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Abstract

Digital health is a promising tool to support people with an elevated risk for atherosclerotic cardiovascular disease (ASCVD) and
patients with an established disease to improve cardiovascular outcomes. Many digital health initiatives have been developed
and employed. However, barriers to their large-scale implementation have remained. This paper focuses on these barriers and
presents solutions as proposed by the Dutch CARRIER (ie, Coronary ARtery disease: Risk estimations and Interventions for
prevention and EaRly detection) consortium. We will focus in 4 sections on the following: (1) the development process of an
eHealth solution that will include design thinking and cocreation with relevant stakeholders; (2) the modeling approach for two
clinical prediction models (CPMs) to identify people at risk of developing ASCVD and to guide interventions; (3) description of
a federated data infrastructure to train the CPMs and to provide the eHealth solution with relevant data; and (4) discussion of an
ethical and legal framework for responsible data handling in health care. The Dutch CARRIER consortium consists of a collaboration
between experts in the fields of eHealth development, ASCVD, public health, big data, as well as ethics and law. The consortium
focuses on reducing the burden of ASCVD. We believe the future of health care is data driven and supported by digital health.
Therefore, we hope that our research will not only facilitate CARRIER consortium but may also facilitate other future health care
initiatives.

(JMIR Cardio 2022;6(2):e37437) doi: 10.2196/37437
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Introduction

Atherosclerotic cardiovascular disease (ASCVD) remains one
of the leading causes of death worldwide [1] and is a burden to
medical expenses in Europe [2]. The occurrence of ASCVD is
highly correlated with conventional risk factors such as high
blood pressure and smoking. Therefore, prevention and
treatment of risk factors is of importance in reducing this burden.
ASCVD can be prevented to a great extent by a healthy lifestyle
[3].

However, a recent survey from EUROASPIRE V investigators
showed that “a large majority of patients at high [AS]CVD risk
fail to achieve lifestyle, blood pressure, lipid, and glycemic
targets” [4]. The limited adherence to these targets is one of the
causes of the remaining burden of ASCVD. Therefore, there is
an unmet clinical need for innovative solutions to support people
at risk, patients with an established disease, and their health
care professionals to improve cardiovascular outcomes.

eHealth has the potential to reach a wide audience of people at
risk and support patients to adopt a healthy lifestyle and reduce
their cardiovascular risk [5-7]. Nevertheless, there are barriers
to large-scale implementation of digital health as stated by the
Society of Cardiology e-Cardiology working group in their
recent position paper [8].

One of the barriers to eHealth implementation is a mismatch
between the end product and the needs of its end users [8-10].
It is known that specific groups have a low adherence to eHealth
(eg, people in older age and those with low health literacy).
Involvement of relevant stakeholders (eg, physicians and
patients) during development (or so-called cocreation) enhances
the adoption of the end product by its end users [11].

In addition to cocreation with relevant stakeholders,
implementation also depends on availability and
communicability of data between stakeholders involved in the
prevention of ASCVD. The availability of data is essential for
innovative clinical prediction models (CPMs) for the early

identification of people at risk, accurate risk estimation, and
guiding interventions [12].

Unfortunately, data are scattered among the stakeholders, and
thus, not readily available. Therefore, a mature data
infrastructure connecting the stakeholders needs to be developed.
A federated data infrastructure using the Personal health Train
[13] is a promising technology to connect stakeholders.

Finally, successful implementation of digital health interventions
requires consideration of ethical and legal demands for the
aforementioned data infrastructure. Therefore, an ethical and
legal framework for responsible data handling in health care
needs to be instigated.

The Dutch CARRIER (ie, Coronary ARtery disease: Risk
estimations and Interventions for prevention and EaRly
detection) consortium (Table 1) consists of a collaboration
between experts in the fields of eHealth development, ASCVD,
public health, big data, and ethics and law. The consortium was
established in 2020 and is funded by the Dutch Research
Council. CARRIER targets early identification, prevention, and
treatment of ASCVD, with a regional alliance in the south of
the Netherlands. We believe the future of health care is data
driven and supported by digital health. Therefore, we collaborate
on research of big data-driven, participative self-care
interventions to reduce the burden of ASCVD.

In this paper, we will discuss the aforementioned barriers and
propose the following practical solutions for the implementation
of digital health to reduce the burden of ASCVD: (1) description
of the development process of an eHealth application using
cocreation with relevant stakeholders, which enhances the
adoption of the end product by its end users; (2) presentation
of the modeling approach for two innovative CPMs for the early
identification of people at risk of developing ASCVD, accurate
risk estimation, and guiding interventions; (3) description of a
federated data infrastructure using the Personal Health Train to
connect relevant stakeholders; and (4) discussion of an ethical
and legal framework for responsible data handling in health
care.
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Table 1. Terms and abbreviations used within CARRIER consortium and their definitions.

DefinitionTerm or abbreviation

A broad umbrella term encompassing the whole technical solution CARRIER proposesDigital health

The product that is used by the end userseHealth

Atherosclerotic cardiovascular diseaseASCVD

A cyclic process to develop productsDesign thinking

Involvement of relevant stakeholders during the development of productsCocreation

Clinical prediction modelCPM

The process that ensures the end product is used in daily practiceImplementation

A technique that trains algorithms using data from decentralized organizationsFederated learning

A set of tools and processes that allows federated learningFederated data infrastructure

The framework that needs to be created to ensure responsible data handlingEthical and legal framework

Statistics Netherlands—the national office for statisticsSN

Electronic health recordEHR

Natural language processing, or text mining—a technique to analyze human languageNLP

Findable, Accessible, Interoperable, and Reusable dataFAIR data

Data from the same individual that is distributed among different organizationsVertically partitioned

Linking records that correspond to the same individual across different data setsRecord linkage

Secure multiparty computation, which allows organizations to perform calculations with private data without revealing
the data

SMC

The degree of privacy sensitivity of an analysisε-Differential privacy

General Data Protection RegulationGDPR

The Development Process of a Digital
Health Solution

To increase the likelihood of successful adoption of the end
product by its end users, the user-centered design
approach—“design thinking”—will be applied [14,15]. Design
thinking is an iterative process to create and evaluate innovative
solutions; this means that end users and relevant stakeholders
will be involved throughout the development process to ensure
the final product meets the needs and vision of all relevant
parties. Design thinking consists of 5 iterative phases (Figure
1).

Within the first 2 phases (ie, empathize and define), we used
cocreation to describe our ideal digital health solution for
ASCVD. Essential elements of this solution are as follows: a
CPM for risk estimation, personalized risk communication,
personalized treatment goals, individualized eHealth modules
to guide and monitor treatment and outcomes, and the use of a
federated data infrastructure to connect different organizations
involved (Figure 2). These elements are explained in more detail
in the next sections.

Integration of CPMs in a digital health solution enables the use
of relevant and readily available data from different
organizations to identify people at risk. After calculating the
risk, this will be visualized and communicated according to the
preferences and level of understanding of the individual. This
information supports the patient and health care professional to
set tailored goals using shared decision-making. The optimal

format and visualization for risk communication is further
examined and is therefore part of the objectives of CARRIER.

As different subgroups of people have a different adherence to
lifestyle interventions, eHealth modules need to be adapted
toward a personalized approach [16]. When interventions are
personalized, the content becomes more relevant to the
individual. This will result in an increased adherence to the
intervention and a greater improvement in health outcomes [17].

eHealth modules that support patients in achieving their goals
will be available within the eHealth solution for cardiovascular
risk factors, such as smoking, hypertension, diabetes, and
hypercholesterolemia, and additionally, for medication
adherence, a healthy diet, physical activity, and stress reduction.
The modules should also provide the possibility to monitor the
effect of the interventions by (automatic) collection of relevant
data. Activity trackers, for example, can be used to obtain insight
into the physical activity of the patient. The modules should
provide personalized feedback to the patients and their health
care professionals. Monitoring of the goals can assist the patient
and health care professional to guide the timing and frequency
of medical follow-up. Relevant outcomes should be collected
and used to improve the content of the eHealth modules and
the risk estimation of the CPMs. Besides the first 2 steps (ie,
empathize and define) of the design thinking process, the other
3 steps include the following: ideate, prototype, and testing.
The testing phase will include an evaluation with the
involvement of end users. Thereby, the testing phase provides
feedback and may lead to reevaluation of the proposed solution.
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To ensure maximal implementation, the eHealth solution needs to be integrated into the workflow of care pathways [8].

Figure 1. The 5 iterative phases of design thinking.

Figure 2. Proposed digital health solution.
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The Modeling Approach for a Screening
and Interventional Model

The early identification of people at risk for ASCVD can be
supported by CPMs. However, current CPMs, such as
Framingham or SCORE, only use conventional patient
characteristics for their risk estimation [18]. To improve the
accuracy of CPMs, nonconventional risk factors, such as
ethnicity, socioeconomic status, obesity, and physical inactivity,
can be added [12,19,20]. Adding nonconventional risk factors
can identify people at increased risk without the need for prior
medical testing (unlike measurement of high blood pressure
and hypercholesterolemia) and can inform lifestyle interventions
(eg, losing weight and increasing physical activity).

Two CPMs will be constructed in CARRIER. The first model
aims to identify people at risk to develop ASCVD. The second
model aims to guide interventions for those at a high risk or
with an established ASCVD. We will refer to the first model
as the screening model and to the second model as the
intervention model.

Consensus on which conventional and nonconventional risk
factors should be included in the models will be reached through
a Delphi study [21] by experts in the field of ASCVD. The
relationships among these factors and ASCVD will be depicted
using a causal graph [22]. This is a graphical representation of
the causal structure among the factors, in which arrows indicate
the direction of the causal effects.

The screening model will be based on federated learning
(explained in the next section) using data from three different
organizations: hospitals, general practices, and the national
office for statistics (in our case, Statistics Netherlands [SN]).
Data from the hospitals and general practices include electronic
health record (EHR) data from individual patients. EHR data
are not systematically gathered, resulting in many possible
sources of bias (eg, nonrandom missingness) [23], which we
will adjust by applying a range of techniques [24]. Furthermore,
EHR data sets contain much information in free-text form. We
will explore to which extent natural language processing (or
text mining) techniques aid to supplement the structured EHR
data with data extracted from free text [25].

Regarding the intervention model, we plan to make use of data
of a regional observational cohort study in which clinical and
lifestyle data are being collected [26]. These data are required
to construct a causal model that can estimate the effect of
lifestyle interventions. The following two main strategies were
identified to incorporate hypothetical interventions in CPMs
[27]: combining a CPM with causal effects estimated in
randomized controlled trials and estimating causal effects based
on observational data alone. We will use both these strategies
during the development of CPMs within CARRIER.

In terms of statistical modelling techniques, we plan to use (1)
regression models; (2) Bayesian networks, which suit well to
causal graphs and provide an intuitive and explainable
framework where data can be combined with expert knowledge
[28]; and (3) neural networks or deep learning, which have

gained popularity in recent years due to model complex
functions [29]. Established models such as SCORE2 [30] will
be used to compare the models’ performance. After model
development, we envision external validations in order to
research the models’ transportability to different settings and
related populations. Reporting of the development and
validations of the CPMs will adhere to the Transparent
Reporting of a Multivariable Prediction Model for Individual
Prognosis or Diagnosis (TRIPOD) guidelines [31].

When implementing the screening and intervention model, we
anticipate a deterioration of the models’ performance over time
due to shifting data distributions [32]. Therefore, we aspire to
schedule temporal validations and updates of the models. In
addition, we aim to monitor predictors continuously to detect
changes in their univariable distribution, which may trigger an
earlier than planned check.

The Federated Data Infrastructure to
Support Our Digital Health Solution

The two main issues of using medical data for prediction
modelling are poor quality and scattering across different
organizations. CARRIER aims to tackle these problems by
following the Findable, Accessible, Interoperable, and Reusable
(FAIR) data principles [33] and by developing a federated data
infrastructure. FAIR data principles establish a set of guidelines
that lead to the improvement of data quality, such as the use of
metadata and standard vocabularies and ontologies. The use of
standards also allows for data from different organizations to
be combined [34] and increases the chances of data being
reusable for secondary purposes [35].

To develop our screening model, we need to combine data from
different organizations. Currently, relevant and potentially
privacy-sensitive data from different organizations need to be
shared to a central database before they can be analyzed.
However, growing awareness of privacy and data
ownership–related ethical issues have led to growing legal
restrictions on data sharing. This is noticeable under the current
legal regimens (more details are provided in the next section).

In the last few years, federated learning has risen to prominence
to analyze distributed data, for example, to train machine
learning models [36,37]. Although the term federated learning
seems to denote the algorithm, we will use the term ‘federated
data infrastructure’ to denote the collection of tools and
processes necessary to allow federated learning to work safely
and reliably. As such, federated data infrastructures allow for
decentralized data to be analyzed without subject-level data
leaving the organization. This has implications on privacy
preservation and on retaining control of data by its owner, which
will allow for safer reuse of data [38]. In CARRIER, we will
use the Personal Health Train [13], a federated learning platform
that encompasses technical and legal aspects. This is
implemented with an open-source software that handles the
communication and authentication and provides an environment
to implement federated algorithms [39]. The federated data
infrastructure is visualized in Figure 3.
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Figure 3. Federated data infrastructure. GP: general practices; SN: Statistics Netherlands.

Data from hospitals, general practices, and SN will be used to
develop the screening model for ASCVD. Hence, data on each
individual are distributed across different organizations. This
is termed ‘vertically partitioned’ (or ‘heterogeneous’). Federated
learning on vertically partitioned data presents a unique set of
challenges. The first is privacy-preserving record linkage, that
is, linking records that correspond to the same individual across
different data sets, without revealing any sensitive information
[40]. Given that readily available identifiers, such as the citizens’
service number, are illegal to be used due to privacy concerns,
we will use alternatives such as long-term cryptographic keys
[41]. This technique uses personal characteristics, such as name,
date of birth, and address, to create a unique encrypted code,
which is used for record linkage.

After matching the individual records, the main challenge is to
perform data analysis on different sources without each party
revealing their data to the other parties. Secure multiparty
computation (SMC) is a subfield of cryptography that allows a
set of parties (or organizations) to perform calculations with
their private data without revealing these data to the other parties
[42]. A technique used in SMC is homomorphic encryption [43]
(Figure 4), which is a form of encryption that allows

computations on encrypted data. Another technique used in
SMC is secret sharing [44], where numbers are ‘split’ across
multiple organizations and can only be reconstructed after being
combined. As such, SMC can be used to analyze data and even
train models from different organizations without the data being
revealed.

After requested analyses are performed within the federated
data infrastructure, the degree of privacy sensitivity of an
analysis can be represented by ε-differential privacy [45]. This
can be used as a criterion before sharing an analysis from one
source to the other. An analysis is ε-differentially private when
its results do not change significantly with slight changes in the
population. This guarantees that the results do not depend on
the values of any given individual in the data set, and therefore,
it is not possible to trace back information to an individual
patient.

In summary, in CARRIER, we are developing a federated, FAIR
data infrastructure. This infrastructure allows us to train models
on vertically partitioned data and ensures that our analyses
preserve privacy by means of SMC techniques and ε-differential
privacy.
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Figure 4. Homomorphic encryption of two fictive glucose levels.

The Development of an Ethical and Legal
Framework for Responsible Data
Handling in Health Care

CARRIER concerns the processing of different medical,
lifestyle, and other personal data, held by different organizations,
that relate to citizens. These data are collected for a range of
different purposes, but the processing for CARRIER involves
the processing of newly gathered data as well as the processing
of already gathered data for the prevention and treatment of
ASCVD. This means that the processing relies on the manner
in which the data have been gathered in the first place and how
the different applicable legal regimes impact upon that
processing.

CARRIER is a project primarily taking place in the Netherlands.
Therefore, it is subject to the European Union General Data
Protection Regulation (GDPR), which has direct effect in
European Union Member States’ law and the national law
implementing the GDPR. The implementing law enables the
Netherlands to make choices in relation to discretions contained
in the GDPR. Alongside the personal data protection laws, the
law relating to medical devices must be taken into consideration,
as CARRIER seeks to create a digital health solution. SN is a
partner in the project and holds one of the data sets that is key
to the development of the project. The rules under which
personal data held by SN can be accessed or processed by third
party partners is strictly governed under the SN act. Finally,

besides legal considerations, there are ethical considerations,
particularly in relation to ‘nudging’ people to adopt particular
behaviors (ie, using an eHealth solution to adopt a healthy
lifestyle), and more broadly, about the ethics of individuality
and solidarity in relation to the use of personal data for
developing novel CPMs for ASCVD.

Federated learning, as is explained previously, enables
communication of pseudonymized data from different
organizations. Federated learning might therefore provide
safeguards and techniques that enable the sharing of
nonidentifiable answers to questions asked of the data between
the stakeholders, thereby contributing to public health while
respecting individuals’ privacy. However, how this federated
data infrastructure can be organized and accepted within the
requirements of law and ethics is one of the goals of CARRIER.

In order to make this assessment, CARRIER follows 3 broad
phases. First, it ensures that the research
undertaken—particularly in relation to the development of CPMs
using already gathered data—conforms to the law as it is
currently understood. Second, it identifies alternative
interpretations sustainable in the law to ensure the future
operation of the digital health solution and the continuing
research. this part acknowledges that GDPR (and local
implementing law) presents a number of options for, for
example, processing data in the public interest. Further, the
operation of informed consent is far from clear in GDPR. Given
that there are legitimate options available for the interpretation
of GDPR, CARRIER is exploring how those interpretations of
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the law can work in relation to the work of the project. One
aspect of this exploration is to present to different publics (eg,
patients, citizens, and policymakers) the dilemma that citizens
want both new and effective treatments that are dependent upon
big data processing techniques, and at the same time, they want
control of their privacy. This public engagement produces a set
of answers that feeds into the last phase. Last, it engages with
regulatory authorities, whereby CARRIER will present to the
European Data Protection Board and the Dutch Supervisory
Authority the findings of the second phase of the work. The
aim is to produce a dialogue around the interpretation of GDPR
that is open to different understandings of the central dilemma
(as explained above), and the interpretation of autonomy and
solidarity in the use of personal data in (big data) research.

Conclusion

Digital health is a promising tool for the prevention and
treatment of ASCVD. In recent years, many digital health
solutions have been developed, but barriers, as described by the
Society of Cardiology e-Cardiology working group, exist for a
successful large-scale implementation. In this paper, we
presented solutions as proposed by the CARRIER consortium.

We described the development process of a digital health
solution, employing design thinking and cocreation with relevant
stakeholders. Using cocreation, we ensure that the digital health

solution meets the needs and vision of future end users.
Personalization of the eHealth solution can improve adherence
to the intervention. This enhances the eHealth implementation
in care pathways for ASCVD.

We also described the modeling approach for a screening model
to identify people at high risk for ASCVD. CPMs that can make
use of conventional and nonconventional risk factors from
different organization create the opportunity for early
identification and guiding interventions, even without the need
for medical testing.

However, a data infrastructure connecting these different
organizations is currently not available. We described the
possibilities and characteristics of a federated data infrastructure
that enables the connection of these organizations. The Personal
Health Train allows for federated data analysis while keeping
data owners in control of their data. As this federated data
infrastructure raises ethical and legal questions, we also
described the development of a framework that ensures
responsible data handling in health care.

We believe the future of health care is data driven and supported
by eHealth. Therefore, our research on a mature and sustainable
federated data infrastructure and ethical and legal aspects will
not only facilitate CARRIER but may also facilitate other future
health care initiatives.

Acknowledgments
The consortium received a grant (628.011.212) from the Dutch Research Council (NWO).

Conflicts of Interest
None declared.

References

1. Mendis S, Puska P, Norrving B, World Health Organization, World Heart Federation. Global Atlas on Cardiovascular
Disease Prevention and Control. Genova: World Health Organization; 2011.

2. Timmis A. Corrigendum to: european society of cardiology: cardiovascular disease statistics 2019. Eur Heart J 2020 Dec
14;41(47):4507-4585. [doi: 10.1093/eurheartj/ehaa062] [Medline: 32049279]

3. Liu K, Daviglus ML, Loria CM, Colangelo LA, Spring B, Moller AC, et al. Healthy lifestyle through young adulthood and
the presence of low cardiovascular disease risk profile in middle age. Circulation 2012 Feb 28;125(8):996-1004. [doi:
10.1161/circulationaha.111.060681]

4. Kotseva K, De Backer G, De Bacquer D, Rydén L, Hoes A, Grobbee D, EUROASPIRE V Investigators. Primary prevention
efforts are poorly developed in people at high cardiovascular risk: a report from the European Society of Cardiology
EURObservational Research Programme EUROASPIRE V survey in 16 European countries. Eur J Prev Cardiol 2021 May
08;28(4):370-379 [FREE Full text] [doi: 10.1177/2047487320908698] [Medline: 33966079]

5. Palmer M. Mobile phone-based interventions for improving adherence to medication prescribed for the primary prevention
of cardiovascular disease in adults. Cochrane Database Syst Rev 2021;3(3):Cd012675. [doi: 10.1002/14651858.CD012675]

6. Palmer M, Sutherland J, Barnard S, Wynne A, Rezel E, Doel A, et al. The effectiveness of smoking cessation, physical
activity/diet and alcohol reduction interventions delivered by mobile phones for the prevention of non-communicable
diseases: a systematic review of randomised controlled trials. PLoS One 2018 Jan 5;13(1):e0189801 [FREE Full text] [doi:
10.1371/journal.pone.0189801] [Medline: 29304148]

7. Brickwood K, Watson G, O'Brien J, Williams AD. Consumer-based wearable activity trackers increase physical activity
participation: systematic review and meta-analysis. JMIR Mhealth Uhealth 2019 Apr 12;7(4):e11819 [FREE Full text]
[doi: 10.2196/11819] [Medline: 30977740]

8. Frederix I, Caiani EG, Dendale P, Anker S, Bax J, Böhm A, et al. ESC e-Cardiology Working Group Position Paper:
overcoming challenges in digital health implementation in cardiovascular medicine. Eur J Prev Cardiol 2019 Jul
27;26(11):1166-1177. [doi: 10.1177/2047487319832394] [Medline: 30917695]

JMIR Cardio 2022 | vol. 6 | iss. 2 | e37437 | p. 8https://cardio.jmir.org/2022/2/e37437
(page number not for citation purposes)

Scheenstra et alJMIR CARDIO

XSL•FO
RenderX

http://dx.doi.org/10.1093/eurheartj/ehaa062
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32049279&dopt=Abstract
http://dx.doi.org/10.1161/circulationaha.111.060681
https://journals.sagepub.com/doi/10.1177/2047487320908698?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%3dpubmed
http://dx.doi.org/10.1177/2047487320908698
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33966079&dopt=Abstract
http://dx.doi.org/10.1002/14651858.CD012675
https://dx.plos.org/10.1371/journal.pone.0189801
http://dx.doi.org/10.1371/journal.pone.0189801
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29304148&dopt=Abstract
https://mhealth.jmir.org/2019/4/e11819/
http://dx.doi.org/10.2196/11819
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30977740&dopt=Abstract
http://dx.doi.org/10.1177/2047487319832394
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30917695&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


9. Institute of Medicine (US) Roundtable on Evidence-Based Medicine. The Learning Healthcare System: Workshop Summary.
Washington, DC: The National Academies Press; 2007.

10. Granja C, Janssen W, Johansen MA. Factors determining the success and failure of ehealth interventions: systematic review
of the literature. J Med Internet Res 2018 May 01;20(5):e10235 [FREE Full text] [doi: 10.2196/10235] [Medline: 29716883]

11. Green LW, O'Neill M, Westphal M, Morisky D. The challenges of participatory action research for health promotion.
Promot Educ 1996 Dec;3(4):3-5. [doi: 10.1177/102538239600300401] [Medline: 9081644]

12. Visseren FLJ, Mach F, Smulders YM, Carballo D, Koskinas KC, Bäck M, ESC National Cardiac Societies, ESC Scientific
Document Group. 2021 ESC Guidelines on cardiovascular disease prevention in clinical practice. Eur Heart J 2021 Sep
07;42(34):3227-3337. [doi: 10.1093/eurheartj/ehab484] [Medline: 34458905]

13. Personal health train. Health RI. URL: https://www.health-ri.nl/initiatives/personal-health-train [accessed 2021-04-07]
14. Elsbach KD, Stigliani I. Design thinking and organizational culture: a review and framework for future research. J Manag

2018 Jan 16;44(6):2274-2306. [doi: 10.1177/0149206317744252]
15. Triberti S. User-centered design approaches and methods for P5 eHealth. In: P5 eHealth: An Agenda for the Health

Technologies of the Future. Switzerland: Springer, Cham; 2019:155-177.
16. Reinwand DA, Schulz DN, Crutzen R, Kremers SP, de Vries H. Who follows eHealth interventions as recommended? A

study of participants' personal characteristics from the experimental arm of a randomized controlled trial. J Med Internet
Res 2015 May 11;17(5):e115 [FREE Full text] [doi: 10.2196/jmir.3932] [Medline: 25963607]

17. Lustria MLA, Noar SM, Cortese J, Van Stee SK, Glueckauf RL, Lee J. A meta-analysis of web-delivered tailored health
behavior change interventions. J Health Commun 2013 Sep;18(9):1039-1069. [doi: 10.1080/10810730.2013.768727]
[Medline: 23750972]

18. Damen JAAG, Hooft L, Schuit E, Debray TPA, Collins GS, Tzoulaki I, et al. Prediction models for cardiovascular disease
risk in the general population: systematic review. BMJ 2016 May 16;353:i2416 [FREE Full text] [doi: 10.1136/bmj.i2416]
[Medline: 27184143]

19. F Piepoli M. 2016 European Guidelines on cardiovascular disease prevention in clinical practice: the sixth joint task force
of the European society of cardiology and other societies on cardiovascular disease prevention in clinical practice (constituted
by representatives of 10 societies and by invited experts). Int J Behav Med 2017 Jun 13;24(3):321-419. [doi:
10.1007/s12529-016-9583-6] [Medline: 28290077]

20. Schultz WM, Kelli HM, Lisko JC, Varghese T, Shen J, Sandesara P, et al. Socioeconomic status and cardiovascular outcomes.
Circulation 2018 May 15;137(20):2166-2178. [doi: 10.1161/circulationaha.117.029652]

21. Dalkey N, Helmer O. An experimental application of the DELPHI method to the use of experts. Manage Sci 1963
Apr;9(3):458-467. [doi: 10.1287/mnsc.9.3.458]

22. Tennant P, Murray EJ, Arnold KF, Berrie L, Fox MP, Gadd SC, et al. Use of directed acyclic graphs (DAGs) to identify
confounders in applied health research: review and recommendations. Int J Epidemiol 2021 May 17;50(2):620-632 [FREE
Full text] [doi: 10.1093/ije/dyaa213] [Medline: 33330936]

23. Hripcsak G, Albers DJ. Next-generation phenotyping of electronic health records. J Am Med Inform Assoc 2013 Jan
01;20(1):117-121 [FREE Full text] [doi: 10.1136/amiajnl-2012-001145] [Medline: 22955496]

24. Peskoe SB, Arterburn D, Coleman KJ, Herrinton LJ, Daniels MJ, Haneuse S. Adjusting for selection bias due to missing
data in electronic health records-based research. Stat Methods Med Res 2021 Oct 26;30(10):2221-2238. [doi:
10.1177/09622802211027601] [Medline: 34445911]

25. Ford E, Carroll JA, Smith HE, Scott D, Cassell JA. Extracting information from the text of electronic medical records to
improve case detection: a systematic review. J Am Med Inform Assoc 2016 Sep;23(5):1007-1015 [FREE Full text] [doi:
10.1093/jamia/ocv180] [Medline: 26911811]

26. Schram MT, Sep SJS, van der Kallen CJ, Dagnelie PC, Koster A, Schaper N, et al. The Maastricht Study: an extensive
phenotyping study on determinants of type 2 diabetes, its complications and its comorbidities. Eur J Epidemiol 2014 Jun
23;29(6):439-451. [doi: 10.1007/s10654-014-9889-0] [Medline: 24756374]

27. Lin L, Sperrin M, Jenkins DA, Martin GP, Peek N. A scoping review of causal methods enabling predictions under
hypothetical interventions. Diagn Progn Res 2021 Feb 04;5(1):3 [FREE Full text] [doi: 10.1186/s41512-021-00092-9]
[Medline: 33536082]

28. Pearl J. Probabilistic Reasoning in Intelligent Systems: Networks of Plausible Inference. San Francisco, CA: Morgan
Kaufmann; 1988.

29. Pearl J. The seven tools of causal inference, with reflections on machine learning. Commun ACM 2019 Feb 21;62(3):54-60.
[doi: 10.1145/3241036]

30. SCORE2 working groupESC Cardiovascular risk collaboration. SCORE2 risk prediction algorithms: new models to estimate
10-year risk of cardiovascular disease in Europe. Eur Heart J 2021 Jul 01;42(25):2439-2454 [FREE Full text] [doi:
10.1093/eurheartj/ehab309] [Medline: 34120177]

31. Collins GS, Reitsma JB, Altman DG, Moons KG, members of the TRIPOD group. Transparent reporting of a multivariable
prediction model for individual prognosis or diagnosis (TRIPOD): the tripod statement. Eur Urol 2015 Jun;67(6):1142-1151
[FREE Full text] [doi: 10.1016/j.eururo.2014.11.025] [Medline: 25572824]

JMIR Cardio 2022 | vol. 6 | iss. 2 | e37437 | p. 9https://cardio.jmir.org/2022/2/e37437
(page number not for citation purposes)

Scheenstra et alJMIR CARDIO

XSL•FO
RenderX

https://www.jmir.org/2018/5/e10235/
http://dx.doi.org/10.2196/10235
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29716883&dopt=Abstract
http://dx.doi.org/10.1177/102538239600300401
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9081644&dopt=Abstract
http://dx.doi.org/10.1093/eurheartj/ehab484
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34458905&dopt=Abstract
https://www.health-ri.nl/initiatives/personal-health-train
http://dx.doi.org/10.1177/0149206317744252
https://www.jmir.org/2015/5/e115/
http://dx.doi.org/10.2196/jmir.3932
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25963607&dopt=Abstract
http://dx.doi.org/10.1080/10810730.2013.768727
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23750972&dopt=Abstract
http://www.bmj.com/lookup/pmidlookup?view=long&pmid=27184143
http://dx.doi.org/10.1136/bmj.i2416
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27184143&dopt=Abstract
http://dx.doi.org/10.1007/s12529-016-9583-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28290077&dopt=Abstract
http://dx.doi.org/10.1161/circulationaha.117.029652
http://dx.doi.org/10.1287/mnsc.9.3.458
https://europepmc.org/abstract/MED/33330936
https://europepmc.org/abstract/MED/33330936
http://dx.doi.org/10.1093/ije/dyaa213
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33330936&dopt=Abstract
https://europepmc.org/abstract/MED/22955496
http://dx.doi.org/10.1136/amiajnl-2012-001145
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22955496&dopt=Abstract
http://dx.doi.org/10.1177/09622802211027601
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34445911&dopt=Abstract
https://europepmc.org/abstract/MED/26911811
http://dx.doi.org/10.1093/jamia/ocv180
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26911811&dopt=Abstract
http://dx.doi.org/10.1007/s10654-014-9889-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24756374&dopt=Abstract
https://europepmc.org/abstract/MED/33536082
http://dx.doi.org/10.1186/s41512-021-00092-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33536082&dopt=Abstract
http://dx.doi.org/10.1145/3241036
https://europepmc.org/abstract/MED/34120177
http://dx.doi.org/10.1093/eurheartj/ehab309
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34120177&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0302-2838(14)01199-3
http://dx.doi.org/10.1016/j.eururo.2014.11.025
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25572824&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


32. Davis S, Lasko TA, Chen G, Siew ED, Matheny ME. Calibration drift in regression and machine learning models for acute
kidney injury. J Am Med Inform Assoc 2017 Nov 01;24(6):1052-1061 [FREE Full text] [doi: 10.1093/jamia/ocx030]
[Medline: 28379439]

33. Jansen P, van den Berg L, van Overveld P, Boiten JW. Research data stewardship for healthcare professionals. In:
Fundamentals of Clinical Data Science. Switzerland: Springer, Cham; 2019:37-53.

34. Burgun A, Bernal-Delgado E, Kuchinke W, van Staa T, Cunningham J, Lettieri E, et al. Health data for public health:
towards new ways of combining data sources to support research efforts in Europe. Yearb Med Inform 2017 Sep
11;26(01):235-240. [doi: 10.15265/iy-2017-034]

35. Wise J, de Barron AG, Splendiani A, Balali-Mood B, Vasant D, Little E, et al. Drug Discov Today 2019 Apr;24(4):933-938
[FREE Full text] [doi: 10.1016/j.drudis.2019.01.008] [Medline: 30690198]

36. Silva S. Federated learning in distributed medical databases: meta-analysis of large-scale subcortical brain data. 2019
Presented at: IEEE 16th International Symposium on Biomedical Imaging; April 8-11; Venice, Italy. [doi:
10.1109/ISBI.2019.8759317]

37. Sheller MJ, Edwards B, Reina GA, Martin J, Pati S, Kotrotsou A, et al. Federated learning in medicine: facilitating
multi-institutional collaborations without sharing patient data. Sci Rep 2020 Jul 28;10(1):12598 [FREE Full text] [doi:
10.1038/s41598-020-69250-1] [Medline: 32724046]

38. Kaissis GA, Makowski MR, Rückert D, Braren RF. Secure, privacy-preserving and federated machine learning in medical
imaging. Nat Mach Intell 2020 Jun 08;2(6):305-311. [doi: 10.1038/s42256-020-0186-1]

39. Moncada-Torres A, Martin F, Sieswerda M, Van Soest J, Geleijnse G. VANTAGE6: an open source priVAcy preserviNg
federaTed leArninG infrastructurE for Secure Insight eXchange. AMIA Annu Symp Proc 2020;2020:870-877 [FREE Full
text] [Medline: 33936462]

40. Vatsalan D. Privacy-preserving record linkage. In: Encyclopedia of Big Data Technologies. Switzerland: Springer, Cham;
2018:1-8.

41. Schnell R, Bachteler T, Reiher J. A novel error-tolerant anonymous linking code. SSRN Journal 2011 Nov 16:1-14 [FREE
Full text] [doi: 10.2139/ssrn.3549247]

42. Yao A. How to generate and exchange secrets. 1986 Presented at: 27th Annual Symposium on Foundations of Computer
Science (sfcs 1986); October 27-29; Toronto, ON. [doi: 10.1109/sfcs.1986.25]

43. Fontaine C, Galand F. A survey of homomorphic encryption for nonspecialists. Eurasip J Inf Secur 2007;2007:1-10. [doi:
10.1155/2007/13801]

44. Beimel A. Secret-sharing schemes: a survey. In: International Conference on Coding and Cryptology. 2011 Presented at:
IWCC; May 30 - June 3; Qingdao, China p. 11-46. [doi: 10.1007/978-3-642-20901-7_2]

45. Dwork C, Roth A. The algorithmic foundations of differential privacy. Found Trends Theor Comput Sci 2014;9(3-4):211-407.
[doi: 10.1561/0400000042]

Abbreviations
ASCVD: atherosclerotic cardiovascular disease
CARRIER: Coronary ARtery disease: Risk estimations and Interventions for prevention and EaRly detection
CPM: clinical prediction model
EHR: electronic health record
ESC: Society of Cardiology
GDPR: General Data Protection Regulation
SMC: secure multiparty computation
SN: Statistics Netherlands
TRIPOD: Transparent Reporting of a Multivariable Prediction Model for Individual Prognosis or Diagnosis

Edited by T Leung; submitted 21.02.22; peer-reviewed by M Anderson, E Baker; comments to author 19.05.22; revised version received
26.05.22; accepted 29.05.22; published 17.10.22

Please cite as:
Scheenstra B, Bruninx A, van Daalen F, Stahl N, Latuapon E, Imkamp M, Ippel L, Duijsings-Mahangi S, Smits D, Townend D, Bermejo
I, Dekker A, Hochstenbach L, Spreeuwenberg M, Maessen J, van 't Hof A, Kietselaer B
Digital Health Solutions to Reduce the Burden of Atherosclerotic Cardiovascular Disease Proposed by the CARRIER Consortium
JMIR Cardio 2022;6(2):e37437
URL: https://cardio.jmir.org/2022/2/e37437
doi: 10.2196/37437
PMID:

JMIR Cardio 2022 | vol. 6 | iss. 2 | e37437 | p. 10https://cardio.jmir.org/2022/2/e37437
(page number not for citation purposes)

Scheenstra et alJMIR CARDIO

XSL•FO
RenderX

https://europepmc.org/abstract/MED/28379439
http://dx.doi.org/10.1093/jamia/ocx030
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28379439&dopt=Abstract
http://dx.doi.org/10.15265/iy-2017-034
https://linkinghub.elsevier.com/retrieve/pii/S1359-6446(18)30303-9
http://dx.doi.org/10.1016/j.drudis.2019.01.008
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30690198&dopt=Abstract
http://dx.doi.org/10.1109/ISBI.2019.8759317
https://doi.org/10.1038/s41598-020-69250-1
http://dx.doi.org/10.1038/s41598-020-69250-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32724046&dopt=Abstract
http://dx.doi.org/10.1038/s42256-020-0186-1
https://europepmc.org/abstract/MED/33936462
https://europepmc.org/abstract/MED/33936462
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33936462&dopt=Abstract
https://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.1087.7971&rep=rep1&type=pdf
https://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.1087.7971&rep=rep1&type=pdf
http://dx.doi.org/10.2139/ssrn.3549247
http://dx.doi.org/10.1109/sfcs.1986.25
http://dx.doi.org/10.1155/2007/13801
http://dx.doi.org/10.1007/978-3-642-20901-7_2
http://dx.doi.org/10.1561/0400000042
https://cardio.jmir.org/2022/2/e37437
http://dx.doi.org/10.2196/37437
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


©Bart Scheenstra, Anke Bruninx, Florian van Daalen, Nina Stahl, Elizabeth Latuapon, Maike Imkamp, Lianne Ippel, Sulaika
Duijsings-Mahangi, Djura Smits, David Townend, Inigo Bermejo, Andre Dekker, Laura Hochstenbach, Marieke Spreeuwenberg,
Jos Maessen, Arnoud van 't Hof, Bas Kietselaer. Originally published in JMIR Cardio (https://cardio.jmir.org), 17.10.2022. This
is an open-access article distributed under the terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work, first published in JMIR Cardio, is properly cited. The complete bibliographic information, a link to
the original publication on https://cardio.jmir.org, as well as this copyright and license information must be included.

JMIR Cardio 2022 | vol. 6 | iss. 2 | e37437 | p. 11https://cardio.jmir.org/2022/2/e37437
(page number not for citation purposes)

Scheenstra et alJMIR CARDIO

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/

