ethics.
To address these challenges, biobanks adhere to governing
principles and policies that ensure legal and ethical adherence
of national-level (National Bioethics committees approvals)
and European-level requirements [General Data Protection
Regulation (GDPR)]. Digital means to support these activities
have been created to minimize privacy risks and support
research data sharing, which is part of the primary objective
of biobanks.

EHRs are a systematized collection of patients” electronically
stored health information in a digital format. EHR registries
can exist in the institutional (hospitals and clinics) as well
as national level. These are designed to store data accurately
and to capture the state of the health of each person
across time. The focus is not on the population but on the
single individual patient; therefore, their direct application
in research, although possible, is coupled with significant
challenges. These are both technical (lack of homogeneity,
missing data, etc.) and policy challenges (privacy legal/ethical)
(11). They provide real-time digital citizen’s health information
records designed following the principles of citizen centricity.
Consequently, all the actors of the healthcare community
(healthcare providers, medical systems, medical organizations,
etc.) should work as one around the citizen facilitating
healthcare and improving treatment outcomes (4). To achieve
that, the citizens have their own health data ownership, and
they are given the power to control the access to their
individual EHRs. Accordingly, healthcare providers will be
given access to the most relative medical information by
the citizen and the ability to create or maintain a citizen’s
EHR content data. In that way, the citizen will be able
to dictate that his/her medical data follow him/her across
the continuum of his/her care without any information
discontinuities, loss of data, or communication problems
between systems or people in a systematic fashion (8). Thus,
EHR can be considered the backbone of a national eHealth
ecosystem, which essentially joins the pieces of a citizen’s health
puzzle together.

An integrated national EHR system designed to cover the
whole population and to be interoperable gives the right to the
citizens to enjoy portable health, since EHR of a citizen will
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be remotely accessible by every healthcare provider across the
country (12). To achieve that, a strong collaboration between IT
and healthcare professionals is required (13) to define precisely
and adequately EHR contents that will sufficiently embed
workflows and automations reflecting the traditional applied
clinical practice. As stated in (14), the process of rebuilding
the EHR system from the ground up will be painful, but
doing it properly “will make apparently insolvable problems
solvable.” Furthermore, implementing such a system under
the umbrella of the National eHealth Authority (NeHA) as
explained in (12) will assure the standardization of the data
elements and the architecture of the records (15) to be compliant
with the EU directives and guidelines. Thus, accomplishing
the primary target to develop a national eHealth ecosystem
embracing all the healthcare actors under one standardized
system will use a basic healthcare instrument in the integrated
national EHR.

Many successful attempts have been made to capitalize on
the wealth of data in EHRs for research purposes. These rely on
focusing on a set number of specific attributes of interest to the
research topic and on policies that need to be put in place to gain
access to the data. The data attributes selected undergo quality
control and transformations to meet homogeneity requirements
before they are used in research. A common approach used
to address privacy concerns is the pre-processing at the EHR
registry side of the data to anonymize it, providing metadata that
meet the research requirements while maintaining anonymity
(k-anonymity approaches) (16, 17) and limiting the impact of
privacy concerns. Others, instead, focus on federated analysis
approaches where the analyses are run at each EHR registry
with only the research outcomes made available to researchers.
Even with high-dimensional genetic data, a data type inherently
difficult to anonymize k-anonymity approaches can be applied
to transform the data to be usable for research anonymized
metadata (18).

METHODOLOGY

The target of the proposed eHealthBioR framework is to facilitate
the implementation of biomedical research by allowing the
citizen to provide authorization to specific research studies that
link the citizen’s data sourced from a biobank and an EHR system.
Citizens will be able to monitor the access to their data, and they
will be able to withdraw their consent at any moment for any
individual project. The eHealthBioR takes for granted that the
biobank and the national integrated EHR system have collected
and stored data in the corresponding databanks from the same
individuals. The legal and ethical framework in which biobanks
and the national integrated EHR system work internally is out
of the scope of this paper. Rather, the target is to provide a
framework schema that allows the citizens to have an active
role in their participation in research studies combining data
sourcing from a national biobank and EHR while providing the
infrastructure to allow for the mechanisms to be compliant with
GDPR, as well as with other national or international legal or
ethical requirements.

Current State-of-the-Art in Electronic

Health Record-Biobank Integration

Biobanks can benefit the most from their integration with the
national EHR by utilizing the wealth of detailed and longitudinal
EHR data sources, which are enriched for clinically relevant
phenotypes and outcomes to study genetics at a population
scale (5, 19, 20). A nationwide EHR-coupled biobank also
permits the reduction of the demographically distinct group bias,
which underlies biomedical research studies allowing the easy
and fast creation of large, inclusive patient/citizen cohorts that
foster investigation of a biomedical hypothesis (3). Additionally,
gaining access to nationalized pharmaceutical and cause of death
registries can provide useful information for phenotype curation
(19). Nevertheless, the integration of national EHR with biobanks
will allow the latter to carry out long-term follow-up research
studies, whereas the results will not be limited to diseases for
which the participants were originally assessed (21) but also to
the updated and current health status of the participants. Not
only that, but in (21), cost and time efficiency of EHR-linked
biobanks are reported in multiple ways using the BioVU, an EHR-
based biobank paradigm. Although large in scale, BioVU is not
linked to a nationwide EHR. Thus, we can safely conclude that the
cost-saving infrastructure of an EHR-integrated biobank grows
dynamically as the EHR population reflects the whole country’s
citizens. This effect is even larger when the EHR and the biobank
are designed from scratch to serve each other and synergistically
improving citizens health quality and standards.

GDPR requires that data subjects should be able to determine
in advance what the scope and the consequences of their data
processing are and should not be taken by surprise at a later
point about the ways in which their personal and health data have
been used (22). Thus, the transparency of the processing can be
characterized as forming the underlying basis for any exercise of
the rights of the data subject. The eHealthBioR allows the citizen
to grant access to both biobanking and clinical data to specific
entities (e.g., researchers) in a transparent framework under
which the citizen has the control to view, monitor, and (whenever
desired) withdraw the access rights that he/she provides for
specific research studies. The citizen authorizes researchers to
process his/her data for very specific purpose(s) in the context of
a research study. The authorization is granted for a very specific
study, which solely allows the researcher to use it for this purpose.
Any other project requires another separate authorization.

The efficiency of the aforementioned EHR-based biobank
services will be further leveraged by the development of
computational methods, which will accurately extract data from
clinical databases and link the data to DNA repositories (20),
implementing preventive and predictive medicine.

All these tasks should be performed fulfilling the legal,
technical, and financial frameworks of the national eHealth
ecosystem, without diverting from the citizen-centered objective
(12). To manage that, citizens should be able to give their consent
to any biomedical study that they would like to participate in
and to state the period of participation [e.g., broad consent forms
(23)]. It is encouraging though that citizens are willing to enroll
in such processes when they feel trust and that their privacy
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is protected as well as when they see that related issues that
may arise are successfully addressed (24). An integrated national
eHealth ecosystem built with these principles and bridged with
an effective communication strategy about a citizen’s benefits that
arise from his/her participation in such studies can increase the
overall population’s enrolment of the studies (4).

An Overview of Electronic Health Record
Linked Biobanks

Recently, there is a plethora of biobanks, mentioned in the
current bibliography, that work in partnership with national
or private EHR systems. Comprehensive studies examining the
established EHR-linked biobanks can be found in (19, 25, 26).
A summary of the most popular biobank projects working with
EHR is presented in Table 1.

The UK (including England, Wales, Scotland, and Northern
Ireland) and Estonia seem to be two of the few countries that offer
a single-payer-and-provider comprehensive healthcare system
(43) covering the total of their population. As observed from
Table 1, both of them have population-based biobanks coupled
with a national EHR system. However, the coupling process is
a continuously evolving ongoing process that is not completed
for any of them. All other biobanks presented in Table 1 are not
linked with a national EHR system.

Yet all EHR-based biobanks of Table 1 have made remarkable
progress in EHR linking processes, which are worth to study and
adopt/extend the best practices created and used by these leading
initiatives and consortia. Moreover, the different challenges
that these studies have faced in genomic test interpretation,
understanding, and communication must be examined. For
instance, issues related to missing data and lack of quality have
been reported (26). This is a common problem in EHR-based
biobanks and can happen for a variety of reasons. For example,
specific tests are ordered only for specific disease-diagnosed
citizens, while healthy people’s EHR lack this information.
Statistical and machine learning mechanisms are employed to
deal with this problem (44-46). Actually, the rapid acceleration
of statistical, computational, and machine learning method
development urges the need to define their utilization perspective
in genomics-aware EHRs (19). Furthermore, the development
of a robust sustainable ethical/legal/social framework of the
EHR-integrated biobanks must be formalized (5). Another open
topic of discussion is about the potential bias inherited in
EHR health data and how this bias confounds the analysis of
biomedical studies (8). Bias related to EHR can be expressed
by the loss to follow-up or the absence of clinical information
for a study participant (21). EHR information bias may also
apply for different data collection methods that can be used
to record a specific health data measurement amongst different
health providers (47). A critical challenge, which applies for
the whole spectrum of biobanks, especially the EHR-based
biobanks, at the international level is the establishment of data
harmonization processes amongst biobanks (8). The need for
harmonizing clinical sequencing and interpretation has been
identified by the eMERGE Network and set as target for the
network’s phase III. By the end of 2019, they managed to

harmonize two sequencing centers toward the technical and
interpretive aspects of the clinical sequencing tests (48). Another
effort for the establishment of globally scalable technology,
policy, and procedures regarding the sharing of biospecimen and
phenotypic data on wide consented cohorts has been proposed
by Mandl et al. (49). Finally, a research topic of broad and
current interest is the creation of interoperability standards
describing management and sharing of genomic and clinical data
amongst EHR-paired biobanks (2, 32). Although the importance
of introducing interoperability in EHR (12) and in biobank
systems (50) is recognized by the main stakeholders of healthcare
systems, the actual progress toward true semantic interoperability
has been slow, even for well-developed national healthcare
information systems (51). “Enabling genomic data sharing for the
benefit of human health” is the motto of the Global Alliance for
Genomics and Health (GA4GH) network whose strategic plan
involves progress acceleration of standards and frameworks for
genomic data sharing aiming in responsible sharing of clinical-
grade genomic data by 2022 (52). Ultimately, the employment of
current and emerging interoperability standards that will enable
EHRs understanding of genetic/genomic data and biobanks
understanding of clinical and phenotypic data might be the
only way to reach a complete integration between EHR systems
and biobanks.

The Impact of the Proposed Integrated
eHealth Architecture Linking Electronic

Health Records to Biobanks

Dealing with the challenges of using EHR data in research and
linking them to biobanks will enable the systematic pairing
of clinical studies (both observational and interventional) and
healthcare provider-initiated examinations with the biobank
specimens data for

e cost-effective longitudinal studies in genomic medicine
through the utilization of the longitudinal character of the
EHR data;

o theoretically lifetime duration of clinical trials and studies,
which could observe the outcome of participants through
EHRs for as long as the participants provide consent, without
the need or cost of follow-up visits; and

e improvement of personalized clinical care by considering
genetic/genomic implications to patient care throughout their
clinical workflow to reach a clinical decision.

The novelty of this proposal is that both the proposed national
integrated EHR and the population-based integrated biobank
are based on two research projects, eHealth4U and CY-Biobank,
which have recently initiated and they will have a nationwide
impact in Cyprus. The eHealth4U project has initiated the
design and the development of a national integrated EHR system
where the CY-Biobank is designed to be a major national health
resource aiming in supporting applied and basic research for
improving health quality. The fact that the two projects run in
parallel gives them the potential to incorporate, from the very
beginning, the required EU and national standards and protocols
in their structural design and to find the most suitable integration
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TABLE 1 | A selection of major biobank schemes that work with EHRs.

Biobank Country Population-based biobank Link to national EHR Data types References
eMerge Network USA False False Genotype/WES/WGS 3)
https://emerge-network.org/

Million Veteran Program (MVP) USA False False Genotype/WES/WGS (27)
https://www.research.va.gov/mvp/

DeCODE Iceland True False WGS (28)
Genetics https://www.decode.com

BioVU USA False False Genotype (29)
https://victr.vumc.org/biovu-

description/

Michigan Genomics Initiative USA False False Genotype (26, 30)
https://precisionhealth.umich.edu/

michigangenomics/

BioMe™ USA False False Genotype (81)
https://icahn.mssm.edu/research/

ipm/programs/biome-biobank

Estonian Biobank (by Estonian Estonia True True Genotype/WES/WGS (23, 32)
Genome Center)

https://genomics.ut.ee/en/about-us/

estonian-genome-centre

Biobank Japan Japan True False Genotype (33)
http://www.ims.riken.jp/english/

projects/pj02.php

China Kadoorie China True False Genotype (34)
http://www.ckbiobank.org/site/

DiscovEHR USA False False WES (35, 36)
http://www.discovehrshare.com

UK Biobank (UKBB) UK True True Genotype/WES (87, 38)
http://www.ukbiobank.ac.uk

Genomics England UK True for rare disease and their True WGS (39)
https://www.genomicsengland.co.uk/ families, and patients with cancer

Generation Scotland: The Scottish Scotland True for families cohort True Genotype (40-42)

Family Health Study (GS:SFHS)
https://www.ed.ac.uk/generation-
scotland

WES, whole-exome sequencing; WGS, whole-genome sequencing.

architecture in the context of the eHealth national ecosystem. To
do that, technological, legal, and interoperability elements must
be crystallized in deep detail. A very first approach is presented in
the following sections.

PROPOSED INTEGRATION FRAMEWORK
EHEALTHBIOR

The objectives of eHealthBioR based on the policy modules of the
framework are as follows:

e to support the efficient and near-real-time calculation

of statistical power for prospective experiments,
including providing incidence and prevalence of
conditions utilizing privacy-preserving aggregate

data approaches;

e to support monitoring linked to policy enforcement through
centralized dashboards to ensure data security, ethical use of
data, and support efficient policy evolution;

e to enable the automated long-term monitoring of consenting
citizens’ EHRs to research projects they have approved and
tonsure national, international (GDPR) privacy legislation;

e to ensure secure and transparent data communication,
storage, and analyses;

e to generate reports available to participating citizens on the
use of their data across multiple studies, while enabling them
to exercise their rights at any point in a way that builds
confidence and supports engagement of citizens/patients in
research; and

e tosupport in the long term the creation of participatory design
studies that start from the main stakeholders, the patients, and
to ensure that researchers focus on objectives prioritized by the
patients and that the research maintains its focus on reaching
conclusions maximizing the positive impact to patients.

Figure 1 presents how researchers in the biomedical domain
are currently working regarding the design and implementation
of their research studies in contrast to the way that they are
expected to handle their research studies in the eHealthBioR
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framework. More precisely, nowadays in Cyprus, an authorized
researcher has access only to the existing biobanking data of a
citizen who participates to a research study (gray line linking the
researcher and biobank in Figure 1). With the implementation
of eHealth4U (expected to finish in 2022), all the clinical
healthcare data of the citizen shall be kept in the national EHR
repository of Cyprus and will be under the control of the citizen
(gray line linking the citizen and national EHR repository).
However, with the current schema, if clinical healthcare data are
required for the study, the researcher must contact the citizen
in person to extract the extra clinical information needed (gray
line linking the researcher and citizen). A different approach
is proposed by the eHealthBioR framework, which will allow
the registration and implementation of research studies (green
arrow between the researcher and the eHealthBioR rectangle).
The citizen can join the system and select to participate to a
research study by giving an informed consent and then can
monitor how the research study progresses through time (green
arrows between the citizen and the eHealthBioR rectangle). The
informed consent of a citizen dictates which citizen’s data can
be pulled from the two connected repositories, the population-
based biobank and the national EHR Registry presented with
green arrow between the two repositories and the eHealthBioR
rectangle in Figure 1. Pulled citizen’s data will then be provided
to the selected research study for analysis and further processing
using the technical modules while addressing legal and
ethical challenges, enabling research, and empowering citizens
to participate.

In the current model, researchers can apply to gain access
to data through a biobank, and biobanks enroll patients
through their healthcare providers or directly. Researchers
may also collaborate with healthcare providers and also gain
access to data or subjects for prospective studies through that
interaction. However, in both cases, privacy-related legal and
ethical challenges must be met, and this poses a significant
threshold, that to overcome, and enable efficient sharing; in
many cases, anonymization methodologies are chosen to limit
or eliminate the possibility for the researcher to gain access
to the patients personal information. This introduces hurdles
in the process, such as the need for the healthcare provider
to de-anonymize data and evaluate legal and ethical aspects
including risks increasing the cost. But most importantly, this
approach works for collecting prospective data defined as part
of clinical research forms, samples collected, etc., but it does not
enable easy direct access to prospective data, anyway collected
by healthcare professionals in EHRs. Furthermore, there is no
universal way of enrolling citizens across multiple healthcare
providers or gaining access to all data referring to subjects that
are provided with healthcare by different carers (such as the case
of comorbidities and the need to access different providers for
specific conditions).

eHealthBioR sits in the middle of researchers, citizens,
biobanks, and the National Electronic Health Registries,
providing the relevant modules to both integrate the data sources,
clean, and quality control, as well as the tools needed to ensure
legal and ethical adherence and data access to both researchers
and citizens.

The Case of Cyprus Biobank and

Electronic Health Record Integration

Cyprus, being a small country (population 1 million) that was
at the same time initiating a planned large biobank, as well as
designing a national integrated EHR system, provided a unique
opportunity to achieve the implementation of the proposed
integration framework to act as a case study. The implementation
of the prototype of the national integrated EHR system was
initiated in October of 2019 (eHealth4U). At the same time, the
design and the implementation of a population-based biobank
(Cy-Biobank) in Cyprus also began. These two systems are
expected to have a strong impact on Cypriot citizens healthcare
services. Additionally, researchers can also benefit from the
deployment of these two systems, since they will be able to
access biobanking and clinical information for the same citizen
avoiding to ask the citizen to repeat questions, examinations,
measurements, or any other healthcare information that is
already included in the citizen’s national integrated EHR or
biobank profile. The proposed framework is the result of this
work, and although it is designed as a generic framework able
to be re-purposed across different national and international
platforms, it is currently undergoing development based on the
specific requirements of Cyprus. The ultimate objective is the
production of reports demonstrating the specific cost, benefits,
and challenges faced to support the development of platforms in
other countries and settings.

The fact that the proposed framework involves the national
integrated EHR, which is not just another commercial EHR
system, should be considered as a very important factor for the
success of the proposed framework. The national integrated EHR
system will contain the minimum set of healthcare data required
by the national medical associations in Cyprus to describe the
health status of a citizen. The healthcare data will be given in
an interoperable format, allowing other healthcare systems to
communicate and exchange the total of the citizen’s healthcare
information. The contents of this core set of health data shall
be determined by a decree of the Minister of Health, and all
healthcare providers serving in Cyprus will be obligated to update
in a responsible manner the EHR profiles of their patients.

The holders and operators of the healthcare systems and
databanks will be regulated by the NeHA, which was established
by law in 2019.! The national eHealth law defines the legal
framework under which the healthcare providers will work.
As stated in the relevant law, the NeHA will be responsible
to monitor their compliance with the relevant national and
European Union laws and relevant standards but also with the
national eHealth objectives.

Consequently, the proposal of this paper is about the
development of the underlying framework (eHealthBioR), which
takes for granted the existence of the following:

(a) a national integrated EHR system with a Single e-Health
Records Bank!;

(b) a population-based biobank with a Healthcare Provider’s
Databank!; and

No. 59 (I)/2019 Electronic Health Law of Cyprus.
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(c) a regulator monitoring all processes regarding healthcare
data and databanks’.

The fashion in which data are collected, stored, deleted, or
retrieved for the Single e-Health Records Bank or Healthcare
Provider’s Databank is out of the scope of this paper.

The target of the eHealthBioR is to facilitate the
implementation of research studies by providing access to
healthcare data describing the same citizen pulled from both
systems, the national integrated EHR Single e-Health Records
Bank and the population-based biobank databank. Besides,
as reported in (22), the requirement of providing (by the
citizen) a specific consent for every research study that uses
biological materials or personal data obtained during a medical
intervention is stated in the Protocol on Biomedical research
states? and confirmed in the EU Clinical Trials Regulation (No.
536/2014 EU)’.

Based on this requirement, the eHealthBioR provides the
following services to the citizen:

2Explanatory Report, CETS 195, 78.
3Art. 28.2, EU Clinical Trials Regulation EU No. 536/2014.

(a) View ongoing and future research studies that ask
for participants.

(b) Become informed about each suggested research study at
any time from any place for as long as he/she wishes.
Per each research study, the following information will be
available (53):

(i) purpose(s) of the research study,

(if) a description of any reasonably foreseeable risks or
discomforts to the subject or the society,

(iii) a description of any benefits to the subject or to others
that may reasonably be expected from the research,

(iv) a statement describing the extent, if any, to which
confidentiality of records identifying the subject will
be maintained,

(v) whether the results of the research study might be used for
commercial purposes,

(vi) entities involved in the research study (e.g., universities,
laboratories, and pharmaceutical companies),

(vii) relevant legislations, EU directives, or any other
legal or ethical binding regulations that characterize the
research study,
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(viii) research study phases indicating the steps taken in the
context of each phase and the time points that a citizen can
join the study, and

(ix) report explicitly the healthcare data that the research
study asks for authorization to gain access (from both
sources—EHR and biobank).

The eHealthBioR framework will allow the employment of
multiple electronic media, including text, graphics, audio, video,
podcasts, passive and interactive Web sites, biological recognition
devices, and card readers, to convey information related to
the study.

(c) Provide informed consent to a research study. The informed
consent must be created following the guidelines given by
European Commission in Ethics Review in FP7: Guidance for
Applicants. The effective and expiry dates of the consent will
be clearly indicated. The citizen will be also informed about
the right to revoke the consent at any time.

(d) View the studies that he/she participates in and the granted
access rights.

(e) Monitor the progress of the research studies that
he/she participates in. The citizen will have access to the
research studies results, publications, media and press,
commercialization of the results, etc.

(f) Revoke the consent from a research study that he/she
participates in.

The citizen can do all the above from the comfort of his/her home
or any other desired place, at any time, without feeling pressured
by any person, place, and time limitations. The citizen becomes
the key component of the research leading to the production
of citizen-centered research with self-administered participants
being informed about the research before their registration and
continue learning about how the research develops through the
whole lifetime of the study (given that the citizen does not
withdraw the consent). The proposed framework perceives the
citizen as the only controller of his/her own healthcare data
(either stored in a biobank or the national integrated EHR)
and the decision whether any other entity (e.g., researcher,
research organization, and hospital) will be provided with access
rights to a subset of his/her data belongs exclusively to the
citizen. This is fundamental for the eHealthBioR framework in
order to empower the citizens and thus create the potential to
become a leading tool designed to optimize health research and
citizen-centered care in practice. In that way, it is expected to
increase citizens' enrollment rates to research studies as well
as their recruitment and retention improving at the same time
the communication of the research progress and development
to the wider public educating citizens toward new scientific
information on health and biomedical topics (e.g., treatments,
cures, and prognosis). Therefore, while the main objective of the
eHealthBioR is to create a wide range of capabilities for better
understanding, increased motivation, and high engagement for
the citizen, the researcher also benefits from it by increasing

4EUROPEAN COMMISSION, Ethics Review in
FP7: Guidance for Applicants: Informed Consent.
ftp://ftp.cordis.europa.eu/pub/fp7/docs/informed-consent_en.pdf.

the efficiency of research implementation and improving the
research quality.

The researcher entity (human or organization) is capable to do
the following when using the eHealthBioR:

(a) Register a new research study in the eHealthBioR framework
by providing the context of the research study specific
informed consent that will be provided by the citizens that
wish to participate:

a. provide all the information required as presented in the
eHealthBioR services to the citizen, point (b, i-ix);

b. specify if the study requires identifiable subjects and to
what extent;

c¢. set minimum number of participants;

d. set maximum number of participants; and

e. set the duration of the study.

(b) For each of the registered research studies:

a. view the list with the participants who provided the study-
specific informed consent. If the study-specific informed
consent defines anonymized subjects, then the list will
be given in a format that will retain the anonymization
feature; and

b. access (read only) the healthcare data as explicitly
declared in the study-specific informed consent provided by
the citizen-participant.

(c) Close a research study, and, therefore, all the study-
specific informed consent given by the participants will
be revoked.

Acknowledging the complexity of designing and implementing
a research study that combines biobanking data with clinical
healthcare data, the challenge of the eHealthBioR is to provide
a trustful environment for the citizen in which he/she will
feel safe and confident to provide the researcher entity with
access rights to his/her data by an intentional choice. The
key factor to success is to provide the right tools to build
the research study specific informed consent and the proper
function of the framework ensuring that all processes using
citizen’s data are compliant with the context of the provided
informed consent.

The citizen can join a research study following an opt-in
model, as illustrated in Figure 2. In the eHealthBioR framework,
each citizen has access to view information about all the active
research studies, which are registered in the system by researchers
at that particular time period. The citizen shall be able to select a
research study he/she is interested in and study the information
that is important for the citizen to know in order to provide
an informed consent. Then, voluntarily, the citizen can provide
the informed consent for the selected research study, which will
enable his/her participation to the study.

The last step leads to the creation of an active consent, which
will define explicitly what citizen’s data can be drawn from the
biobank and the national integrated EHR Repository to be used
for the referenced research study for which the researcher is
the owner and the citizen is the participant. Figure 3 exhibits
the importance of the active consent provided by the citizen
to a researcher for the purposes of a specific research study.
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Whenever the researcher wishes to process the citizen’s data with
the technical modules provided by the eHealthBioR framework
(Figure 1), the active consent will be used to form the final set
of the biobanking and clinical citizen’s data retrieved from the
two repositories as presented in Figure 3. In the same figure, the
researcher appears to interact with eHealthBioR since he/she will
be able not only to view but also to process the citizen’s dataset
by using the technical modules provided by the eHealthBioR
framework. Accordingly, the citizen is presented to receive
information from the eHealthBioR, which allows a participant
of a particular research study to follow and get updates on the
results, the outcomes, and any other related activity.

The implementation of the eHealthBioR e-consent must
be designed in such a way as to promote the participating
researchers to fulfill the general requirements of a study-specific
informed consent (53) using understandable language to provide
the relevant information. At the same time, they should be
promoted to avoid the use of exculpatory statements, which waive
or appear to waive the participant’s legal rights.

The Electronic Health Record Research
Module

EHR-sourced data represent a national pool of citizens’
phenotyping information that represents the state of the health
of citizens through time. Biobanks on the other hand act as
biospecimens warehouse coupled with research quality data,
which can be used to implement biomedical studies toward
preventive, predictive, and therapeutic knowledge discovery, or
intervention/diagnostic testing. Still, clinical information is very
important for biobanking studies, and therefore, biobanking data
should be linked to citizen’s EHR data. In that way, biobanks
gain access to a huge amount of up-to-date information about
the participants to their studies, creating holistic datasets to
address complex diseases and conditions and enabling long-term
monitoring in longitudinal studies with minimal cost. The EHR
and biobank integration model offers a tremendous opportunity
for the biobanks to explore health information for the citizens of

their cohorts for their life beginning 9 months before their birth
until their current age or their death.

The EHR research module will enable the direct access of
relevant data of subjects who have provided an informed consent
for an approved study longitudinally, designed as a method to
monitor patients in the long term. Nevertheless, the patients
should be informed about how and what their data are used
for and enable them to withdraw their consent at any point
through the national EHR platform. This module can work as
a catalyst supporting research activities such as biobanking, by
both enabling the longitudinal monitoring of the patient through
their EHRs and by enabling the user to have knowledge of when,
how, and why their data are used with the ability to withdraw
consent at any point.

This will include an API that will allow the long-term
monitoring of the patients through the EHRs for research
purposes while empowering the patient with the ability to
withdraw consent or exercise any of their other rights as a subject
in the study at any time through the system.

The API will authenticate the research entity requesting the
data and only provide it access to citizens who have completed
all policy requirements to participate in that study and only data
that have been approved as part of the relevant informed consent
and bioethics approval.

The Electronic Health Record Aggregate
Analytics Module

The aggregate analytics module will perform in near-real-time
aggregation and preliminary statistical analyses of all data in
the EHR system focusing on disease prevalence and incidence.
As this module will only provide aggregate data, the generated
outcomes will not constitute personal data, and therefore, the
requirements for access to data generated by this module will
be limited. Care will be taken to ensure de-anonymization is
not possible by utilizing well-established methods including
perturbation and data suppression (16, 18).
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This will support governmental organizations at the national
(Ministry of Health) as well as the international (World Health
Organization) to have direct access enhancing their activities, and
early identification of issues, such as changes in the incidence
of infectious diseases. Furthermore, it will help guide research
by the identification of the most prominent research challenges
(diseases with sudden recent increases or high overall incidence).
Additionally, it is easier to identify the subjects that could be
informed of a future research and asked to provide their consent
to participate, provided that the legal and ethical challenges are
addressed through proper channels.

The Biobank Data Integration Module
Currently, there are independent legacy EHR systems across
different healthcare providers; however, the number of these
that support international standards for encoding and
communication is increasing with support mandated at the
policy level across many countries.

To achieve integration with EHRs on a biobank’s side, bi-
directional communication protocols need to be developed
through secure APIs. This module will support both the pulling
of data from existing external to the biobank EHR systems and
the integration of these data with the biobank’s own sample
databases. This process will enable the long-term monitoring
of the patient and will provide bi-directional communication
informing the EHR system (if it supports this functionality)
with what data have been produced from the biological sample
provided to the biobank, focusing on data that are or may become
in the near future relevant to the healthcare provider’s team.
Examples include somatic or cell line mutations in cancer and
patients detected through sequencing of samples provided to the

biobank that, although performed as part of research projects,
may help identify optimal secondary treatments. This will enable
the biobank to enrich the data of patients who provide samples.

DISCUSSION

There is great research potential in EHR records, but there are
also key challenges. These challenges can all be traced back to
the purpose of EHRs, that is, to support the individual citizens’
healthcare and to some extent health insurance provision not
to enable research. Already multiple research initiatives have
successfully demonstrated that EHRs can and should be used
in research, as they provide a low-cost unique longitudinal data
source spanning potentially the entire life of the subjects in the
studies. It is also been demonstrated that it is possible to address
to a sufficient extent the challenges that EHRs pose to be reused
in research, related to missing data, quality of data, or the diverse
potential sources of data. However, to ensure legal and ethical
compliance, without any data loss, and to simultaneously enable
the integration of data from different sources of the same subjects
(such as the case of patients providing samples and data to
biobanks), following techniques of anonymization is the wrong
approach. By definition these rely on destroying the link between
the data and the individual, but that is what we most want to
preserve in order to link the EHR to the structured electronic case
report forms (eCRFs) and data collected through the biobank.
Thus, what is proposed in this paper is an approach that puts
the citizen-patient in the driver’s seat, enabling them to quickly
review and take informed decisions about providing consent for
specific research experiments, monitor the use, and empower
them to practice their legal rights. This way, research participants
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are empowered to join, maintain their interest in the study,
and understand how, when, and why their data are used. Most
importantly, they can engage with the research in a meaningful
way, including observing potential research outcomes relevant to
their care in the long term. We suggest that this eHealthBioR
or similar integrations of biobanks to EHR registries may
act as a key enablers in engaging more citizens, healthy or
patients, in research, while also increasing adherence to the
study directions.

CONCLUSION

In this paper, we outlined the state of the art in data-reuse
from EHRs and analyzed that although challenging to use in
research, EHRs pose a tremendous opportunity, especially for
long-term longitudinal studies. However, current approaches
that attempt to solve the privacy aspects through anonymity or
federated executions, suffer from a major disadvantage in that
they do not allow for external to the EHR registry data silos that
contain information on the same subjects to be integrated in the
EHRs. Furthermore, the legal and ethical challenges associated
with access health data, especially in the case of molecular level
data such as genetics that are inherently personal data, pose
a significant hurdle to research. We proposed a methodology
that addresses these challenges, and we suggest a framework
that integrates a national integrated EHR system with biobanks
within a legal and ethical context to support the citizens to

REFERENCES

1. Williams MS, Buchanan AH, Davis FD, Faucett WA, Hallquist MLG, Leader
JB, et al. Patient-centered precision health in a learning health care system:
Geisinger’s genomic medicine experience. Health Aff (Millwood). (2018)
37:757-64. doi: 10.1377/hlthaff.2017.1557

2. Ullman-Cullere M, Mathew JP. Emerging landscape of genomics in the
electronic health record for personalized medicine. Hum Mutat. (2011)
32:512-6. doi: 10.1002/humu.21456

3. Gottesman O, Kuivaniemi H, Tromp G, Faucett WA, Li R, Manolio TA,
et al. The electronic medical records and genomics (eMERGE) network: past,
present, and future. Genet Med. (2013) 15:761-71. doi: 10.1038/gim.2013.72

4. Hall JL, Ryan J], Bray BE, Candice B, David L, Kristin NL, et al. Merging
electronic health record data and genomics for cardiovascular research.
Circ Cardiovasc Genet. (2016) 9:193-202. doi: 10.1161/HCG.00000000000
00029

5. Smoller JW, Karlson EW, Green RC, Kathiresan S, Macarthur DG, Talkowski
ME, et al. An eMERGE clinical center at partners personalized medicine. J Pers
Med. (2016) 6:1-10. doi: 10.3390/jpm6010005

6. Kalia SS, Adelman K, Bale SJ, Chung WK, Eng C, Evans JP, et al
Recommendations for reporting of secondary findings in clinical exome and
genome sequencing, 2016 update (ACMG SF v2.0): a policy statement of the
American College of Medical Genetics and Genomics. Genet Med. (2017)
19:249-55. doi: 10.1038/gim.2016.190

7. Shoenbill K, Fost N, Tachinardi U, Mendonca EA. Genetic data
and electronic health records: a discussion of ethical, logistical and
technological considerations. ] Am Med Inform Assoc. (2013) 21:171-80.
doi: 10.1136/amiajnl-2013-001694

8. Abul-Husn NS, Kenny EE. Personalized medicine and the power of electronic
health records. Cell. (2019) 177:58-69. doi: 10.1016/j.cell.2019.02.039

9. Davies K. The era of genomic medicine. Clin Med. (2013) 13:594-601.
doi: 10.7861/clinmedicine.13-6-594

provide their data for research purposes. In this way, the strict
adherence to legal and ethical requirements is ensured as well as
the empowerment sense of the participants since they are enabled
to exercise their legal rights. We provide a first draft of how
the integration of such modules could be achieved through the
proposed eHealthBioR.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING

This work presented in this paper is partially funded by the
Cy-Biobank project, which receives funding from the European
Union’s, Horizon 2020 research and Innovation program, under
Grant Agreement No. 857122, and the eHealth4U project which
is co-funded by the European Regional Development Fund and
the Republic of Cyprus through the Research and Innovation
Foundation (Project: INTEGRATED/0916/0030).

Tasa T, Krebs K, Kals M, Migi R, Lauschke VM, Haller T, et al. Genetic
variation in the Estonian population: pharmacogenomics study of adverse
drug effects using electronic health records. Eur ] Hum Genet. (2019) 27:442-
54. doi: 10.1038/s41431-018-0300-6

. Cowie MR, Blomster JI, Curtis LH, Duclaux S, Ford I, Fritz E, et al. Electronic
health records to facilitate clinical research. Clin Res Cardiol. (2017) 106:1-9.
doi: 10.1007/s00392-016-1025-6

Schiza EC, Kyprianou TC, Petkov N, Schizas CN. Proposal for an eHealth
based ecosystem serving national healthcare. IEEE ] Biomed Health Inf. (2019)
23:1346-57. doi: 10.1109/JBHI.2018.2834230

MD G, Linda. Why Doctors Hate Their EHRs. (2017). Available online at:
http://www.physicianspractice.com/ehr/why- doctors- hate- their-ehrs, 2019
Persaud N. A national electronic health record for primary care. CMAJ. (2019)
191:E28-9. doi: 10.1503/cmaj.181647

. Simkus R. Physicians need to participate in developing standards for
electronic health records. CMA]J. (2019) 191:E588. doi: 10.1503/cma;j.71920
Antoniades A, Aristodimou A, Georgousopoulos C, Forgdé N, Gledson A,
Hasapis P, et al. Advancing clinical research by semantically interconnecting
aggregated medical data information in a secure context. Health Technol.
(2017) 7:223-40. doi: 10.1007/s12553-017-0188-0

Aristodimou A, Antoniades A, Pattichis CS. Privacy preserving data
publishing of categorical data through k-anonymity and feature selection.
Healthcare Technol Lett. (2016) 3:16-21. doi: 10.1049/ht1.2015.0050
Antoniades A, Keane J, Aristodimou A, Philipou C, Constantinou A, Tozzi F,
et al. The effects of applying cell-suppression and perturbation to aggregated
genetic data. In: IEEE 12th International Conference on Bioinformatics &
Bioengineering (BIBE) (2012). doi: 10.1109/BIBE.2012.6399777

. Wolford BN, Willer CJ, Surakka I. Electronic health records: the next
wave of complex disease genetics. Hum Mol Genet. (2018) 27:R14-21.
doi: 10.1093/hmg/ddy081

Wells QS, Gupta DK, Smith JG, Collins SP, Storrow AB, Ferguson J,
et al. Accelerating biomarker discovery through electronic health records,

20.

Frontiers in Digital Health | www.frontiersin.org

11

June 2021 | Volume 3 | Article 628646


https://doi.org/10.1377/hlthaff.2017.1557
https://doi.org/10.1002/humu.21456
https://doi.org/10.1038/gim.2013.72
https://doi.org/10.1161/HCG.0000000000000029
https://doi.org/10.3390/jpm6010005
https://doi.org/10.1038/gim.2016.190
https://doi.org/10.1136/amiajnl-2013-001694
https://doi.org/10.1016/j.cell.2019.02.039
https://doi.org/10.7861/clinmedicine.13-6-594
https://doi.org/10.1038/s41431-018-0300-6
https://doi.org/10.1007/s00392-016-1025-6
https://doi.org/10.1109/JBHI.2018.2834230
http://www.physicianspractice.com/ehr/why-doctors-hate-their-ehrs
https://doi.org/10.1503/cmaj.181647
https://doi.org/10.1503/cmaj.71920
https://doi.org/10.1007/s12553-017-0188-0
https://doi.org/10.1049/htl.2015.0050
https://doi.org/10.1109/BIBE.2012.6399777
https://doi.org/10.1093/hmg/ddy081
https://www.frontiersin.org/journals/digital-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/digital-health#articles

Antoniades et al.

eHealthBioR Integrating BioBanks With EHRs

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

automated biobanking, and proteomics. ] Am Coll Cardiol. (2019) 73:2195-
205. doi: 10.1016/j.jacc.2019.01.074

Bowton E, Field JR, Wang S, Schildcrout JS, Van Driest SL, Delaney JT, et al.
Biobanks and electronic medical records: enabling cost-effective research. Sci
Transl Med. (2014) 6:234m3. doi: 10.1126/scitranslmed.3008604

Salokannel M, Tarkkala H, Snell K. Legacy samples in Finnish biobanks: social
and legal issues related to the transfer of old sample collections into biobanks.
Hum Genet. (2019) 138:1287-99. doi: 10.1007/s00439-019-02070-0

Leitsalu L, Alavere H, Tammesoo M, Leego E, Metspalu A. Linking a
population biobank with national health registries-the estonian experience.
J Pers Med. (2015) 5:96-106. doi: 10.3390/jpm5020096

Antommaria AHM, Brothers KB, Myers JA, Feygin YB, Aufox SA, Brilliant
MH, et al. Parents’ attitudes toward consent and data sharing in biobanks:
a multisite experimental survey. AJOB Empir Bioeth. (2018) 9:128-42.
doi: 10.1080/23294515.2018.1505783

Hemingway H, Asselbergs FW, Danesh ], Dobson R, Maniadakis N, Maggioni
A, et al. Big data from electronic health records for early and late translational
cardiovascular research: challenges and potential. Eur Heart J. (2017) 39:1481-
95. doi: 10.1093/eurheartj/ehx487

Beesley LJ, Salvatore M, Fritsche LG, Pandit A, Rao A, Brummett C,
et al. The emerging landscape of health research based on biobanks linked
to electronic health records: existing resources, statistical challenges, and
potential opportunities. Stat Med. (2020) 39:773-800. doi: 10.1002/sim.8445
Gaziano JM, Concato J, Brophy M, Fiore L, Pyarajan S, Breeling J, et al. Million
veteran program: a mega-biobank to study genetic influences on health and
disease. ] Clin Epidemiol. (2016) 70:214-23. doi: 10.1016/j.jclinepi.2015.09.016
Jonsson H, Sulem P, Kehr B, Kristmundsdottir S, Zink F, Hjartarson E, et al.
Whole genome characterization of sequence diversity of 15,220 Icelanders. Sci
Data. (2017) 4:170115. doi: 10.1038/sdata.2017.115

Pulley J, Clayton E, Bernard GR, Roden DM, Masys DR. Principles of human
subjects protections applied in an opt-out, de-identified biobank. Clin Trans
Sci. (2010) 3:42-8. doi: 10.1111/.1752-8062.2010.00175.x

Fritsche LG, Gruber SB, Wu Z, Schmidt EM, Zawistowski M, Moser SE, et al.
Association of polygenic risk scores for multiple cancers in a phenome-wide
study: results from the Michigan genomics initiative. Am ] Hum Genet. (2018)
102:1048-61. doi: 10.1016/j.ajhg.2018.04.001

Belbin GM, Wenric S, Cullina S, Glicksberg BS, Moscati A, Wojcik GL, et al.
Towards a fine-scale population health monitoring system. bioRxiv. (2019)
184:780668. doi: 10.1101/780668

Milani L, Leitsalu L, Metspalu A. An epidemiological perspective of
personalized medicine: the Estonian experience. ] Intern Med. (2015) 277:188—
200. doi: 10.1111/joim.12320

Nagai A, Hirata M, Kamatani Y, Muto K, Matsuda K, Kiyohara Y, et al.
Overview of the BioBank Japan project: study design and profile. J Epidemiol.
(2017) 27:52-8. doi: 10.1016/j.je.2016.12.005

Chen Y, Wright N, Guo Y, Turnbull I, Kartsonaki C, Yang L, et al. Mortality
and recurrent vascular events after first incident stroke: a 9-year community-
based study of 0.5 million Chinese adults. Lancet Global Health. (2020)
8:¢580-90. doi: 10.1016/52214-109X(20)30069-3

Dewey FE, Murray MF, Overton JD, Habegger L, Leader JB, Fetterolf SN,
et al. Distribution and clinical impact of functional variants in 50,726 whole-
exome sequences from the DiscovEHR study. Science. (2016) 354:aaf6814.
doi: 10.1126/science.aaf6814

Staples ], Maxwell EK, Gosalia N, Gonzaga-Jauregui C, Snyder C,
Hawes A, et al. Profiling and leveraging relatedness in a precision
medicine cohort of 92,455 exomes. Am ] Hum Genet. (2018) 102:874-89.
doi: 10.1016/j.ajhg,2018.03.012

Atkinson MD, Kennedy JI, John A, Lewis KE, Lyons RA, Brophy ST, et al.
Development of an algorithm for determining smoking status and behaviour
over the life course from UK electronic primary care records. BMC Med Inf
Decis Making. (2017) 17:2. doi: 10.1186/s12911-016-0400-6

Van Hout CV, Tachmazidou I, Backman JD, Hoffman JX, Ye B, Pandey AK,
et al. Exome sequencing and characterization of 49,960 individuals in the UK
Biobank. Nature. (2020) 586:749-56. doi: 10.1038/s41586-020-2853-0
Turnbull C, Scott RH, Thomas E, Jones L, Murugaesu N, Pretty FB, et al. The
100 000 Genomes Project: bringing whole genome sequencing to the NHS.
BM]J. (2018) 361:k1687. doi: 10.1136/bmj.k1687

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Smith BH, Campbell H, Blackwood D, Connell ], Connor M, Deary
IJ, et al. Generation Scotland: the Scottish Family Health Study; a new
resource for researching genes and heritability. BMC Med Genet. (2006) 7:74.
doi: 10.1186/1471-2350-7-74

Smith BH, Campbell A, Linksted P, Fitzpatrick B, Jackson C, Kerr SM,
et al. Cohort profile: generation Scotland: Scottish Family Health Study
(GS:SFHS). The study, its participants and their potential for genetic research
on health and illness. Int ] Epidemiol. (2012) 42:689-700. doi: 10.1093/ije/
dys084

Kerr S, Campbell A, Marten J, Vitart V, McIntosh A, Porteous D,
et al. Electronic health record and genome-wide genetic data in
Generation Scotland participants [version 1; peer review: 2 approved,
1 approved with reservations]. Wellcome Open Res. (2017) 2:85.
doi: 10.12688/wellcomeopenres.12600.1

Denaxas S, Gonzalez-Izquierdo A, Direk K, Fitzpatrick NK, Fatemifar G,
Banerjee A, et al. UK phenomics platform for developing and validating EHR
phenotypes: CALIBER. ] Am Med Informatics Association. (2019) 26:1545-59.
doi: 10.1093/jamia/ocz105

Beaulieu-Jones B, Moore Jh. Missing data imputation in the electronic health
record using deeply learned autoencoders. Biocomputing. (2017) 22:207-18.
doi: 10.1142/9789813207813_0021

Beaulieu-Jones B, Lavage DR, Snyder JW, Moore JH, Pendergrass SA,
Bauer CR. Characterizing and managing missing structured data in
electronic health records: data analysis. JMIR Med Inf. (2018) 6:ell.
doi: 10.2196/medinform.8960

Basile AO, Ritchie MD. Informatics
define the phenotype. Exp Rev Mol
doi: 10.1080/14737159.2018.1439380

Bower JK, Patel S, Rudy JE, Felix AS. Addressing bias in electronic
health record-based surveillance of cardiovascular disease risk: finding
the signal through the noise. Curr Epidemiol Rep. (2017) 4:346-52.
doi: 10.1007/540471-017-0130-z

Zouk H, Venner E, Lennon NJ, Muzny DM, Abrams D, Adunyah
S, et al. Harmonizing clinical sequencing and interpretation for
the eMERGE III network. Am ] Hum Genet. (2019) 105:588-605.
doi: 10.1016/j.ajhg.2019.07.018

Mandl KD, Glauser T, Krantz ID, Avillach P, Bartels A, Beggs AH, et al.
The genomics research and innovation network: creating aninteroperable,
federated, genomics learning system. Genet Med. (2020) 22:371-80.
doi: 10.1038/541436-019-0646-3

Alterovitz G, Heale B, Jones J, Kreda D, Lin E Liu L, et al. FHIR
Genomics:  enabling  standardization for precision medicine use
NPJ] Genom Med. (2020) 5:13. doi: 10.1038/s41525-020-

and machine
Diagn. (2018)

learning  to
18:219-26.

cases.
0115-6
Warren LR, Clarke ], Arora S, Darzi A. Improving data sharing between
acute hospitals in England: an overview of health record system distribution
and retrospective observational analysis of inter-hospital transitions
of care. BMJ] Open. (2019) 9:¢031637. doi: 10.1136/bmjopen-2019-0
31637

Global Alliance. Global Alliance for Genomics and Health. Available online at:
https://www.ga4gh.org/about-us/ (accessed June, 2020).

Maloy W, Bass PE, 111 Understanding broad
consent. Ochsner ] (2020) 20:81-6. doi: 10.31486/toj.
19.0088

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Antoniades, Papaioannou, Malatras, Papagregoriou, Miiller,
Holub, Deltas and Schizas. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s)
and the copyright owner(s) are credited and that the original publication in
this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Digital Health | www.frontiersin.org

June 2021 | Volume 3 | Article 628646


https://doi.org/10.1016/j.jacc.2019.01.074
https://doi.org/10.1126/scitranslmed.3008604
https://doi.org/10.1007/s00439-019-02070-0
https://doi.org/10.3390/jpm5020096
https://doi.org/10.1080/23294515.2018.1505783
https://doi.org/10.1093/eurheartj/ehx487
https://doi.org/10.1002/sim.8445
https://doi.org/10.1016/j.jclinepi.2015.09.016
https://doi.org/10.1038/sdata.2017.115
https://doi.org/10.1111/j.1752-8062.2010.00175.x
https://doi.org/10.1016/j.ajhg.2018.04.001
https://doi.org/10.1101/780668
https://doi.org/10.1111/joim.12320
https://doi.org/10.1016/j.je.2016.12.005
https://doi.org/10.1016/S2214-109X(20)30069-3
https://doi.org/10.1126/science.aaf6814
https://doi.org/10.1016/j.ajhg.2018.03.012
https://doi.org/10.1186/s12911-016-0400-6
https://doi.org/10.1038/s41586-020-2853-0
https://doi.org/10.1136/bmj.k1687
https://doi.org/10.1186/1471-2350-7-74
https://doi.org/10.1093/ije/dys084
https://doi.org/10.12688/wellcomeopenres.12600.1
https://doi.org/10.1093/jamia/ocz105
https://doi.org/10.1142/9789813207813_0021
https://doi.org/10.2196/medinform.8960
https://doi.org/10.1080/14737159.2018.1439380
https://doi.org/10.1007/s40471-017-0130-z
https://doi.org/10.1016/j.ajhg.2019.07.018
https://doi.org/10.1038/s41436-019-0646-3
https://doi.org/10.1038/s41525-020-0115-6
https://doi.org/10.1136/bmjopen-2019-031637
https://www.ga4gh.org/about-us/
https://doi.org/10.31486/toj.19.0088
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/digital-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/digital-health#articles

	Integration of Biobanks in National eHealth Ecosystems Facilitating Long-Term Longitudinal Clinical-Omics Studies and Citizens' Engagement in Research Through eHealthBioR
	Introduction
	Methodology
	Current State-of-the-Art in Electronic Health Record–Biobank Integration
	An Overview of Electronic Health Record Linked Biobanks
	The Impact of the Proposed Integrated eHealth Architecture Linking Electronic Health Records to Biobanks

	Proposed Integration Framework eHealthBioR
	The Case of Cyprus Biobank and Electronic Health Record Integration
	The Electronic Health Record Research Module
	The Electronic Health Record Aggregate Analytics Module
	The Biobank Data Integration Module

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	References


