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Editorial on the Research Topic

Personal Genomes: Accessing, Sharing, and Interpretation

Over the past few years we have witnessed a number of advances in the personal genomics space
including (a) more affordable sequencing technology, (b) mainstreaming of genomics in healthcare
systems, (c) augmented sharing of genomic data, and (d) increased demand for direct-to-consumer
genetic testing. All of these developments have brought us closer to the long-awaited genomics
revolution. This genomics revolution is not exempt from challenges, in part amplified by lack
of standards (ethical, legal, and technological), slow translation of knowledge to the clinic, and
unequal access of personal genome benefits for all.

As the vast majority of reference data in public databases continue to be of European ancestries,
existing health disparities between rich and poor are likely to continue. In parallel, access to direct-
to-consumer personal genetic testing continues to increase the public’s appetite for genotyping and
ancestry testing, resulting in greater number of enquiries with clinicians and public healthcare
systems. This has left many medical professionals unprepared and unable to harness the wave
of patient-focused healthcare and demand for data sharing—data sharing which is crucial for
establishing better, more precise tools for diagnosis and treatment. However, sharing also opens
the door for privacy concerns as secure access of genome data and metadata cannot always be
guaranteed. Increased legal protection and institutional support are likely to keep promoting
positive impact for diverse participation.

On April 11–12, 2019, we helped organize the First Personal Genomes Conference at the
Wellcome Genome Campus, Hinxton, UK, to discuss issues around personal genomic data access,
sharing, and interpretation (Rubin and Glusman, 2019). In this Research Topic in Frontiers in
Genetics, we collected a selection of representative research related to the Conference’s topics
revolving around the themes of (a) personal genetic testing, (b) interpretation of personal genomes,
(c) personal genomics citizen science, (d) return of data to genome research participants, (e) data
protection, privacy and the ethics of data sharing, and (f) clinical perspective—from patients to
the public.

In our Research Topic, Du and Wang describe how the direct-to-consumer market in China
has been particularly buoyant in recent years, with many providers offering multiple channels for
purchasing genetic testing products. They argue, however, that a regulatory vacuum exists in how
to obtain valid informed consent, and protect customers’ genetic data from access by third parties.
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In India, Pemmasani et al. stress the need for existing data
reference repositories to expand their variant data information,
offering non-European personal genomes equitable access to
resources and tools for their interpretation. Folkersen et al.
present Impute.me, an open source tool for analyzing direct-to-
consumer genetic data. With tools such as Impute.me anyone
in the world can calculate and interpret polygenic risk scores
free of charge. Guerra-Assunção et al. present another tool,
GenomeChronicler, that uses open access Personal Genome
Project (PGP-UKConsortium, 2018) data to generate reports (for
research use only) that include information relating to possibly
beneficial and harmful variants as well as ancestry. Mehandziska
et al. show an analytical pipeline to effectively report variants
of unknown significance, which to date remain among the most
challenging types of variants to interpret. Corpas et al. illustrate
how existing tools and resources can be leveraged for whole
genome analysis when combined. Their extensive battery of
analyses for a single family provides a use case for clinicians
on how to develop healthcare plans for the individual, based on
genetic and other healthcare data.

Access to raw personal genomic data in clinical settings
is becoming commonplace in many European nations.
Narayanasamy et al. explored personal genome access policies
and practices from a pool of European sequencing institutions
engaged in generating massive amounts of sequencing data.
They report a generalized lack of clear policies and processes
for raw genomic data retention and access among large
sequencing facilities. Wallace et al. argue that even when raw
data are available, enabling genomic and biomedical data to
be accessed and shared for secondary research purposes is
not always straightforward for existing “legacy” datasets. A
filter used by researchers could help determine the extent to
which a given dataset can be shared. Ahmed and Shabani
suggest that data sharing promoted by DNA marketplaces
raises concerns about consent and privacy, and may have
implications for public-funded research that does not offer
incentives to share. Yet, for parents of children suffering from
rare and common diseases, there are powerful incentives to
share whole genome sequencing data. Beauvais et al. provide

recommendations for healthcare professionals in the clinical
and research contexts when faced with sharing genomic data on
parental request for a child’s raw genomic data. Wöhlke et al.
contribute to this debate by suggesting that lay people’s sharing
perceptions are important because they affect both their interest
in undertaking genetic testing as well as their interpretations of
test results. Their survey on personal sharing preferences in both
Germany and Italy shows a relatively high willingness among
participants to share information with their social circle, but an
overall strong reluctance to share data with certain institutions
(such as employers, health insurance) due to fear of genetic
discrimination. In Korea, however, Kim et al. found that public
interest toward establishing a citizen participation cohort is
very high.

In conclusion, we observe that although general access to
personal genome data is becoming more widespread, the benefits
of such advances are being deployed unevenly. Tools are being
implemented that help facilitate the interpretation of personal
genomic data and their increased, more secure sharing. We see
these advances being undertaken both by academic and industry
sectors. But a number of ethical challenges persist, including
how to return data to participants in different regions of the
world, or how to access direct-to-consumer services and raw
data for personal genome analysis, which still remain biased
depending on the individual’s local jurisdiction. It is our wish to
raise awareness about these hurdles and to bring all stakeholders
involved into fruitful discussions to promote greater access to the
benefits of personal genomics for all.
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Faculty of Law and Criminology, Ghent University, Ghent, Belgium

Personal genomic data and the related health data are valuable resources for both 
public-funded research, and for-profit entities in development of new drugs, therapies, 
and diagnostic tests. In order to access to large datasets, pharmaceutical and biotech 
companies have developed partnerships with public and private entities such as direct-to-
consumer genetic testing companies to buy genomic and health related databases collected 
from research participants and customers. Although individuals mainly support data sharing 
for research purposes, the for-profit nature of such data sharing raises some questions 
regarding the rights of the data subjects and fairness in sharing benefits. In response, a new 
generation of sequencing and data sharing startups such as Nebula Genomics, LunaDNA, 
and EncrypGen are emerging which aim for leaving the data control in the hands of each 
individual customer. In particular, such so-called “DNA data marketplaces” allow individuals 
to receive various types of monetary incentives to sequence their genome and share it with 
interested commercial parties. This paper aims to provide an exploratory and critical review 
of the ethical challenges related to establishing such marketplaces for genomic and health 
data sharing. In the view of the growing number of startups developing such marketplaces, 
a thorough analysis of the relevant ethical concerns is timely and needed.

Keywords: genomics, data sharing, incentives, research ethics, privacy

INTRODUCTION 
Personal genomic data and the related health data are valuable resources for both public-funded 
research, and for-profit entities in development of new drugs, therapies, and diagnostic tests. In order 
to access to large datasets, pharmaceutical, and biotech companies have developed partnerships 
with public and private entities such as direct-to-consumer (DTC) genetic testing companies to buy 
genomic and health related databases collected from research participants and customers.

Most of the customers of DTC companies such as 23andMe opt-in to participate in research 
activities of the service providers and the downstream data sharing by the companies for research 
purposes (Hirschler, 2018). The existing studies with customers have revealed that the underlying 
reasons are mainly out of altruistic motivation to participate in research and help advancement 
of science (Trinidad et al., 2010; Goodman et al., 2017). However, the for-profit nature of sharing 
customers’ data by DTC companies has been perceived objectionable by some customers (Skloot, 
2015). Notably, by giving consent to research, customers should accept that they acquire no rights 
to research, products, or profits that are made and may link to their DNA (Ducharme, 2018). This is 
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viewed as unfair where a clear asymmetry in sharing benefits and 
interests is witnessed.

Moreover, the active participation of the individuals in 
managing sharing and access to their own genomic and health 
data in the framework of the current data sharing models is 
not fully supported. The importance of this matter is recently 
pronounced by the European Data Protection Supervisor in their 
statement: “In principle, individuals should be able to decide 
whether and with whom to share their personal information, 
for what purposes, for how long, and to keep track of them 
and decide to take them back when so wished” (European Data 
Protection Supervisor, 2016).

In response, a new generation of startups are emerging which 
propose, among others, to leave data control in the hands of 
each individual customer (Rosenbaum, 2018). These so-called 
“DNA data marketplaces” propose that people can share their 
data with companies that are interested to have access to their 
data for various research leading to product development 
(Harris, 2018) and receive monetary compensation or incentives 
(Jones, 2018). Although offering direct incentives to individuals 
to engage them in genomic data sharing may seem beneficial, 
this has seen as a sensitive issue drawing a lot of attention in the 
area of research ethics.

In an effort to address the associated concerns with DNA data 
marketplaces, this paper provides an exploratory and critical 
review of the associated ethical challenges related to participation 
of the individuals through analysis of different arguments 
discussed in academic papers and gray literature.

DNA DATA MARKETPLACE: THREE 
EXAMPLEs
In order to illustrate our discussion, we reviewed the information 
provided in the websites of three startups namely Nebula 
Genomics, LunaDNA, and EncrypGen, which enable individuals 
to share their genomic data and related health information and 
receive various monetary incentives. We also consulted the 
information published in other websites in relation to the visions, 
policies, and strategies of these startups.

NEBULA GENOMICs
Nebula Genomics is a startup established by George Church, 
plans to “upend the usual way genomic information is owned,” 
claiming that the current system applied by DTC companies is 
“very paternalistic” (Harris, 2018). Nebula Genomics is aiming 
for establishing a “Nebula marketplace,” where those consenting 
to share their genetic information can earn the cryptocurrency 
called “Nebula tokens” (Buhr, 2018). In Nebula marketplace, 
individuals are meant to acquire and store their own genomic 
sequencing directly from Nebula Genomics (in partnership 
with Veritas) instead of obtaining the service from a personal 
genomics company. The Nebula’s business model anticipates 
that companies and research organizations would be willing to 
pay for the cost of sequencing in exchange to get access to key 

medical information of the individuals involved. To this end, a 
blockchain platform is designed to enable customers to choose 
how and with whom they want their data to be shared, and to be 
compensated for it (Morris, 2018).

Moreover, Nebula aims for assisting pharmaceutical 
companies in recruiting research participants with conditions 
that are interesting for their current studies, by launching an 
anonymized search for such patients. Once contacted by the 
companies, the patients can decide if they will grant access 
to the companies to their genomic and other medical data 
(Harris, 2018).

ENCRYPGEN
EncrypGen is a startup aiming to “bring together genomic data 
sellers and buyers in one platform” (Wilson, 2019) and “looks 
forward to solving the problem of retaining customers’ DNA data 
by DTC companies to be resold to research and development 
companies” (Matthews, 2018). EncrypGen “Gene-Chain” DNA 
Data Marketplace connects individual DNA data owners with 
data buyers and providers of other health related services. The 
Gene-Chain’s aim is to empower users to store and monetize their 
genetic data by sharing it with third parties looking to obtain 
genetic data such as research scientists and pharmaceutical 
companies (Home–EncrypGen | The DNA Data Marketplace–
EncrypGen., 2018).

According to the EncrypGen’s website, the individuals are 
invited to contribute data: “If you have had your DNA tested 
you may upload your raw DNA data file and create a Gene-
Chain profile now. EncrypGen de-identifies the raw DNA data 
file by stripping it away from name, email, and other sensitive 
information. DNA data buyers search Gene-Chain profiles 
suitable for their projects and purchase de-identified genomic 
data with DNA tokens” (Buy DNA Tokens–EncrypGen., 2018). 
In addition, EncrypGen has announced the plans for developing 
partnerships “with testing companies, analytics software 
developers, and various parties, like employee health benefits 
services,” in an attempt to drive more users to the platform and 
monetize data (Levy, 2018).

LUNADNA
LunaDNA is a community-owned platform that is created by 
the Public Benefit Corporation, LunaPBC. LunaDNA offers 
company shares to individuals for contributing their DNA data 
as well as uploading their medical reports and lifestyle health 
activities. Those shares entitle members to a share in the profits 
from medical research and development. Users are supposed 
to get different portions of shares depending on the data they 
provide. For example, if a user donates DNA-targeted genes 
they will receive 10 shares, but if they submit their whole DNA 
genome, they will receive 300 shares (Lovett, 2018).

LunaDNA platform is powered by blockchain technology 
and provides aggregated data to researchers with the consent of 
the involved individuals (Lovett, 2018). In addition, LunaDNA 
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has announced plans for collaboration with pharmaceutical 
companies in the future.

ETHICAL CONCERNs
Participation of the individuals in for-profit data contribution 
startups raises a number of ethical concerns for the rights and 
interests of the individuals and society in general. While some of 
these concerns are related to the impact of incentives strategies 
that such startups utilize on consent and participation in research, 
the other concerns are related to potential privacy concerns that 
may arise from use of emerging technologies such as Blockchain.

Consent-Related Concerns
In the context of DNA data marketplace, the impact of monetary 
incentives on validity of consent should be thoroughly investigated. 
We will discuss the consent-related issues here under two major 
concerns of undue influence and withdrawal of consent.

Undue Influence: Informed consent must be obtained from 
participants under circumstances that minimize the possibility of 
coercion or undue influence. It is important to evaluate whether 
or under what research circumstances financial incentives might 
affect a subject’s judgment, and to what degree the payments 
induce people to participate while having deep objections (Grady, 
2005). For instance, according to the official Institutional Review 
Board guidebook published by the US Office for Human Research 
Protections, “an offer is troublesome if it is so attractive [that it] 
may blind prospective subjects to the risks or impair their ability 
to exercise proper judgment” (U. S. Department of Health and 
Human Services, 1993).

The question here is under what circumstances offering financial 
incentives in exchange for individuals personal and health-related 
data may threat the validity of the consent and compromise the 
participant’s ability to respond reasonably, resulting in undue 
induction the participation. In particular, it is crucial to investigate 
how both patients and healthy participants, with various socio-
economic backgrounds respond to the financial incentives in 
personal data sharing. In traditional research settings, it is expected 
that the research ethics committees assess the risks of undue 
influence that may arise from use of monetary and other incentives 
to recruit research participants. However, in the context of DNA 
data marketplaces it is not clear if such ethics oversight is present to 
assess the ethical underpinnings of offering financial incentives in 
exchange for individuals’ genomic and health-related data.

Other consent-related concerns are based on the nature of 
genetic data. Given the commonly shared genetic information 
among relatives, the involvement of the family members in the 
process of personal genomic data sharing and consent is a matter 
of discussion. Should all family members approve sharing and 
selling of common genetic and health information? And should 
they all benefit from the shares of the same individual account?

Moreover, provision of monetary incentives may have broader 
impact on biomedical research and data sharing, by undermining 
altruistic participation in research. One can argue that public-
funded research that does not offer monetary incentives can be 

negatively impacted as a result of recruitment strategies of DNA 
data marketplaces.

Consent Withdrawal: Research participants should be 
aware that they have the right to freely withdraw their 
consent at any time during the research (Edwards, 2005), and 
voluntary terminate their participation in research (Gabriel 
and Mercado, 2011), without necessarily providing reasons. 
Notably, offering financial incentives to individuals for sharing 
their genomic data could be a barrier to consent withdrawal. 
In particular, the questions arise about whether individuals 
can withdraw their consent after receiving various types of 
financial incentive, such as tokens, shares, or free sequencing 
(Roberts et al., 2017). The procedure of withdrawal could be 
much more complex when individuals have already allowed 
access to their data in return for free sequencing of their 
genome by interested companies.

For instance, the LunaDNA consent policy informs patients 
that: “Your continued consent to LunaDNA’ s use of your Shared 
Data is required for your continued ownership of any shares in 
LunaDNA issued to you in connection with the contribution of 
that Shared Data. If you elect to purge Shared Data for which 
you were issued ownership shares in LunaDNA, LunaDNA will 
redeem (i.e. cancel) those shares, and may also elect to cancel 
certain other shares that may have been issued to you. [ … ] If 
you revoke your consent or delete your account, LunaDNA will 
redeem all shares issued to you.” (LunaDNA, 2018). The other 
two startups however have not provided any information on this 
matter on their website. It is highly recommended that these 
emergent startups establish clear policies regarding consent 
withdrawal and communicate that to the participants.

Blockchain-Based Platforms and Privacy 
Concerns
Sharing personal genomic data raises considerable privacy and 
security concerns, due to unique nature of genomic data that 
contains identifiers which makes the complete de-identification 
of the data hard if not impossible (Wang et al., 2017). In addition, 
genomic data can reveal a wide range of sensitive health and 
non-health related data about the individuals and their family 
members (Genomeweb, 2018). For example, in a study analyzing 
Y-chromosome haplotypes together with combining data from 
genealogical registries, researchers were able to predict the 
surnames of a number of anonymized participants in the dataset 
(Gitschier, 2009).

As it is reported above, some of the startups aim for 
implementing blockchain technology as an approach to better 
protect genomic and health data, while allowing participatory 
control on access to the data. Blockchain is an emerging 
technology of a decentralized, digitized database medium and 
a public ledger of all transactions in the network (Ozercan 
et al., 2018). The key feature of a blockchain is the distributed 
database where the database is present in many copies across 
several computer systems creating a peer-to-peer network 
indicating that there is no longer a centralized body controlling 
access to data (Han et al., 2014; Duan et al., 2016). Arguably, 
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blockchain-based platforms can help to solve the governance 
problems in sharing genomic data by using technical solutions. 
These platforms promise their customers to provide distributed 
data stewardship and control together with provision of effective 
ways for strengthening data access and ownership agreements 
(Shabani, 2019). In terms of the security of the networks, 
although blockchain use is expected to improve data encryption 
(Weintraub, 2018), no technology is infallible and concerns 
about possible hacking and breaching of the blockchain system 
have been noticed by the experts and the platform developers 
(Erickson, 2019).

Nebula Genomics privacy policy includes that they take a 
number of organizational, technical, and physical measures 
to protect the personal information they collect, both during 
transmission and once received. However they note that, “no 
security safeguards are 100% secure and we cannot guarantee the 
security of your information“(Privacy Policy, 2018). Moreover, 
the questions remain about the compatibility of using such 
technologies with applicable data protection regulations in 
different jurisdictions. (Price, 2018).

Finally, the possibility of access by third parties such as for law 
enforcement purposes should be investigated (Weintraub, 2018). 
The Nebula Genomics privacy policy includes the possibility 
of providing such access when required by law or believed to 
be necessary or appropriate to comply with applicable laws 
and lawful requests and legal process (Privacy Policy, 2018). In 
principle, this could be seen at odds with the rationale behind 
blockchain technology, which restricts access to data for those 
who are not part of the network.

Education and Awareness of the Potential 
Risks
Individuals should be encouraged to carefully weigh the benefits 
and risks of getting engaged in a DNA data marketplace. 
Moreover, raising awareness regarding the implications and 
possible consequences of personal genomic data sharing for 
the individuals and their family members is essential (Shabani 
and Borry, 2015). Currently, the potential concerns regarding 
genomic data sharing in the conventional research settings are 
being investigated (Middleton et al., 2018). However, the similar 
studies and educational materials in the context of data sharing 
in DNA data marketplace are missing.

Previously, in the context of Personal Genome Project 
(PGP), following educational videos have been required for 
those who agreed to share their genome publicly. In addition, 
the requirements such as higher level of education has been 
expected from volunteers of PGP (Reuter et al., 2018). Although 
this can be seen as one way to mitigate the concerns regarding 
awareness about the associated risks with such data sharing, 
but it may lead to biasing the sample of participants and work 
against diversity.

Moreover, the associated risks with sharing data through 
DNA data marketplace are not fully known yet. It is expected that 
some of the concerns such as those related to risks for privacy 
emerge only in the future and due to technological advances. The 
participants therefore should be aware of unknown risks.

CONCLUDING REMARKs
The emerging DNA Data marketplaces are promising to 
introduce a fair model of data sharing among individuals and 
the interested parties such as pharmaceutical and biotechnology 
companies. They encourage the individuals to directly take 
part in sharing their data and practice their ownership rights 
regarding their DNA information. However, our analysis showed 
that developing DNA data marketplace raises concerns about 
consent and privacy and may have externalities for public-
funded research that do not offer incentives.

One of the main arguments of developing DNA data 
marketplace is to empower individuals to directly share their 
data and control who can have access to data. In essence, 
empowerment of the individuals by enabling them to actively 
be involved in management of their personal health information 
has recently received an increasing attention. For example, The 
European Data Protection Supervisor published in October 
2016 an opinion on this subject and recognized the potential 
of Personal Information Management Systems (PIMS) as one 
approach for effectively implementing citizens’ rights on their 
personal data at the practical level. PIMS “allow individuals to 
manage their personal data in secure, local or online storage 
systems and share them when and with whom they choose.” 
(European Data Protection Supervisor, 2016).

DNA data marketplace could be seen as an example of such 
approach, aiming for involving individuals in managing how to 
share their health data and with whom. However, in order to truly 
empower patients and individuals, it is crucial to ensure that they 
are adequately informed about the limitations on controlling 
their data once have been shared and accessed by companies and 
interested parties. In addition, the companies should develop fair 
and transparent policies on issues related to consent withdrawal 
in the view of offering tokens, shares, etc. in exchange for data.

Moreover, in discussions related to DNA marketplace, the 
attentions should be paid to the fact that human beings are 
relational beings sharing a lot of genetic details with others, and 
in particular family members. In particular, since genetic data 
carry family connections, the implications of data donation 
and receiving financial incentives for family members should 
be taken into considerations. Currently, the discussions related 
to consent and withdrawal mainly limited to the concerns 
related to individual rights in such data donation, and do 
not sufficiently address the pertinent interests of the family 
members. On practical level, it is also crucial to investigate 
how far family members should/can be involved in the process 
of personal genomic data sharing, including giving informed 
consent. Notably, in the context of genetic data, the applicable 
legal frameworks for personal data protection are predominantly 
limited to recognizing individuals as “data subjects” and do not 
extend to the family members.

In addition, in promoting the notions of self-interest and 
individual empowerment, values such as altruism and solidarity 
in the society should not be undermined (Prainsack, 2018). This 
is particularly may appear concerning to traditional biomedical 
research which relies on altruistic participation of the individuals 
to advance research as a public good. Moreover, offering 
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monetary incentives may be considered as commodifying human 
resources, which has been extensively debated to date, as it may 
lead to undermining individuals’ dignity.

Notably, the success of data collection through such 
marketplaces is hinged on attracting a large number of 
participants; otherwise it would be hard to foresee a significant 
impact on the current way the medical research has been 
performed. It should be noted that currently some of other 
non-profit data sharing platforms such as DNA.Land that 
enables individuals to share their own genome- succeeded 
in collecting more than 150,000 genomes (Check Hayden, 
2015). Therefore, the scalability of DNA data marketplaces 
may be seen as an achievable goal. Moreover, developing DNA 
Data Marketplaces and recruiting individuals directly may be 
considered as a solution to the problem of lack of diversity 
among study groups in biomedical sciences. The future studies 
are needed to survey the participants in such marketplaces and 
examine the level of diversity in terms of nationality, ethnicity, 
gender, and the like.

Finally, the use of the terms such as data ownership, buying 
and selling data, and data control in the context of personal 
genomic and health data should be thoroughly scrutinized, as 
such claims are surrounded by legal and practical uncertainties 
(Blasimme et  al., 2018). One pertinent question is how the 
monetary value of DNA data can be estimated, and how 
this can be ethically and legally enforced (McNulty, 2018). 
EncrypGen declared that the price of access to data would 
be decided by the open market, while LunaDNA proposes 
different pricing for non-profits and corporations. In a recently 

published paper, LunaDNA presented a new model for research 
in which participants are issued US Securities and Exchange 
Commission (SEC)-qualified shares in whatever database 
holds their data. Thereby, “as shareholders, the participants 
would be eligible to receive commercial proceeds generated 
by mining their datasets, effectively transforming them from 
research subjects to partners.”(Curtis and Hereward, 2018; 
Kain et al., 2019).

This calls attention to the necessity of developing adequate 
guidelines, policies (soft-governance tools), and regulations in 
order to ensure both ethical and legal underpinnings of DNA data 
marketplaces as well as transparency and fairness of the procedure. 
That said, the existing national and European regulations regarding 
personal data protection and consumer protection provide general 
framework for some aspects of data collection and processing by 
such data marketplaces, including in relation with consent, data 
portability, and transparency of data processing.
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Genetic information is increasingly provided outside of the traditional clinical setting,
allowing users to access it directly via specialized online platforms. This development is
possibly resulting in changing ethical and social challenges for users of predictive genetic
tests. Little is known about the attitudes and experiences of users of web-accessed
genetic information. This survey analyzes data from two European countries with regard to
the utility of genetic information, the users’ ways of making use of and dealing with
information, and their sharing behavior. Particular focus is given to ethical and social
questions regarding the motivation to share personal genetic results with others. Social
factors tested for are national background, gender, and marital, parental, and educational
status. This study will contribute to public discourse and offer ethical recommendations.
The study will also serve to validate the developed questionnaire for use in population
representative surveys.

Keywords: genomics, health information, attitudes, experiences, survey, lay people, utility
INTRODUCTION

Lay people are increasingly able to access digitized data regarding their personal health, ranging
from information provided by self-tracking and fitness apps to electronic patient records (Lupton,
2014; Rexhepi et al., 2018). Within this trend, genetic information has become widely available,
presenting lay people in the role of patients and consumers of health services with a variety of
implications and possibilities regarding application, utility and information sharing. Research has
shown that the public’s interest in genetic information is high (Townsend et al., 2012), and there are
different plausible reasons for that interest: Genetic tests can confirm or rule out genetic traits or a
suspected genetic condition, or they can help to determine a person’s chance of developing or
passing on a genetic disorder, and in some cases they provide relevant information that can be used
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to the patient’s benefit (Burke, 2014). In such cases, genetic
testing has “clinical utility”. Recently, scholars have discussed the
possibility that genetic testing also has “personal utility”, e.g., that
it plays a role in shaping individual understandings of disease or
personal identities of their carriers (Bunnik et al., 2015; Kohler
et al., 2017a; Kohler et al., 2017b; Urban and Schweda, 2018).
However, lay understandings of genetic information and its
implications diverge from those of experts, and may be shaped
by specific life situations, such as experience of disease, personal
attitudes and beliefs, and psycho-social circumstances (Oliveri
et al., 2015; Oliveri et al., 2016a; Oliveri and Pravettoni, 2018;
Oliveri et al., 2018), as well as by cultural background (Raz and
Schicktanz, 2016). Lay people’s perceptions are important
because they affect both their interest in undergoing genetic
testing as well as their interpretations of test results.

Some institutions offering genetic testing provide direct access
to own genetic test results via specialized online-platforms. This
article focuses on users of such direct access to personal genetic
information (i.e., lay people in regard to understanding genetic
information) and their specific attitudes and behaviors regarding
information sharing and the exercise of responsibility within
families (e.g., decisions regarding whether or not to inform
relatives about their genetic risks or regarding reproductive
behavior) (Welch and Burke, 1998; Anderson and Wasson,
2015; Baars et al., 2016). This perspective is relevant because
lay people often consider the decision to undergo genetic testing
to be an individual choice rather than a socially embedded
decision (Corpas, 2012; Schaper et al., 2018). Receiving genetic
risk information can potentially cause psychological harm
because some conditions are currently untreatable and being
affected may lead to stigmatization and discrimination
(Slaughter, 2006; Kollek and Lemke, 2008; Ross et al., 2015).
Furthermore, ethical conflicts may arise when the needs of the
client/patient do not accord with those of other family members
or society at large, and genetic counselors are increasingly faced
with conflicting obligations, e.g. when there is critical
information available that applies to multiple persons with
different information preferences (Muthuswamy, 2011). While
a moral duty may exist to share genetic information in order to
prevent harm to others, the nature of a specific condition and the
predicted harm associated with it need to be considered as well
(D’Agincourt-Canning, 2001; Parens and Appelbaum, 2019).
However, privacy and confidentiality are central issues in
genetic testing and making use of and dealing with genetic
information, and while there is consensus that individuals are
entitled to knowing about existing genetic information, a right
not to know has become the central moral norm, especially
regarding genetic risk of contracting a disease (Chadwick et al.,
2014; Domaradzki, 2015; Lupton and Michael, 2017).

A German study showed that lay people perceive risk
information as highly normatively charged, and often as an
emotionally significant threat (Wöhlke et al., 2019). It would
therefore seem to be necessary to provide lay people with a
deeper understanding of risk information and of the limitations
of genetic knowledgewith respect toone’s ownhealth responsibility
(Wöhlke and Perry, 2019). Similar results were found for lay people
Frontiers in Genetics | www.frontiersin.org 214
in Italy, who perceived genetic testing to be very helpful for disease
prevention but were simultaneously afraid that a positive result, the
detection of a genetic variant, could affect their life planning and
leave themwithout the ability to act to address the risk (Oliveri et al.,
2016a). Across Europe, the regulation of genetic testing is focused
on the prevention of harm to the individual—therefore, public
opinion should be taken into account in the creation of policy and
legislation regarding the communication of genetic risk (Oliveri
et al., 2016b).

Questions regarding the implications of personal access to
genetic information are becoming increasingly important in the
eHealth era, where health information is becomingmore accessible
to lay people in the role of patients and consumers as well as to
various other actors in the healthcare sector. Currently, there are
significant differences between countries in terms of the political
will to implement eHealth, available infrastructure, andactualuseof
these possibilities. Here, Germany and Italy offer contrasting
examples within Europe, with Germany being less advanced than
Italy in eHealth implementation efforts (Poss-Doering et al., 2018;
Thiel et al., 2019). Italian eHealth initiatives havemainly been in the
areas of improving access to health services and availability of
patients’ clinical histories, innovatingprimary care, and redesigning
the healthcare services network through Telemedicine
(Domenichiello, 2015). For this study, we conducted a survey of
Germans and Italians who have access to their personal genetic
information in order to gain a deeper insight into the practical and
ethical questions associated with accessing and sharing
such information.

Sharing of health information for more efficiency in health care
and research is a central notion in the eHealth paradigm. Privacy
and confidentiality are therefore important issues in relation to
personal data that are acknowledged by political decisionmakers in
both Germany and Italy (Thiel et al., 2019). The present notion of
sovereignty over one’s own genetic information touches a number
of ethical aspects related to both the self-determination and the
privacy of patients. However, it is unclear how the autonomy and
right to know of individuals can be reconciled with the self-
determination and right not to know of their family members.
The holder of genetic information has a special responsibility
because of its relevance for other biologically related persons
(Leefmann et al., 2017). With the introduction of the General
Data Protection Regulation (GDPR), a uniform legal requirement
for the handling of personal data was adopted in the European
Union, aimed at guaranteeing data security and data sovereignty.
However, there is great variety in how genetic testing is legally
definedandregulated internationally (Borry et al., 2012; Soini, 2012;
Varga et al., 2012). In both Germany and Italy, genetic testing for
medical purposes is subject to legislation that requires specialized
physicians and the provision of genetic counseling (Kalokairinou
et al., 2018).
AIM

Given the topic outlined above, the overall aim of this study was
to gather information about the personal experiences and moral
March 2020 | Volume 11 | Article 102
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and social attitudes of lay people as well as their ways of making
use of and coping with genetic information and examine the
similarities and differences between German and Italian users
(lay people) of direct access to personal genetic information, and
the way these similarities and differences are related to age, sex,
and social and educational background.
METHODS

In 2018, we conducted an online survey of persons with direct
access to their own genetic information, provided via centers for
human genetics in Germany and Italy.

The survey consisted of 13 questions in three thematic blocks
(see Supplementary 1):

a. Experience with genetic testing: questions concerning the
level of understanding of own genetic test results and
perceived controllability of their implications for health.

b. Personal opinion on genetic testing in general: questions
mainly concerning the utility of genetic testing, who should
undergo genetic testing, the right to know or not to know, and
regulation.

c. Making use of and dealing with test results: questions mainly
concerning preferences and reasons in sharing genetic own
genetic information.

Further, the survey included a set of sociodemographic
questions to contextualize the answers. The survey was initially
developed in German by the Göttingen research group. Its
content was developed based on the research question and
tailored to the target population based on previous experience
in studying lay perspectives on genetic testing with qualitative
methodology. The survey was adapted and improved in close
cooperation with the heads of GenomaLab and bio.logis
Zentrum für Humangenetik (ZfH) to meet the practicalities of
conducting the survey based on those institutions’ technical
infrastructure. Critical feedback from all co-authors was
included at an early stage of development. The survey was
successfully tested with academic staff of the German and
Italian research groups’ affiliation before application in the
study. The survey was translated into English by the Göttingen
research group, and thence from English to Italian for
application by the research groups in Italy. The Italian
translation was checked by translating it back into English.

In order to participate in the survey, participants had to read
and acknowledge the study information telling them that by
proceeding to the questionnaire and submitting it they gave
consent to participate.
1A guest login to the genetic information services is available via https://my.
pgsbox.de, username: SurveyGER-I, password: GeneticInformation2019.
2https://www.laboratoriogenoma.eu – a guest login to the services is available via
https://www.genomagroup.com/LoginRefertazione.aspx?ln=EN, username:
SurveyITA-G, password: GeneticInformation2019a! (Access 25. September 2019).
RECRUITMENT

We recruited participants who had undergone genetic testing
and had online access to their personal genetic information. In
the following sections we provide links to a sample account for
each website.
Frontiers in Genetics | www.frontiersin.org 315
German Sample
Participants were recruited via bio.logis (ZfH) in Frankfurt
(Main). bio.logis (ZfH) is a clinical institute for pre- and
postnatal genetic diagnostics and counselling which provides a
web-portal designed to give patients direct access to selected
categories of genetic information. Online access to genetic
information is offered only for selected categories, such as
pharmacogenetics, carrier status for recessively inherited
diseases, and preventive targets. Non-treatable conditions or
those whose diagnosis would lead to relatively invasive
treatments, such as pronounced surgical or chemotherapeutical
interventions, were excluded. Patients may log in to their
personal account and see the current status of genetic analyses
and results as well as news and updates provided by bio.logis
(ZfH).1 The User ID for access to the portal is provided directly
to patients and to their doctors, who in the majority of cases were
responsible for the referrals of patient’s samples. For the purpose
of recruitment users were contacted via an internal e-mail system
of the bio.logis (ZfH) portal. The survey data was then collected
online using the survey tool EvaSys. As an incentive, participants
were given the option to enter a raffle for four Amazon vouchers
of 50 Euros each. The recruitment mail started on May 9th, 2018.
A reminder was sent out on June 22nd, 2018 and the survey was
closed on August 31st.

Italian sample
Participants were recruited via GenomaLab - Molecular Genetics
Laboratory in Rome. GenomaLab (MGL) offers a variety of
genetic testing services, including screening tests for
predisposition to breast and colon cancer, cardiovascular
disease, and nutrigenetic and noninvasive prenatal testing.2

The survey was advertised on GenomaLab’s website, and
clients who had received their genetic results in the previous
two weeks were invited to participate. The link to the
questionnaire was sent to other clients two weeks after they
had received their genetic results. Data were collected using
Survey Monkey, an open source online survey application which
enables users to develop and publish surveys and register
responses (www.surveymonkey.com). Recruitment started in
April 2018 and ended in October 2018.
STATISTICAL ANALYSIS

The analysis was performed using SPSS statistics (version 25).
Descriptive statistics were calculated on raw data to depict the
socio-demographic characteristics of both German and Italian
samples. Frequencies were performed on the total distribution of
our sample, whereas contingency tables and Chi-Square tests
were performed to make comparisons based on country of
origin, gender, age range, educational level, and parental status
March 2020 | Volume 11 | Article 102
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for each question. Expected values and residuals in every box
were calculated. Contingency tables allowed us to verify whether
a specific group (German vs. Italian participants) gave a
significantly higher or lower rate of response (observed values)
to certain items compared to the percentage expected and
calculated according to the number of subjects recruited
(expected values). The analysis focused on which groups
agreed to certain positions and the comparison of national,
gender and age differences.
RESULTS

A sample of 192 participants was enrolled. The response rate for
Germany was 7% (n=103 of 1,517 persons contacted). Of the
1,860 Italian clients who underwent genetic testing in the period
of recruitment, n = 89 completed the questionnaire, a response
rate of 5%. The gender distribution reflected the overall
membership distribution here.

Overall, respondents were 28% men and 69% women, with
2% not defined, and 1% not responding. 52% had previous
experience with genetic testing (41% participants had no
experience). The sample comprised Christians (62%),
Agnostics (6%), and nonreligious people (27%). The socio-
demographic characteristics of the German and Italian samples
are described in Table 1.

Experience With Predictive Genetic
Testing
When asked about their experience with genetic testing and
genetic information, 89% of German participants and 87% of
Italian participants answered that they understood the reports on
their genetic data, while 6% of German participants and 10% of
Italian participants answered that they did not understand the
reports on their genetic data (Figure 1).

When asked if they were able to explain the results to others
(e.g., family members), 77% of German participants and 79% of
Italian participants answered affirmatively, while 12% of German
participants and 13% of Italian participants answered negatively
(Figure 1). No significant differences were found based on
sociodemographic variables, such as gender, parental status,
education, etc.

Apart from these similarities, there were significant
differences among German and Italian participants: more
Italian participants answered that they felt they could act in
some way against a genetic predisposition (73% versus 55% of
German participants), and more German participants answered
that they felt they could not act in any way (24% versus 11% of
Italians) (X2(1, N = 168) = 4.676, p < 0.01) (Figure 1).

Attitudes Toward Predictive Genetic
Testing
German participants answered more frequently that genetic
testing was useful to “understand myself” (60% vs. 21% of
Italian participants, with a significant difference, Χ2(1, N =
192) = 29.540, p < 0.01), and that genetic information had
Frontiers in Genetics | www.frontiersin.org 416
entertainment value to them (15% compared to 0% of Italians,
Χ2(1, N = 192) = 14.060, p < 0.01). By contrast, Italian
participants answered more frequently that genetic results are
useful for other people, such as their family members (40% vs.
12% of German participants) (X2(1, N = 192 21.119, p < 0.01)
(Figure 2).

Interestingly, only 5% of women answered that genetic
information had entertainment value to them; compared to 15%
of the men, with a significant difference (X2 (1, N = 186) = 4.676,
p < 0.01).

55% of participants without children agreed that genetic
testing “is helping me to understand myself” compared to 35%
of participants with children, with a significant difference (X2(1,
N = 176) = 7.049, p < 0.01). In particular, German participants
without children were significantly more likely to state that
genetic information “is helping me to understand myself”
(79%) than Italian participants with (12%) and without (29%)
children (X2(3, N = 176) = 41.344, p < 0.01). A similar result
emerged for the question whether results have entertainment
value, with 23% of German participants without children opting
for this answer compared to 0% of Italian participants regardless
of their parental status (X2(1, N = 176) = 17.812, p < 0.01). Italian
participants with children considered genetic test results as
“important for others (e.g., family, kids)” more frequently
(54%) than German participants with (12%) and without
(10%) children (X2(1, N = 176) = 30.335, p < 0.01) (Figure 3).
TABLE 1 | Sociodemographic data.

Variables Germany Italy

N % N %
Number of participants 103 53.6 89 46.4
Male 41 21.4 13 6.8
Female 60 31.2 72 37.5
Not defined 2 1.0 4 1.0
Age (years)
18–25 – – 5 2.6
26–35 23 12 28 14.6
36–50 25 13 33 17.2
51–70 49 25.5 19 10
70+ 4 2.1 – –

Missing 2 4
Marital status
Single 21 11 15 7.8
Married 68 35.4 42 21.9
Life-partnership 7 3.6 24 12.5
Widowed 6 3.1 2 1.0
Missing 1 6
Number of children
None 39 20.3 35 18.2
One 30 15.6 21 10.9
Two 17 8.9 17 8.9
Three or more 14 7.3 2 1.0
Missing 3 14
Level of education
Academic degree
Vocational school
High school
year 10year 9
No education

64
7
13
14
2
0

36.3
6.9
12.7
13.7
2.0
0

45
3
28
1
3
0

24.7
3.8
35
1.3
3.8
0

Missing 9
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Across the whole sample, more participants (47%) answered
that everybody should undergo genetic testing for disease risk
prediction to get information about personal disease risks,
against 33% of participants who were against this option, and
20% who were unsure.

German participants responded more often that patients/
clients have a right not to know about disease predisposition
regardless of the circumstances (84%), compared to Italian
participants (38%), who answered more frequently that such a
right exists “in no case” and “do not know”, (X2(3, N = 187) =
53.186, p < 0.01). Women tended to answer more frequently that
patient/clients have a right not to know about disease
predisposition (16%) than men (0%), this difference was
significant (X2(3, N = 184) = 11.439, p < 0.01) (Figure 4).

Italian participants responding “in no case” were all women
and were mostly aged between 26–35 (33%) or 36–50 (33.3%).
They were predominantly married (57%) and had an academic
level of education (57%). 52% had children, whereas 38% did not.
76% already had previous experience with genetic testing. They
Frontiers in Genetics | www.frontiersin.org 517
wanted to share genetic results mainly with their partner (81%),
parents (67%), and children (57%), and they actually shared
results with the partner (81%) and parents (76%) at roughly the
same frequency as they wanted, but not with children (33%).

Interestingly, only 23% of this group of women answered that
the main reasons for sharing genetic results with family members
would be “the right to share”. Other responses included: 19%
“have trust in others”, 10% “share the burden”, 14% “receive
comfort”, 5% “feel responsible for their life”, and 38% “It is
important for reproductive planning”. Most answered “They
have a right to know” (47%).

German participants answered more often that for them
genetic information means certainty (59% vs. 30% Italians, (X2

(1, N = 192) = 16.047, p < 0.01), and claimed that genetic testing
includes preventive possibilities (93% vs. 83% Italians, Χ2(1, N =
192) = 4.761, p < 0.05). Significant differences were also evident
regarding the perceived possibility of life planning with a view to
one’s own professional life (43% German participants vs. 17%
Italian participants, Χ2(1, N = 192) = 15.005, p < 0.01), the
FIGURE 1 | Experiences with predictive genetic testing.
FIGURE 2 | Attitudes regarding utility towards predictive genetic testing.
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FIGURE 4 | Patients/Clients do have a right not to know about predisposition for a disease.
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possibility of life planning with a view to family (63% German
participants vs. 43% Italian participants, Χ2(1, N = 192) = 7.998,
p < 0.01). German participants were also more likely to state that
genetic testing involves the risk of discrimination in health
insurance (32% German participants vs. 5% Italian
participants, Χ2(1, N = 192) = 23.284, p < 0.01) (Figure 5).

Women declared more often than men that genetic testing
for disease risk prediction means preventive possibilities (95%
of women vs. 80% of men) (X2(1, N = 186) = 9.953, p < 0.01).
More participants with a vocational school education (60%)
or academic degree (39%) answered that genetic testing
means a possibility of life planning with a view to one’s
professional life compared to the other groups, and
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particularly participants with high school education (15%)
(X2(4, N = 182) = 14,364, p < 0.01).

Specifically, German participants without children answered
“certainty” significantly more often (74%) compared to
Italian participants without (37%) and with children (24%)
(X2(3, N = 176) = 21.846, p < 0.01). German participants with
children more often stated that genetic testing allowed the
possibility of life planning with a view to profession (46%)
than Italian participants without children (9%) (X2(3, N =
176) = 16.680, p < 0.01). Italian participants without children
answered less frequently that genetic testing means the
possibility of life planning with a view to family compared to
the other groups (31% (X2(3, N = 176) = 12.573, p < 0.01).
FIGURE 3 | Attitudes regarding utility towards predictive genetic testing selected in with and without children.
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FIGURE 5 | Attitudes towards opportunities and risks towards predictive genetic testing.
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German participants without children were significantly more
likely to state that there is utility in the possibility of life planning
with a view to personal finances than Italians without children
(45% vs. 3%, Χ2(3, N = 176) = 13.316, p < 0.01). German
participants without (36%) and with children (30%) more
often saw a risk of discrimination in health insurance than
Italian participants with (2%) and without children (9%) (X2(3,
N = 176) = 20.005, p < 0.01) (Figure 6).

Italian participants stated more often (74%) than German
participants (47%) that predictive genetic testing is generally
useful, and significantly less often that predictive genetic testing
is useful in the case that an effective treatment is available (24%
compared to 38% of Germans, Χ2(3, N = 188) = 17.557, p < 0.05).
Italian participants without children answered significantly more
often that genetic testing is generally useful (80%) compared to
German participants with children (42%) (X2(4, N = 174) =
25.742, p < 0.01). German participants with children answered
more frequently that genetic testing is useful in case an effective
treatment is available (47%) compared to the other groups (X2(4,
N = 174) = 25.742, p < 0.01).

When asked about regulations needed to offer genetic testing,
German participants answered more frequently that genetic
testing needs a standardization of test methods and limits (i.e.
reliable and comparable test procedures with comparable
properties) (69% vs. 51% Italian participants, Χ2(1, N = 192) =
6.737), medical guidelines (85% vs. 62% Italians, Χ2(1, N =
192) = 14.037, p < 0.01), directives for data protection (72% vs.
35%, Χ2(1, N = 192) = 26.396, p < 0.01), and the possibility of
effective treatment (49% vs. 29% Italian participants, Χ2(1, N =
192) = 7.460, p < 0.01).

Men answered more frequently that a standardization of test
methods and limits (76% vs. 57% women, Χ2(1, N = 186) =
5.961) and directives for data protection are important (70% vs.
Frontiers in Genetics | www.frontiersin.org 719
50% women, Χ2(1, N = 186) = 6.451, p < 0.01). A standardization
of test methods and limits was also important to participants
with an academic degree (74% vs. 29% compared to the other
groups. High school 42% vs. 59%; ten years of education 47% vs.
53%; < 9 years of education 40% vs. 60% Χ2(4, N = 182) = 17.132,
p < 0.01).

Dealing With Genetic Test Results
Italian participants preferred to involve parents more than
Germans (64% vs. 42% of Germans, Χ2(1, N = 192) = 9.511,
p < 0.01). Italian participants without children stated that they
would share their test results with their parents (71%) more than
German participants without children (54%) and people with
children (63% Italians and 34% Germans) in general (X2(3, N =
176) = 15.009, p < 0.01).

More women than men stated they would share results with
their parents (60% of the women vs. 37% of the men, Χ2(1, N =
186) = 8.010, p < 0.01). Participants with an academic degree
answered (97%) they would share results with the partner more
frequently than the other groups (high school diploma 83% yes;
10 years of education 67% yes, < 9 years of education 100% yes)
Χ2(4, N = 182) = 20.407, p < 0.01).

Married participants wanted to share results with the partner
(98%) more than any other group (X2(3, N = 178) = 24.694, p <
0.01). Significantly more participants in a life-partnership stated
the intention to share results with their parents (75%) than
married (44%) and single participants (64%), Χ2(3, N = 178) =
11.110, p < 0.01).

Italian participants shared results with parents more
frequently than German participants (65% Italian participants
vs. 27% German participants, Χ2(1, N = 192) = 27.857, p < 0.01)
(Figure 7). German and Italian participants shared results with
their children equally (34% German participants and 42% Italian
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participants). Women tended to share their results with their
parents more than men (55% of the women vs. 24% of the men,
Χ2(1, N = 186) = 15.035, p < 0.01). Overall, there was a relatively
high willingness to share results within the social circle (89%
with the partner, 52% with parents, 52% with their children, 16%
with friends, of the whole sample of participants) while most of
the participants reported reluctance to share results with
employers (1%) and other institutions like health insurance
(6%) (Figure 7).

Considering the whole sample, 80% of participants had
actually shared results with the partner, 45% with the parents,
22% with their children, 26% with friends, whereas only 3
participants each actually shared results with health insurance
or with the employer. Only 1 participant reported to have shared
information with authorities (unspecified).

Differences were evident regarding the reasons for sharing
genetic information: German participants chose the answer
option “my right to test means that I can share the
information” more often (54%) than Italian participants (36%)
(X2(1, N = 192) = 6.521, p < 0.05). Similarly, German
participants answered more often “I have trust in others” (44%
vs. 19% of Italian participants, Χ2(1, N = 192) = 13.202, p < 0.01),
and “I feel responsible for their [family members] life” (34% vs.
19% for Italians, Χ2(1, N = 192) = 5.353, p < 0.05).

German participants without children answered “…means
that I can share the information” (69%, Χ2(1,N = 176) = 11.851,
p < 0.01), and “I have trust in others” (51%, Χ2(1, N = 176) =
11.851) more frequently than Italian participants without
children, and both German and Italian participants
with children.

Italian participants wanted to share genetic results mainly
with their partner (81%), parents (67%) and children (57%), and
they actually shared results with the partner (81%), parents
Frontiers in Genetics | www.frontiersin.org 820
(76%) but not with children the same frequency they
wanted (33.3%).

Interestingly, only 23% of Italian participants answered that
the main reasons for sharing genetic results with family members
would be “the right to share”, 19% “have trust in others”, 10%
“share the burden”, 14% “receive comfort”, 5% “feel responsible
for their life”, 38% “It is important for reproductive planning”.
Most answered “They have a right to know” (47%).

Men report more trust in others than women (50% men vs.
26% women, Χ2(1, N = 186) = 10.219, p < 0.01), and feel more
responsible for their family members’ lives (40% men vs. 22%
women, Χ2(1, N = 186) = 6.785, p < 0.01). Participants with an
academic degree answered more frequently “I have trust in
others”, particularly compared to participants with high school
level (39% academic degree vs. 10% high school, Χ2(4, N = 182) =
15.465, p < 0.01).

Men answered more frequently that “…persons or
institutions can control me with the information” (9% men vs.
0% women, Χ2 (1,N = 186) = 12.560, p < 0.01).
DISCUSSION

Our results provide empirical insights to the notions of “personal
utility” and “data sharing”, which are often used as umbrella
terms in discussions of the usability of genomic information. The
results show a relatively high willingness among participants to
share information with their social circle but an overall strong
reluctance to share data with official institutions (employers,
health insurance) due to fear of genetic discrimination. Several
studies showed that, while there are limits in regard to people’s
willingness to share genetic information, there is a significant
interest in sharing it for research purposes (e.g., in health data
FIGURE 6 | Attitudes towards opportunities and risks towards predictive genetic testing selected in with and without children.
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cooperatives) medical progress (Wicks et al., 2010; Haga and
O'Daniel, 2011; Hafen et al., 2014; Aitken et al., 2016; Thorogood
et al., 2018). This can be interpreted as openness to the shared
exchange of genetic information when societal benefits are
expected. The perspective may be different when it comes to
sharing information with other people and institutions, such as
insurance companies or employers, that have an interest other
than research.

Our data also supports the idea of Wöhlke et al. (2019) that
using genetic information can lead to stronger beliefs in self-
efficacy. The fact that patients are willing to share their data
within social groups shows that social objectives play an
important role, e.g., the comparison of health data with other
patients, or the exchange of information on dealing with the
disease and its treatment.

The danger of stigmatization and discrimination based on
genetic information is often cited as ethically problematic
(DiMillio et al., 2015; German Ethics Council, 2018). However,
only the German participants saw a significant danger of
discrimination in health insurance, and our study showed
overall little indication of fear of such negative consequences.
Genetic knowledge is therefore less often perceived as a risk of
individualization of health risks and loss of social solidarity, as
feared by some experts (Lemke et al., 2010; Wöhlke et al., 2015).
Instead, there is an apparent optimism regarding the possibilities
of sharing genetic information to everyone’s benefit—a notion
that also drives the development of new genetic data sharing
cooperatives (see Prainsack, 2017).

It is also interesting that many participants were unsure
whether it was advisable for everyone to undergo a genetic test.
A clear cultural difference is evident between German
respondents, who support the right not to know and find
aspects of personal utility of genetic information very
important, and Italian respondents, who saw the value of
genetic information more in terms of one’s own and family
prevention, i.e. in its potential to aid in exercising genetic
responsibility (Leefmann et al., 2017). Comparing the two
countries, it becomes clear that responsibility for the family
was more important among the Italian respondents and that
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moral values are strongly influenced by this. In our view, these
findings indicate a plurality of lay moralities regarding duties and
rights related to genetic testing. They are in line with previous
studies of affected people, which found national differences
regarding the moral duty to undergo genetic testing (Raz and
Schicktanz, 2009), or moral conflicts regarding whether or not
one should know, and tell, in the context of Huntington’s Disease
(Konrad, 2005). Our findings suggest that a possible moral
obligation to share genetic information does not necessarily
depend on specific conditions or predicted negative outcomes
(D'Agincourt-Canning, 2001). Rather, moral obligation is closely
related to family responsibility (Leefmann et al., 2017). As our
results show, the Italian respondents associated a significantly
higher level of family responsibility with genetic information. In
contrast, German users appeared to place much more
importance on individual interest and benefit.

The vast majority of our participants claimed that they
understood their genetic reports. However, there are
differences in the assessment of the benefits of such data:
German participants were much more skeptical than Italian
participants that they could counter-balance a genetic
predisposition with preventive measures. In line with other
empirical studies (Paton et al., 2012; Sommer et al., 2013;
Lupton and Michael, 2017), we found that German
participants use genetic information to learn more about
themselves. In contrast, the motivation of Italian respondents
in dealing with genetic information is more focused on the
benefit to others, such as the family. This could be connected
to the fact that in Germany there is a tendency to discuss
individual genetic testing and genetic carrier screening
separately (German Ethics Council, 2013). Similarly, it is
striking that 1 in 4 Italians disagreed that one has a right not
to know about predisposition to a disease—this right is rarely
contested by experts and also exists as a legal right in both
countries (German Genetic Diagnostics Act §9, (2009) Oviedo
Convention 1997, Ar. 10, co 2). This could also be explained by
cultural differences regarding the value of family and
responsibility for others, which appears to be more significant
in Italy than Germany (Rodotà, 2006). In Italy the right not to
FIGURE 7 | Dealing with genetic test results.
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know is regulated by article 10, co. 2, of the Italian Oviedo
Convention: “Everyone has the right to know all the information
collected on their own health. However, the will of the person not
to be informed must be respected”. Nevertheless, despite the
current regulatory framework, the very nature of genetic
information limits individual choice in this field, since various
private law regulations affecting the family, community or
society become relevant and must be adapted to the peculiar
characteristics of genetic information. Therefore, with regard to
genetic information, the “right for personal health” prevails
(Rodotà, 2006).

Our results suggest that practices of dealing with digital
health-related data vary depending on the different legal
frameworks in which they are embedded. Also relevant are the
respective social and cultural frameworks, which refer to
standards of handling health-related data as well as the
demands and acceptance of the relevant actors (Lupton, 2014).
Moreover, technological progress often challenges legal
frameworks with new implications. Since 2015, there is a “Law
for Secure Digital Communication and Applications in Health
Care” (“eHealth Law”) in Germany (German Federal digital Law,
2015). This law provides for the establishment of an electronic
patient record, in which patients can store the self-collected
health data and make it available to their attending physician
(Federal Ministry of Health, 2015).

In addition to technical and political aspects, the resulting
legal and ethical consequences must also be considered (Frizzo-
Barker et al., 2016). In our view, more comparative studies on
data ownership involving lay people are necessary in order to
better understand cultural differences such as attitudes towards
the “right not to know” in the handling of genetic digital data.

The question of benefit primarily addresses different forms of
individual interest or benefit provided by genetic information
that go beyond improved health outcomes, and our findings
indicate that the information is used for “potential” prevention
for the benefit of others (e.g., future generations, one’s own
children). Cultural differences are evident in the value given to
genetic information for preventing financial, family or
professional problems. Those aspects were much more
important to the German participants than to the Italian ones.
In addition, there seems to be a cultural difference regarding the
perception of genetic information as providing certainty, which
was supported by about three-quarters of German participants
but by far fewer Italian participants. In line with other studies,
this could be an indication that in Germany genetic information
is perceived to be very useful since it is a product of scientific
insights and progress (Urban and Schweda, 2018).

Finally, some interesting differences emerged in our sample
based on educational level and gender. It seems that people with
an academic education tend to consider genetic risk
information as something useful for the professional life
planning and that a standardization of methods and limits for
genetic analysis is paramount for them. Further, they are more
interested in sharing results with their partner and have trust in
other people when deciding to share their personal information
such as a genetic risk predisposition. Moreover, among the
Frontiers in Genetics | www.frontiersin.org 1022
Italian population, people with an academic degree also
believed more in the notion that there is no “right not to
know”. Our results show that people with higher education
show greater openness to share this type of personal
information, especially if they are generated with reliable
methods, and in particular in the Italian context, excluding
the right not to know”. Other studies have been conducted in
the past on the attitudes toward genetic testing and their
perceived utility, that have revealed differences based on the
level of education, too (Haga et al., 2013; Roberts et al., 2017;
Flatau et al., 2018; Schaper and Schicktanz, 2018). Our study
also showed gender differences regarding the perceived utility
of genetic testing and attitudes towards data sharing, such as
the fact that women consider undergoing genetic testing as a
preventive possibility and they want to share (and actually
share) the results with parents more than men. Men on the
other hand have higher privacy concerns and appear to be more
interested in standardization of test methods and limits and
directives for data protection, since they are worried about the
possibility that persons or institutions can control them using
genetic risk information. While gender differences regarding
attitudes toward genetic testing have been observed in several
other studies in different countries, there seems to be no clear
recurring pattern this finding relates to, probably because of
different studied populations and varying study designs and
methods (Aro et al., 1997; Henneman et al., 2013).
LIMITATIONS

This work is explorative in nature and subject to several
limitations in regard to representativeness. Given the narrow
field of research and the research question, the total target
population is very small. The difference in response rates
between the countries may be attributed to the use of
incentives in the German setting. However, in both countries
the response rate was very low, which might lead to sample bias.
We cannot generalize our findings to the broader population;
however, we may assume that it is somewhat representative of
the smaller target population. The invitation mail in the German
data collection technically allowed participants to share the link
or participate in the survey multiple times. In in an unknown
number of cases, doctors keep patients’ User IDs, making it
impossible for the latter to respond. A limitation of the survey
and related statistical analysis is the lack of continuous variables,
which did not allow analysis of variance in investigating
group differences.
CONCLUSIONS

Our survey demonstrates the importance of cross-cultural
comparisons (Raz and Schicktanz, 2016) to better understand
national differences and similarities in lay perspectives in regard
to using und sharing genetic information to indicate
responsibilities and reservations. Our findings contribute to the
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discussion about the personal utility of genetic information.
Above all, the broad spectrum of different attitudes shows that
lay people see a great potential for prevention, and that predictive
genetic tests will in future increase lay people’s perceived
responsibility for their own health.

This raises the question of how individual autonomy and the
right to know can be reconciled with the self-determination of
family members and their right not to know. Predictive genetic
tests can lead to an overestimation of the predictive ability of
genetic information. At the same time, neglecting social risk
factors for certain diseases could be both physically and
psychologically detrimental for those affected. As we become
increasingly exposed to genetic information in our lives, it is all
the more important that we, as citizens, patients or consumers,
are sensitized to, or “socialized” with, ethical questions arising
from such information (Parry and Middleton, 2017; Roberts
and Middleton, 2017). However, more information and
educational work is needed while genetic information is
combined with prevention measures aimed purely at medical
interventions or family planning. In the private, family or
professional spheres alike, there is a lack of information
about which preventive measures can be affected by genetic
knowledge. Communication challenges also arise beyond the
handling of predictive information. For example, it is important
not only to educate lay people about the opportunities and risks
of using their genetic information, but also to avoid raising
unrealistic expectations by, for example, making a factual
distinction between individual therapeutic and future benefits
for patients.
OUTLOOK

The sharing of genetic information via digitized patient records
promises a more transparent, efficient and secure flow of
information between patients, physicians and other groups in
the healthcare system (Lupton, 2014). Therefore, in addition to
technical and political solutions, the resulting legal and ethical
consequences must also be considered (Frizzo-Barker et al.,
2016). In our view, more comprehensive studies on data
ownership involving lay people are necessary in order to do
justice to cultural differences such as the “right not to know” in
the digital age. Further, there seem to be interesting correlations
between sociodemographic factors and willingness to share
genetic information worth investigating. In order to evaluate
future ethical problems that may arise through the integration of
genetic information into eHealth and to guarantee informational
self-determination, the perspectives of lay people (as users)
should be taken into account along with those of experts
during the development of these new digital technologies
(Hartzler et al., 2013).

Since most users only partially comprehend the complex
mutual relationship between data generation and use and their
consequences, ethical aspects of dealing with digital health-
related data, e.g. with regard to data protection and data
autonomy, should be prioritized (Rothstein, 2015).
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Background: The existing literature has not examined how Chinese direct-to-consumer
(DTC) genetic testing providers navigate the issues of informed consent, privacy, and
data protection associated with testing services. This research aims to explore these
questions by examining the relevant documents and messages published on websites
of the Chinese DTC genetic test providers.

Methods: Using Baidu.com, the most popular Chinese search engine, we compiled
the websites of providers who offer genetic testing services and analyzed available
documents related to informed consent, the terms of services, and the privacy
policy. The analyses were guided by the following inquiries as they applied to each
DTC provider: the methods available for purchasing testing products; the methods
providers used to obtain informed consent; privacy issues and measures for protecting
consumers’ health information; the policy for third-party data sharing; consumers right
to their data; and the liabilities in the event of a data breach.

Results: 68.7% of providers offer multiple channels for purchasing genetic testing
products, and that social media has become a popular platform to promote testing
services. Informed consent forms are not available on 94% of providers’ websites and
a privacy policy is only offered by 45.8% of DTC genetic testing providers. Thirty-
nine providers stated that they used measures to protect consumers’ information, of
which, 29 providers have distinguished consumers’ general personal information from
their genetic information. In 33.7% of the cases examined, providers stated that with
consumers’ explicit permission, they could reuse and share the clients’ information
for non-commercial purposes. Twenty-three providers granted consumer rights to their
health information, with the most frequently mentioned right being the consumers’ right
to decide how their data can be used by providers. Lastly, 21.7% of providers clearly
stated their liabilities in the event of a data breach, placing more emphasis on the
providers’ exemption from any liability.

Conclusions: Currently, the Chinese DTC genetic testing business is running in a
regulatory vacuum, governed by self-regulation. The government should develop a
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comprehensive legal framework to regulate DTC genetic testing offerings. Regulatory
improvements should be made based on periodical reviews of the supervisory strategy
to meet the rapid development of the DTC genetic testing industry.

Keywords: direct-to-consumer genetic testing, Chinese genetic testing providers, genetic information protection,
data privacy, consumers’ right to their genetic information, data sharing, data protection law

INTRODUCTION

Direct-to-consumer (DTC) genetic testing has gained increasing
popularity internationally. The market for DTC genetic testing
is estimated to reach 20 billion by 2024 (Global Market Insights,
2018). In recent years, many test providers in China have started
to advertise and sell testing products directly to consumers.
Similar with providers in the United States such as Ancestry.com
and 23andMe, Chinese DTC companies offers genetic testing
services for both illness risk determination and lifestyle guidance
purposes (Zhao et al., 2013). For example, WeGene, a Shenzhen-
based company provides DTC genetic tests for ancestral analysis,
personalized sports and weight loss suggestions, nutritional
genomics, and genomic medicine, etc. With the increasing
influence of popular culture on the public perception of genetics,
Chinese consumers’ interest in genetic testing is also estimated
to gain a considerable increase in the coming years (Luo et al.,
2020). According to a 2018 report developed by Yi Ou, an
independent commercial consultant company, the number of
consumers for DTC genetic testing will increase exponentially
in the next 5 years, from 1.52 million in 2018 to 56.8 million in
2022 (YiOu ZhiKu, 2018).

The scientific community and regulatory authorities have
consistently questioned the reliability and clinical validity of
DTC genetic testing results as the products have become more
widely available to the mass market (Caulfield and McGuire,
2012; Covolo et al., 2015; Webborn et al., 2015). Many
studies indicate that the offering of DTC genetic testing may
pose risks to privacy and data protection, which may result
in potential societal harm to consumers (Hall et al., 2017;
Niemiec et al., 2017; Hazel and Slobogin, 2018). Confronted
with these controversies and concerns of protecting human
genetic resources and biosafety, both the China General
Administration of Food and Drug Administration (CFDA) and
the State Health Planning Commission (now the State Health
Commission) jointly issued the Notice on Strengthening the
Management of Products and Technologies Related to Clinical
Use of Gene Sequencing in February 2014, with the Notice
suspending all genetic testing services in China (China General
Administration of Food and Drug Administration, and State
Health Planning Commission, 2014). According to the Notice,
the technology and products related to clinical genetic testing
shall be approved and registered by the CFDA and State
Health Planning Commission before entering into the market
(Lenore et al., 2016). In July 2014, the CFDA approved the
second-generation gene sequencing diagnosis, which can be used
for non-invasive prenatal examination for fetal chromosomal
aneuploidy disease (Jin et al., 2018). Since then, the CFDA has
not approved any other genetic sequencing technology. The

Notice has played an important role in the clinical application of
gene detection technology, but it does not address DTC genetic
offerings, thus the supervision of DTC has been operating in an
irrefutable gray area.

As a business operator, a DTC genetic testing company should
follow the requirements stipulated in the Law of the People’s
Republic of China on the Protection of Consumer Rights and
Interests 2013 (the Consumer Protection Law) when collecting
and using consumers’ personal information. Companies should
inform and obtain the consent of consumers regarding the
purposes and scope of collection and use of personal information
(The Standing Committee of the National People’s Congress,
2013). The testing company and its employees must keep the
consumers’ personal information confidential and should not
illegally provide such information to others. To date, there has
been no special legislation on DTC genetic testing services.
Relevant laws may be applicable to regulate genetic testing
offerings, but the main purposes of the current laws are to protect
human genetic resources rather than patients’ or consumers’
rights. For example, the National State issued the Regulation
of the People’s Republic of China on Human Genetic Resources
Management (the Regulation on Human Genetic Resources) on
May 28, 2019 (China State Council, 2019). The new Regulation
is developed based on a previous National State administrative
regulation, the 1998 Interim Measures for the Management
of Human Genetic Resources (National Intellectual Property
Administration, 2019). Compared with the old version, the
new Regulation places more emphasis on the protection of
the privacy and rights of data subjects, including the rights to
voluntarily participate and withdraw from the data collection
(XinHuaNet, 2019). According to the new Regulation, genetic
testing providers shall respect consumers’ privacy and cannot
collect and use consumers’ genetic data without their informed
consent (China State Council, 2019). However, the Regulation
does not provide detailed requirements for informed consent and
privacy protection, as the main goal for the new Regulation is to
effectively protect and rationally utilize human genetic resources
in China. As such, it is focused more on safeguarding public
health, national security, and social public interests (China State
Council, 2019).

In terms of privacy and personal data protection, China
does not have special legislation for the protection of personal
data – including genetic data – and privacy at the national
law level. In September of 2018, the Standing Committee
of the National People’s Congress of China (the SCNPCC)
launched a legislative agenda for a comprehensive data protection
law, a few months after the European Union General Data
Protection Regulation entered into force on May 25, 2018. The
plan shows the direction of China’s data protection scheme,

Frontiers in Genetics | www.frontiersin.org 2 April 2020 | Volume 11 | Article 41627

http://Ancestry.com
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-11-00416 April 30, 2020 Time: 16:14 # 3

Du and Wang Chinese DTC Genetic Testing Review

and the law is planned to be enacted in 2022 (Feng, 2019).
However, relevant laws and standards are applicable to protect
consumers’ personal information including genetic data in
the context of DTC genetic testing services. For example,
the Cybersecurity Law of the People’s Republic of China (the
Cybersecurity Law), which was promulgated by the SCNPCC
in 2016, requests that DTC genetic testing providers must not
steal or use other illegal means to obtain consumers’ personal
information including biometric information, nor illegally sell
or provide consumers’ personal information to others (Huang,
2019). Moreover, in 2017, China’s National Information Security
Standardization Technical Committee issued the Personal
Information Security Specification, a national standard that covers
the collection, storage, use, transfer, and disclosure of personal
information. Personal genetic information is clearly defined as
a type of biometric information and categorized as personal
sensitive information (China’s National Information Security
Standardization Technical Committee, 2017). Different from the
Cybersecurity Law, which focuses on the regulation of network
security and only provides general principles for personal
data protection, the Specification targeted the protection of
personal information and established detailed guidelines for data
compliance (Chen and Song, 2018). For example, the Specification
specifies the details of the content that should be included in the
privacy policy and provides a privacy policy template. A genetic
testing provider can use the Specification as a guideline to set up
their specific privacy policy and standards for collecting, storing,
using, and processing personal information when dealing with
consumer genetic data.

The lack of effective supervision in DTC genetic testing
offerings has gained increasing attention from the Chinese
news media (Ha, 2019). Many news reports have criticized that
the regulatory gap in the industry may result in poor quality
testing results and damage to consumer’s health information and
privacy (Sui and Sleeboom-Faulkner, 2015). Previous research
on US and EU-based DTC genetic testing services indicated
that informed consent and privacy protection had been poorly
implemented by DTC genetic testing providers. For example,
a 2008 study led by Hogarth et al. (2008) highlighted the
potential danger of discrimination due to consumer privacy
breaches in the implementation of DTC genetic testing. In a
2012 review article, Caulfield and McGuire again recognized
the potential privacy issues, revealing rather poor management
among DTC genetic companies of addressing consumers’ privacy
protection (Caulfield and McGuire, 2012). More recently, in
2018, Overmaat et al. (2018) investigated five leading DTC
genetic testing providers in China by ordering products and
comparing the different testing results between companies. Their
study revealed that, other than technical defects, there were
prominent problems in the communication of the test results,
with inadequate informed consent being one of the points of
concern. However, few studies have been devoted to examining
the nuanced perspectives of the Chinese DTC genetic testing
offerings. For example, it is unclear what channels providers
offered to consumers who are considering the purchase of genetic
testing products, as well as what measures the DTC genetic
testing companies use to protect consumers’ personal health

information, how consumers’ data are shared with a third party,
and what rights the consumers have to their data. Aiming to
explore these important questions, this study reviews the websites
of the Chinese companies and organizations that offer DTC
genetic testing services, with a focus on examining all available
Terms of Service (ToS), Privacy Policy (PP), and Informed
Consent Forms (ICF).

MATERIALS AND METHODS

First Round
From January 17, 2019 to February 27, 2019, we used Baidu.com,
the most popular search engine in China, and search keywords:
“genetic testing” (in Chinese: “ ”) to identify and collect
providers that use the DTC model to market genetic testing
services and products. Based on this search, we collected 90
DTC genetic testing offerings. We then visited the websites
and captured the webpages of the providers and downloaded
all available documents related to the terms of service, privacy
protection, and informed consent. It is essential to clarify that
our study focuses on examining organizations that mainly offer
genetic testing services and products.

From May 7, 2019 to June 18, 2019, one of our authors
analyzed the websites using a coding framework focused on
the following perspectives: (1) channels provided for purchasing
genetic testing products and services; (2) informed consent; (3)
privacy issues; (4) strategies used to protect consumers’ personal
health information; (5) data sharing with a third party; (6)
consumers’ rights to their health information; (7) responsibility
for data breach; and (8) specific laws or legal protections
mentioned. These eight perspectives were established based on
previous studies on legal and ethical issues associated with DTC
genetic testing and personal data protection in the big data era
in healthcare (Hogarth et al., 2008; Mostert et al., 2016). The
coding framework included 20 items which were developed based
on an exploratory content analysis of 30% of the dataset. In this
round of content analysis, we found that three websites that were
initially identified as genetic testing providers were no longer
accessible, and thus were removed from our dataset.

Second Round
Later, on July 1, 2019, a new Decree of the State Council of China
took effect, the Regulations on the Management of Human Genetic
Resources of the People’s Republic of China. Since the collection of
website information and the content analysis of consumer-related
legal documents were carried out before the implementation of
the new Regulation, we took advantage of the opportunity to
examine how Chinese DTC genetic testing providers reacted
to the new Regulation. For example, we attempted to identify
if there were updates to their ToS, PP, and ICF to meet the
requirements of the updated requirements 3 months after the
Regulation took effect. Consequently, we revisited the websites of
the companies collected in our dataset and again reviewed the
content of the websites and the legal documents to determine if
any changes were made to comply with the new Regulation. In
this second round of collection and analysis, we found that the

Frontiers in Genetics | www.frontiersin.org 3 April 2020 | Volume 11 | Article 41628

http://Baidu.com
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-11-00416 April 30, 2020 Time: 16:14 # 4

Du and Wang Chinese DTC Genetic Testing Review

original links of nine websites were broken. Five of these nine
problematic websites changed to new domain names, and four
of the nine websites were completely invalid. As a result, our
dataset in the second round consists of 83 accessible websites.
We analyzed these 83 websites using the same coding framework
from September 2, 2019 to September 20, 2019. We used the 83
websites as the final dataset for this research and compared the
results of the two rounds of analyses.

For both rounds of content analysis, 30% of the websites
were randomly selected to compare the consistency of coding
results in order to verify the reliability of the coding. After
obtaining the 30% of websites, an independent coder searched the
URLs of the websites, reviewed the content and available privacy
policy, informed consent forms, and the terms of service. We
calculated the agreement between the two codes, using Cohen’s
Kappa evaluation. The agreement was between 0.85 and 1.00
for all coding frame items, which indicates substantial to perfect
agreement (Landis and Koch, 1977).

RESULTS

Methods Provided for Purchasing
Genetic Testing Services and Products
Fifty-seven providers of DTC genetic testing services and
products offered online purchase options via their websites.
Twenty-six providers only accepted traditional banking transfers
as payments after counseling with consultants via telephone. For
providers that offered online purchases, 21 providers required
consumers to register on the websites before they could order
services and products online, and five websites integrated with
other e-commerce platforms1,2, which allowed consumers to
order genetic testing products or services through a third party.
In particular, we found that WeChat, the most widely used social
media platform in China, became a popular vehicle for providers
to promote their products and services. Thirty-two providers
used WeChat to introduce their products and to offer follow-
up services to consumers. Consumers could order products and
make payments via providers’ WeChat stores or by transferring
money after adding the providers as WeChat friends. In contrast,
very few providers (n = 3) used QQ, an instant messenger that
at one time was the most widely used in China, as a promotion
platform. The case for the relatively few providers using QQ
to reach consumers might arguably be due to the increase
in WeChat users.

Informed Consent
We only identified 6% of providers (n = 5) that provided
informed consent forms on their websites. The promulgation
of the new Regulation did not make a big difference in the
availability of informed consent forms. Only one provider
added an informed consent form to its website after the new
Regulation took effect.

1JD.com
2Taobao.com

Every informed consent form exceeded 500 words. Two
informed consent forms were between 1,000 and 2,000
words, and two had more than 2,000 words. In terms of
content, all informed consent forms mentioned the protection
of consumer privacy and the risk of information leakage.
One provider enumerated all possible risks of implementing
genetic testing, including: (1) consumers or their families
may feel uncomfortable because of survey questions or
genetic data results; (2) information leakage due to security
breach; (3) information leakage caused by consumers sharing
accounts and passwords with others; and (4) other currently
unforeseeable risks. Three providers mentioned that their
genetic testing reports were predictive, and which can only
be used as a health consulting reference not as a clinical
diagnostic basis.

With regard to the remaining websites (n = 78), although
they failed in providing specific informed consent forms, 13
providers did mention the informed consent procedure on their
websites. For example, 11 websites indicated that informed
consent procedures would be implemented by providers
during or after the purchases of the genetic testing services
and products.

Privacy Issues
In our first-round examination, we found that 38 websites had
provided accessible links to privacy policies. During the second
round of collection, one company within the 38 was removed
from the dataset because its website was no longer accessible.

Consequently, we identified 37 websites in total that offered
a privacy policy. This means, however, that more than half of
the websites (55.4%) did not provide consumers with a privacy
policy (n = 46). Four companies mentioned privacy issues,
but they did not offer a privacy policy on their websites. For
example, two websites stated in their FAQ section that they had
addressed privacy issues in their privacy policies, but offered
no links to the privacy policies on their websites. Similarly, two
websites had privacy policy tags at the bottom of the webpages,
but clicking on these tags did not lead to valid links to the
privacy policies. Moreover, in our second-round investigation,
we did not identify an obvious difference in the provision
of the privacy policy. In fact, except for one provider who
updated the privacy policy by adding one sentence addressing
the liability distributions in the event of a privacy breach,
the rest of the providers did not make any changes to their
privacy policies.

Privacy policies with less than 1,000 words were generally
not written in an agreement format, instead functioning more
like privacy statements, where short sentences were used to
indicate service providers’ attempts for protecting the consumer’s
privacy (see Table 1). In contrast, privacy policies with 1,000
to 2,000 words or more were generally written in an agreement
format, including definitions of the terms involved in the
agreements, detailed explanations of the rights and obligations of
users and providers, and applicable laws. However, only privacy
policies with more than 2,000 words meet the requirements of
the Personal Information Security Specification on the content
of privacy policy.
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TABLE 1 | Examples of different lengthy privacy policy used by DTC genetic testing companies.

Word counts Number of providers (number of
providers whose privacy policy

covers the content required by the
Personal Information Security

Specification)

Summary of the main content

Less than 200
words

9 (0) Service providers will protect the genetic privacy of consumers, but no specific protection measures are
mentioned.

200–500 words 12 (0) Privacy clauses focus on privacy protection in the collection and process of personal data, the use and
disclosure of personal data, and privacy security. However, the specific contents and measures are not
mentioned and explained.

500 – 100 words 4 (0) Privacy clauses clarify the rights and obligations of users and providers. The exemption clause is included.

1,000–2,000 words 7 (0) The privacy policy is in the format of an agreement. In general, it includes: definitions of terms used in the
agreement, the rights and obligations of users and providers, and applicable and governed laws.

More than 2,000
words

5 (5) The privacy policy is comprehensive and meets all the requirements of the Personal Information Security
Specification on the content of privacy policy, including the collection and use of users’ personal
information, the use of cookies and similar technologies, the sharing, transfer, and disclosure of users’
personal information, the measures for protecting user’s personal information, the rights of users, and the
methods for dealing with children’s information, etc.

Strategies Used to Protect Clients’
Personal Health Information
Thirty-nine websites published statements either on the front
page of their website, their ToS, PP, or ICF declaring that they
use measures to safeguard the security of consumers’ genetic
information. Among these 39 providers, three were identified
in the second round of investigation after the new Regulation
was issued. It is worth noting that 29 privacy policies had
distinguished general personal information (GPI) of consumers,
such as website registration ID, social security ID, and health
information, from their genetic information. Seventeen providers
proposed concrete measures for protecting consumer GPI (see
Figure 1). The most frequently mentioned measures include:
using technical methods to keep the confidentiality of GPI
and maintain it regularly (mentioned by 13 providers); storing
consumer GPI separately so that staff analyzing the genetic
information are not able to identify the subject of the genetic data
(mentioned by 10 providers); establishing an ethics committee
for supervising the protection of GPI (mentioned by seven
providers). In terms of consumer genetic data, the measure
that discloses how consumer genetic information is stored in
laboratories, encrypted, backed up, and maintained regularly is
the most frequently stated method (mentioned by 21 providers)
(see Figure 2). However, none of the providers had clearly stated
how long the consumers’ data would be kept, and whether the
data will be eventually destroyed.

Data Sharing With a Third Party
While 62.7% of providers (n = 52) did not address the reuse,
selling, or sharing of information gathered from consumers
in their informed consent forms, privacy policies, or terms
of service, 28 providers stated that with additional client
permissions, the providers can reuse and share the clients’
information for non-commercial purposes. Two providers
mentioned that they would not sell a client’s information unless
having obtained the client’s additional permission. Only one

company mentioned that it would reuse and share a client’s
information for non-commercial purposes without the client’s
further permission. Specifically, the company stated that: in
a case where the third party agrees to assume the same
responsibility of protecting users’ privacy as the company does,
the company can provide the third party with users’ registration
and other information without consumers’ further permissions.
Moreover, 22 websites mentioned the compelled disclosure of
personal health information in accordance with laws in either
the ICF or PP. In regards to information disclosure, 73.5% of
providers (n = 61) did not make any statements about mandatory
information disclosure on their websites.

Consumer Rights to Their Health
Information
Twenty-three providers granted consumer rights to their health
information, while the rest of the providers (n = 60) kept silent
in this respect. In general, three types of rights have been granted
by the DTC genetic testing providers to their customers. Among
these, the most frequently mentioned right is the consumers’ right
to decide whether providers can use their genetic data for follow-
up research or provide their data to third parties (mentioned
by 21 providers). Nine providers stated that consumers have
the right to view and change their personal data or to remove
their data from the providers’ database. Only one company
mentioned that consumers have the right to be informed of
follow-up use of their data, which includes: (1) using users’
genetic data to develop new products based on gene sequencing
results; and (2) using genetic data for the latest interpretation of
existing projects, interpreting the latest scientific literature, and
recalculating existing projects more accurately.

Accountability and Responsibility for
Data Breach
While nearly 70% of providers (n = 58) did not inform consumers
of the risk of accidental information leakage, 30.1% of providers
(n = 25) mentioned relevant risks on their websites, e.g.,
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FIGURE 1 | What measures will the provider adopt to protect general personal information.

FIGURE 2 | What measures will the provider adopt to protect genetic data.

hacker attacks, internet errors, and other unforeseeable accidents.
Among these 25 providers, all stated that the company would
strive to protect customers’ privacy, preventing their health
information from being disclosed arbitrarily. However, in terms
of the distribution of responsibility for the breach of privacy,
fewer providers (n = 18) made explicit statements regarding
whether they shall bear liability. In particular, nine providers did
not address who would assume responsibility in the event of a
data breach, but clearly stated that providers will be exempted
from liability if the leaks are due to causes beyond their control.
Eight companies specified only the consumers’ responsibilities
but not the obligations of providers in a breach. Just one company
stated in their PP that in the event of a data leakage, that the
liability would fall on the source of the breach, i.e., the source of
the leak will bear the responsibility.

Law Mentioned
Twenty-three Chinese DTC genetic testing websites in their ICF,
ToS, or PP stated that the company would comply with relevant
Chinese laws in collecting, storing, and using consumer genetic
data during and after genetic testing services. However, among
these 23 websites, only four companies mentioned concrete laws,
e.g., the Cybersecurity Act (mentioned by two companies), the
Regulation on Human Genetic Resources (mentioned by one
company), and the Interim Measures for the Management of
Human Genetic Resources (mentioned by one company), which
had been replaced by the Regulation on Human Genetic Resources.

It is worth noting that three companies mentioned the
Health Insurance Portability and Accountability Act (HIPAA),

the United States legislation that protects the privacy and
security of Americans’ medical information in the PP, ICF, or
data protection agreement for dealing with issues of privacy
protection. We found that HIPAA was applied in different
ways. For example, one company mentioned that the storage
of consumers’ genetic data will strictly abide by the HIPAA
requirements. One company stated that for international users,
the process of the genetic testing services will follow HIPPA
standards. Another company used the HIPAA as a reference
for their practice of storing consumers’ genetic data. In
addition, one company promised that it would abide by the
Hong Kong Personal Data (Privacy) Ordinance to carry out
genetic testing services.

DISCUSSION

Our research indicates that Chinese DTC genetic testing
companies have begun to take action in protecting consumer
genomic data privacy. For example, many providers developed
specific measures for protecting the security and privacy of
consumer health information. Our research particularly indicates
that some DTC genetic testing providers separated the consumer
general health information from their genetic information and
used different measures to protect the two types of data. This
may reflect the industry’s growing awareness of the sensitivity of
genetic information and the need for using special measures to
protect consumers’ genetic data. Moreover, consumers’ rights to
their health information were recognized by many DTC genetic
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testing companies. For example, consumers have the right to
access their personal data or have their information removed
from company records. Nonetheless, our research has identified
several legal concerns that Chinese regulatory bodies should
immediately address.

First and foremost, we found that the provision of informed
consent forms is not a common practice for the Chinese DTC
genetic testing providers. This finding is in agreement with
previous studies on international DTC genetic testing companies,
where informed consent practices were found to be inadequate
and sometimes misleading (Howard et al., 2010; Lachance et al.,
2010; Niemiec et al., 2016). Until very recently, informed consent
in China was not thoroughly implemented in general clinical
practice (Wu et al., 2019). Previous studies have indicated that
informed consent has grown in importance over the years as
an effective strategy in softening the increased tensions between
physicians and patients (Bal and Brenner, 2015). Still, consumers
may not be aware of the importance of informed consent in
DTC genetic testing services. For instance, many consumers may
not realize that they need a supportive process to fully and
properly understand the purposes and possible results of the
testing, and, more importantly, the impact of testing results and
genetic information on their health and other interests (Deng and
Liu, 2017). In particular, as opposed to other countries where
informed consent is a legal requirement for implementing genetic
testing services (Knoppers et al., 2015), China has not established
such legal requirements for requesting a mandatory informed
consent process before receiving DTC genetic testing.

Moreover, we found that many Chinese DTC genetic testing
companies offer both non-health-related tests and tests for
health purposes. This raises further concerns about whether the
same rules should be applied for regulating informed consent
in both types of gene sequencing applications. In countries
where regulatory measures for DTC genetic testing services are
comparatively loose, they generally have strict requirements of
informed consent for health-related genetic testing. For example,
in the United States, the Presidential Commission for the
Study of Bioethical Issues stated that if the genetic testing is
prescribed due to clinical purposes, physicians have to present
informed consent to patients due to their fiduciary duties to
patients (Niemiec et al., 2016). In China, although the new
Regulation on Human Genetic Resources specifies that informed
consent should be obtained from providers of human genetic
resources before collecting and using their genetic information,
the purposes of the Regulation are mainly based on the concerns
of safeguarding public health, national security, and social public
interests, rather than patients or consumers’ health rights and
interests in the context of genetic testing. Given the lack of
regulation in China that can guide and monitor informed consent
procedures for both clinical and non-health-related genetic
testing, consumer rights for health and information are left
without adequate protection.

Compared with the number of informed consent forms
provided, more Chinese DTC genetic testing companies have
addressed issues related to consumer privacy protection. For
example, 37 websites offered a link to a privacy policy. This
finding is consistent with existing research that privacy concerns

have been increasingly addressed by international DTC genetic
testing providers (Webborn et al., 2015). That being said, in
the Chinese DTC genetic testing market, more than half of
the websites we analyzed did not offer a legal statement on
consumer privacy protection. With regards to the privacy policies
offered by the DTC genetic testing providers, the majority
were short and incomplete, which did not cover the content
required by the Personal Information Security Specification on
privacy policy. In particular, 3 months after the Regulation
on Human Genetic Resources took effect, we did not identify
a significant change in the DTC genetic testing industry for
improving the practice of informed consent and consumer
privacy to comply with the new legal requirements. Only one
genetic testing provider had given an update to its informed
consent form on its website, in that they offered a link to
an informed consent form and added one short sentence
for the protection of consumers’ privacy in the form. This
illustrates that, without an established comprehensive personal
data protection law, both the Cybersecurity Law and the
regulatory measure on genetic resources management had very
little influence on promoting and advancing the protection of
privacy and implementation of informed consent in DTC genetic
testing services.

Although several relevant laws, such as the Consumer
Protection Law, Cybersecurity Law, and the Regulation on Human
Genetic Resources are applicable to regulating the genetic testing
market, there is no special regulatory regime covering important
issues associated with the implementation of DTC genetic
testing services, e.g., informed consent, privacy protection,
and transparency about how consumer genetic data is used,
collected, and shared. Thus, the current Chinese DTC genetic
testing market operates as a self-regulated mechanism. Moreover,
“soft laws,” such as best practices and a code of conduct,
are also missing in the regulations of DTC genetic testing.
We did not identify any established voluntary best practices
guidelines for genetic testing services (Park et al., 2019). BGI,
the biggest player in the Chinese gene sequencing market,
leveraged its role in the field by organizing a focused group
meeting with other genetic testing companies for the purpose of
developing a group standard for genetic testing reports. As an
outcome of the discussion, the Specification for Gene Detection
and Reporting of Clinical Monogenous Hereditary Diseases was
issued in 2018, becoming the first practical standard in the
genetic testing industry (Hui et al., 2018). However, as BGI
stated in the article that every process of the genetic testing
service requires corresponding standards, and the Specification
for clinical genetic testing report alone is far from adequate
(Hui et al., 2018).

Without a sufficient and effective regulatory framework for
DTC genetic testing services, consumers may face increased
risks of losing control of their genetic information and privacy
breaches. Specifically, we found that many companies failed to
provide meaningful information to consumers concerning the
security of genetic data and how the data will be used with a
third party. For example, some companies granted consumers
the right to authorize the use of their data, but if thorough
informed consent procedures are not provided, consumers are
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unlikely to know for what purposes their genetic data will be
used and how their data will be handled by a third party
(Tomlinson et al., 2016). This is especially problematic if there
is no definition of “third party,” as well as details regarding
how the genetic testing company will safeguard privacy when
data is transferred to a third party. As a result, the risk of
consumer data leakage is very high. Moreover, many companies
did not state clearly what their liability would be in the event
of a data security breach. In general, the testing companies
kept silent in regards to their responsibilities in the event
of a privacy breach, though some were explicit in releasing
themselves from any liability in cases when breach incidents
were caused by events out of their control (Hazel and Slobogin,
2018). Given these concerns, consumers should be careful and
diligent when choosing genetic testing services and products
(Badalato et al., 2017).

Our research indicates that the United States HIPPA
legislation was mentioned by several Chinese DTC providers.
These companies highlighted their efforts to protect consumer
privacy and data security by strictly complying with the
legal requirements detailed in HIPPA. In terms of anti-
genetic discrimination in the health insurance realm, the
China Insurance Regulatory Commission (the former entity
of the China Banking and Insurance Regulatory Commission)
demonstrated the restrictions on the use of genetic testing
results in health insurance in the Measures for the Management
of Health Insurance (draft for comments) – a 2017 version
for the update of Measures for the Management of Health
Insurance 2006 (China Insurance Regulatory Commission,
2017). Articles 11 and 16 of the 2017 Measures require that
insurance companies protect the privacy and confidentiality
of policy holders, the insured, and the beneficiaries, and that
insurance companies should not add premiums to policy holders
based on their genetic testing data and genetic information,
other than the family genetic history of a disease. Moreover,
according to Article 36 of the 2017 Measures, insurance
companies should not require policy holders or the insured
to take genetic tests, and that the genetic testing results are
prohibited from being used as a condition for the verification
of insurance. As the 2017 Measures have not been passed and
entered into effect, further research is needed to examine and
review the impact of the new regulations on the protection
of private health information within the context of DTC
genetic testing.

In addition, our research indicates that social media has
played an increasingly important role in promoting genetic
testing services and products. On the one hand, social media,
as previous studies indicated, could be a useful tool to increase
patients’ knowledge of genetic testing and risk assessment
for certain types of cancers (Attai et al., 2015). A recent
investigation by Roberts et al. (2019) on the public reactions
on Twitter to the government’s authorization of DTC genetic
testing for BRCA1/2 variants associated with breast cancer
corroborated the substantial impacts of social media in this
regard. Their research revealed the potentials of social media
to become the main platform for disseminating and exchanging
information about genetic research and technology, as well

as a powerful medium for consumer testimonials (Roberts
et al., 2019). In this regard, social media platforms could
be used to raise public awareness of the inadequacies of
privacy measures taken by gene testing providers. On the other
hand, a large number of studies on social media’s role in
promoting new technology has indicated that information about
new biotechnology shared through social medial was usually
unbalanced and misleading (Galata et al., 2014). Although we
did not analyze what content had been promoted on WeChat
platforms about genetic testing, we suggest regulatory agencies
focus their attention on the legal and ethical issues associated
with using social media for the promotion of genetic testing
services and products. Given these concerns, further studies on
the role of social media in DTC genetic testing services and
products are needed.

CONCLUSION

Our study indicates that DTC genetic testing has become an
emerging market in China. Eighty-three Chinese companies
were identified as promoting genetic testing products directly
to consumers. The existing applicable regulations on genetic
testing are mainly focused on human genetic resource security
and protection, and no special legislation has been developed to
regulate DTC genetic testing offerings. Without an established
legal regime, the availability for informed consent forms and
policies for consumer data and privacy protection within the
industry are self-imposed by DTC genetic testing companies.
Moreover, the industry has not established any best practices
guidelines for implementing DTC genetic testing services. As
a result, the current DTC genetic testing business is running
in a regulatory vacuum and is governed by a self-regulation
mechanism. Our study indicates that the limits of this self-
regulation model is obvious. Informed consent forms were
generally not provided by DTC genetic testing companies, and
a privacy policy was only available on less than half of all
providers’ websites we examined. For the majority of DTC
genetic testing companies, consumers’ autonomy for purchasing
genetic testing is unable to be guaranteed, and there is a
lack of transparency about how consumer genetic information
is used and shared. As a result, consumers are left without
adequate protection. Their genetic information might be illegally
used or shared to a third party without their permission. We,
therefore, urge that adequate and effective regulatory oversight
over DTC genetic testing offerings should be developed. In
particular, a clear and sufficient informed consent form and
privacy policy should be provided on all DTC genetic testing
providers’ websites (Hendricks-Sturrup and Lu, 2019). Moreover,
to meet the increased requirements of data protection and the
demands of data sharing, regulations should be developed to
render a legitimized systematic approach to the collection, use,
and sharing of consumer genetic databases.

As the industry keeps evolving, some challenging issues
associated with the provision of DTC genetic testing require
further studies. For example, social media has been frequently
used by DTC genetic testing companies as an alternative
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way to promote genetic testing services. The involvement
of social media could bring opportunities for raising public
awareness on potential privacy risks with DTC genetic testing.
It may also trigger regulatory challenges in supervising the
dissemination of truthful and balanced information on genetic
testing via social media platforms. Additionally, some DTC
genetic testing companies have distinguished consumers’ general
health information from genetic information and used different
methods to safeguard data security. This raises the question
of whether different information protection rules should be
developed and applied to different types of consumer health
data. Given all these potential challenges and the growing
industry, the development of regulations on genetic testing call
for interdisciplinary perspectives, and it is essential to examine
periodically the regulatory framework on genetic testing services.
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Whole genome/exome sequencing (WGS/WES) has become widely adopted in
research and, more recently, in clinical settings. Many hope that the information obtained
from the interpretation of these data will have medical benefits for patients and—
in some cases—also their biological relatives. Because of the manifold possibilities
to reuse genomic data, enabling sequenced individuals to access their own raw
(uninterpreted) genomic data is a highly debated issue. This paper reports some of
the first empirical findings on personal genome access policies and practices. We
interviewed 39 respondents, working at 33 institutions in 21 countries across Europe.
These sequencing institutions generate massive amounts of WGS/WES data and
represent varying organisational structures and operational models. Taken together,
in total, these institutions have sequenced ∼317,259 genomes and exomes to date.
Most of the sequencing institutions reported that they are able to store raw genomic
data in compliance with various national regulations, although there was a lack of
standardisation of storage formats. Interviewees from 12 of the 33 institutions included in
our study reported that they had received requests for personal access to raw genomic
data from sequenced individuals. In the absence of policies on how to process such
requests, these were decided on an ad hoc basis; in the end, at least 28 requests
were granted, while there were no reports of requests being rejected. Given the rights,
interests, and liabilities at stake, it is essential that sequencing institutions adopt clear
policies and processes for raw genomic data retention and personal access.

Keywords: NGS, ELSI, policies, procedures, patient rights, research participant rights, raw, GDPR

INTRODUCTION

Whole genome sequencing (WGS) and whole exome sequencing (WES) have become widely
adopted in research and, more recently, in clinical practice (Birney et al., 2017; Birney, 2019). The
generated raw genomic data (i.e., WGS/WES data) include vast amounts of information of potential
importance to an individual’s current and future health, with implications for family members, if
analytic and interpretive hurdles can be overcome. The wide availability of genomic data also offers
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opportunities for reuse for additional clinical, health, research,
or recreational purposes. People requesting access to their own
raw data, however, raises a number of legal, ethical, and practical
questions. Legally, patients in many countries have a right to
access their health record (Thorogood et al., 2018). Individual
access rights are also being strengthened under data privacy
laws. For example, the European Union General Data Protection
Regulation (GDPR; European Parliament and Council, 2016), in
force since May 2018, stipulates a general right of data subjects
to access their personal data. GDPR leaves it to member states
to decide if and how this right applies in research contexts and
to raw genomic data specifically. Given the broad translational
spectrum in genomics, however, it can be difficult to clearly
distinguish clinical and research contexts (Schickhardt et al.,
2020). Another legal uncertainty is whether or not access rights
extend to raw sequence data, though broad definitions of
personal (health) data support this interpretation (Thorogood
et al., 2018). There are ethical arguments for and against
personal genome access.

On the one hand, some argue that research participants
and patients (collectively referred to as “sequenced individuals”)
have a moral right to access their own raw (uninterpreted)
genomic data in both clinical and research contexts as something
that fundamentally belongs to them (Nelson, 2016; Schickhardt
et al., 2020). Access can also potentially empower sequenced
individuals to direct the analysis and sharing of their own
data, potentially improving their own knowledge and health,
as well as accelerating research and innovation (Lunshof et al.,
2014; den Dunnen, 2015; Middleton et al., 2015; Wright et al.,
2017, 2019; Shabani et al., 2018; Thorogood et al., 2018).
Providing data may also be a way of encouraging and engaging
participants in research (Middleton et al., 2015). On the other
hand, some express concerns that providing personal access
is at best pointless and at worse harmful for individuals and
burdensome for providers and health systems (Bredenoord
et al., 2011). Individuals may not be able to do anything
with the genomic data, or they may misinterpret the data.
This is especially true if the data are of uncertain quality,
as is often the case in research contexts. They may share it
with unscrupulous researchers or unregulated service providers,
exposing them to further misinterpretations and privacy harms
(Guerrini et al., 2019). Of course, some of these risks can be
mitigated through clear policies, oversight, education, and access
to counseling services (Shabani et al., 2018; Schickhardt et al.,
2020). However, this, in turn, raises practical resource questions,
especially for research projects. Moreover, policies, processes, and
infrastructure are required to sustainably manage and transfer
large raw genomic data formats (Middleton et al., 2015; Wright
et al., 2017).

To better understand current practices of personal access
to raw genomic data by sequenced individuals, we conducted
interviews with genomics professionals working in institutions
within the EU/EEA that routinely perform WGS/WES
of human individuals on a large scale (i.e., “sequencing
institutions”). Sequencing institutions can be viewed as
gatekeepers or enablers for sequenced individuals in accessing
their personal raw genomic data. Furthermore, owing to

their geographical location and/or the data they use, these
institutions are expected to be directly impacted by the
GDPR, which makes their practices particularly insightful
and timely in light of the evolving regulatory landscape. For
uninitiated readers, the following primer describes the impact
of the GDPR on health research: Dove (2018). This study
is the first to provide empirical insights into the policies,
practices, and perspectives within sequencing institutions
pertaining to individual access to raw genomic data. We also
consider technical aspects of sequencing capacity and data
retention practices, as these variables determine the overall
availability of data. Our findings provide valuable empirical
observations that can inform legal and ethical debates over
personal genomic access, and indicate practical and technical
solutions for sequencing institutions seeking to respond
to such requests.

MATERIALS AND METHODS

Interview Guide
A semi-structured interview guide was prepared consisting of
questions pertaining to practices around WES/WGS, with a
particular focus on genomic data retention and provision of
access to sequenced individuals. The interview guide included
both closed-ended questions (aimed primarily at describing
the profile and practices of the sequencing centres) and open-
ended questions, intended to gauge respondents’ attitudes
toward a specific issue. To ensure a clear and intuitive
structure of interviews, we divided the interview guide into five
distinct sections (“modules”) addressing the following topics:
(i) organisational structure of the institution; (ii) sequencing
throughput and capacity; (iii) data management and storage
capacity; (iv) data retention policies and access policies for
sequenced individuals (to their own data); and (v) sequencing
centres’ experiences with receiving requests from individuals to
access their raw genomic data.

The draft versions of the interview guide underwent multiple
rounds of internal review and refinement. The final round of
refinement was carried out upon receiving feedback from the first
10 interviews within the study. The interview guide is available as
Supplementary File 1.

Identification of Sequencing Institutions
This interview study specifically targeted institutions located in
the EU/EEA that were member states of the EU/EEA, and that
generate, process, and/or manage human WGS/WES data for
research and/or clinical purposes. As such, we refer to such
institutions as “sequencing institutions.”

In order to identify sequencing institutions, we used all of the
following methods: (i) web searches, (ii) prior knowledge, (iii)
peer recommendations, (iv) media articles or announcements,
and (v) personal relationships. Our research strategy identified
83 sequencing institutions from 23 member states across
the EU/EEA region. Sequencing institutions were approached
individually with the request to participate in the study.
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Participant Recruitment
Recruitment of participants started in May 2018 and continued
in parallel to interviews with early respondents. A total of
64 sequencing institutions, out of a possible 83, were invited
to participate in the study via email, of which 33 eventually
agreed. Interviews took place between June 2018 and April 2019.
Individual respondents who participated in our study were all
affiliated with sequencing institutions, within which they held
various positions and responsibilities. Three interviews included
multiple respondents, with a maximum of five respondents from
the same institution being in the same interview. This brings the
total number of respondents to 39 (Supplementary File 2: Table
S1). Recruitment ended when it became clear from the interviews
that data saturation had been reached and no new insights were
emerging from additional interviews.

Pre-interview Communication
Respondents (representing sequencing institutions) who
agreed to take part in the interview study were provided
with information about the purpose of the interview, the
thematic areas of focus, and the methods (Supplementary
File 3). Potential respondents were also provided with a
confidentiality statement explaining how the collected data
would be treated (Supplementary File 4). Additional measures
for data privacy, confidentiality, and security are detailed within
Supplementary File 5.

Semi-Structured Interviews and
Recordings
Interviews were carried out either with Zoom video conferencing
software1 or in person. At the beginning of the interviews,
the interviewers briefly described the interview process and
addressed any issues of confidentiality and privacy of the
respondent (i.e., Supplementary Files 4, 5). The conversation
then proceeded with personal introductions by the interviewers
and respondents after which the interviews progressed according
to the interview guide (Supplementary File 1). At the end of the
interviews, the respondents were asked to provide concluding
remarks or suggestions, if any, for further improving the
interview guide.

Transcription and Review
Interviews were transcribed using otter.ai2, an automated,
artificial intelligence-based transcription software. The
automatically generated transcripts were reviewed for accuracy
and manually edited to correct any discrepancies with the
corresponding audio files. Reviewing and editing of transcripts
were carried out by VM/AB/SN and verified by RK for
validation purposes.

The process of transcription was combined with the
generation of interview summary documents called “review
sheets” (Supplementary File 6). For each review sheet, a set
of the most relevant quantitative and qualitative information,

1https://zoom.us/
2https://otter.ai/

deemed to best reflect the respondent’s views, were selected
from the corresponding interview transcript. The quotes were
accompanied by a concise written summary of the interview.
Subsequently, the review sheets were sent to the pertinent
respondents who had an opportunity to comment on the
document and suggest revisions if required.

Collection and Analysis of Informed
Consent Forms From Sequencing
Institutions
In addition to the data collected for the primary research (i.e.,
semi-structured interviews), samples of informed consent forms
that sequencing institutions use to consent sequenced individuals
were requested via email (from the respondent) or accessed
online, depending on their availability. We only collected
informed consent forms from the sequencing institutions
involved in the study.

Data Curation and Analyses
The process of data analysis was divided into two parts,
corresponding to the nature of the data being analysed
(quantitative and qualitative data analyses).

Quantitative Data Analysis and Visualisation
Quantitative data analysis was applied to questions requiring
numerical responses (e.g., no. of people sequenced), binary
answers (yes/no), or categorical variables (e.g., purchase year
of first Novaseq) from the interview transcripts that were
tabulated (Supplementary File 2: Tables S1–S6). The conversion
of the relevant information into the aforementioned format
was performed by AB and VM. The process was independently
repeated and refined by SN. Quantitative data analysis was
carried out using Google Sheets, as part of Google Suite, and R
statistical package (R Core Team, 2013). Data visualisation was
performed using ggplot2 graphical package (Wickham, 2016).
Diagrams, drawings, and schemes were generated using either
Google Slides (as part of Google Suite) or Adobe Illustrator. All
visualisations were refined using Adobe illustrator.

Qualitative Data Analysis
To analyse qualitative data collected through this study, we
employed deductive content analysis. In this approach, themes
or common content categories are pre-determined before data
analysis is undertaken, as opposed to being identified in the
course of data analysis (Graneheim and Lundman, 2004).
Qualitative data were organised under five broad themes, which
reflected the overall structure of the interview guide. The process
of organising the qualitative data under these themes was
undertaken by SN, AB, and VM and subsequently reviewed and
validated by RK.

Interview transcripts were carefully read to identify quotes
referring to one or more of the predetermined themes. The
relevant quotes were subsequently placed under the most suitable
theme. Quotes that bore relevance to more than one theme were
divided into multiple parts and the resultant sub-quotes were
placed under the suitable themes. Selection and categorisation of
the relevant quotes was performed by AB and VM. The process
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was independently validated by SN. Discrepancies in categorising
quotes were routinely discussed and resolved.

The analysis of the informed consent forms focused
exclusively on individual access to genomic data and genomic
data retention policies.

RESULTS

In total, the study included 33 interviews, conducted with 39
respondents within sequencing institutions, operating in 21
EU/EEA member states (Figure 1). They relate to more than
300,000 individuals, who underwent WGS/WES between the
early 1990s to the first half of 2019. We explored current
practices and policies of data management and personal raw
genomic data access for sequenced individuals within these
different institutions.

In line with our deductive content analysis approach, study
findings were organised into the following five sections: (i)
organisational structure and operational models; (ii) actual vs.
potential sequencing capacity; (iii) genomic data management
practices and policies; (iv) data access practices and policies; and
(v) future outlook.

Respondent Profiles, Organisational
Structure, and Operational Models
The first part of the interviews served as an introduction to
the respondent. Overall, the respondents held various positions
and responsibilities within those sequencing institutions,
including technical, academic, administrative, clinical, and
management (Figure 1).

Next, we sought to obtain a better understanding of the
organisational structure and the operations of sequencing
institutions, as those factors may influence processes and policies
for personal access to raw genomic data by sequenced individuals.
In terms of organisational structure, the study included mostly
(24, ∼73%) public organisations, followed by six (∼18%) not-for-
profit private organisations, two (6%) commercial organisations,
and one consortium. Additionally, 19 (∼58%) of the participating
institutions performed sequencing for both research and clinical
purposes, while 11 (∼33%) and 3 (∼9%) institutions focused
exclusively on research or clinical sequencing, respectively
(Figure 1). The organisations included in this study varied
considerably in their size and number of personnel, with the
largest and the smallest institution housing approximately 3000
and 10 staff members, respectively (average ∼450). Furthermore,
a total of ∼460 personnel (average ∼17, max. ∼80, min. 3) within
those organisations were dedicated towards operating sequencing
platforms and data analyses and management (Supplementary
File 2: Table S2).

We then asked the respondents to elaborate on various
aspects of their operations, including (but not limited to) their
clientele, main activities (e.g., sequencing, or data processing),
their institutional arrangements (e.g., university hospital, private
laboratory), and whether they were outsourcing specific tasks or
processes, related to human genome sequencing.

We found that the sequencing institutions we covered
typically acted as service providers to healthcare and/or research
institutions, but delivered their services in different ways. In
this respect, we delineated four different “operational models”
to further classify the sequencing institutions as follows: (i)
dedicated, (ii) open, (iii) integrated, and (iv) outsourced.
Figure 1 provides an illustration and descriptions of the various
operational models and their adoption among sequencing
institutions included in our study. We found that most
sequencing institutions provided services to an exclusive set
of clients (i.e., dedicated), primarily made up of sequencing
laboratories affiliated with a specific clinical or research
institution, and performing sequencing services exclusively for
those affiliated institutions. Affiliations are determined either
through formal partnerships or based on geographical regions
(i.e., regional). Other institutions performed sequencing for any
internal or external clients as a standard service (i.e., open
model). There were also “integrated” sequencing institutions
that were physically located within the premises of a larger
organisation (e.g., a university, hospital, consortia/network).
Finally, there were 11 sequencing institutions that outsourced
their sequencing (i.e., outsourced model) and focused entirely on
data analysis and interpretation.

We found that 15 (45%) of the sequencing institutions
combined at least two operational models, with the most
prominent combination being the dedicated and integrated
models (i.e., 8, 24%). This implies that most of the integrated
sequencing institutions were dedicated to their “parent”
institution (e.g., hospital, university, consortium, network).
The second most frequent combination (i.e., 7, 21%) was the
coupling of the outsourced model with any of the other operation
models (Figure 1). Additionally, we identified two sequencing
institutions operating as data hubs that did not perform any
in-house sequencing, but aggregated and processed sequencing
data from multiple outsourced sequencing providers.

Actual vs. Potential Sequencing Capacity
We asked respondents about their institutions’ potential and
actual (i.e., throughput) sequencing capacities. The potential
sequencing capacity is defined as the theoretical maximum
amount of in-house sequencing (in gigabases) a given sequencing
institution can perform per annum, if they were to operate
at full capacity. These numbers were calculated on the basis
of publicly available information concerning the sequencing
platforms used by the participating institutions (Supplementary
File 2: Table S3). However, we lowered the estimates to 70% of
the maximum annual capacity in order to derive more realistic
assumptions, as a respondent duly noted that one should consider
the capacity of a given facility, rather than the capacity of the
sequencing platforms.

“[...] there are some practical problems like running [the sequencers]
24/7 and some working regulations. And that’s why we are [not]
operating [...]at the full capacity of the sequencers, but [rather] at
full capacity of the facility [...]”

Respondent 1
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FIGURE 1 | Organisation structure and operations of sequencing institutions. (A) Summary of respondent profiles. (B) Summary of organisation types. (C) Use
cases or purpose of human whole genome (WGS) or whole exome (WES) sequencing. In (A–C), numbers in black text at the centre of the rings represent the total,
while the numbers in white text on the rings represent the exact numbers for a particular category. (D) The various operational models practiced by the institutions
participating in the interview study, in terms of human whole genome and exome sequencing: “Dedicated”—operate sequencing platforms in-house to serve an
exclusive set of clinical and research clients. In certain cases, such institutions serve clients within a given region/locality (i.e., “Regional”). “Open”—a standard
service-oriented institution with in-house sequencing platforms. “Integrated”—institutions/departments with in-house sequencing platforms that are embedded
within a research and/or clinical unit. “Outsourced”—institutions that perform sequencing with external providers. (E) UpSet plot (Conway et al., 2017) represents the
operational models and corresponding number of sequencing institutions that utilise those models for WGS/WES. The horizontal green bars represent the total
number of a given operational model. The bottom panel represents specific combinations (or intersections) of operational models. The vertical bars represent the
number of sequencing institutions using those combinations of operational models. Detailed information available in Supplementary File 2: Table S2.

In terms of the trends and the scale of sequencing-
centered activities within the participating institutions (Figure 2),
collectively, the 33 institutions had sequenced ∼161,899 whole

genomes and ∼155,360 whole exomes (317,259 samples in
total) at the time of our interviews. The sequencing of the
first WGS began in the early 1990s (by a large consortium),
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while the first WES was generated in 2008. The sequencing
coverage (or depth) for genomes (WGS) ranged from 5× to
200× (mean = ∼51×, median = 30×) across the institutions;
for exomes (WES), the sequencing coverage ranged from 10×

to 300× (mean = ∼107×, median = 100×; Supplementary File
2: Table S4). The aggregated potential sequencing capacity of
the institutions was approximately 1.9 × 107 gigabases per year,
which translates into ∼198,000 WGS per year at 30 × coverage.
Based on this information, we additionally estimated the
potential future scale of long-term genomic data retention.

We then asked respondents to estimate the future sequencing
capacity of their institutions to help us form a clearer view on
trends in WGS/WES in EU/EEA. Respondents representing 17
different institutions indicated plans for expansion, while 15 of
them expressed a clear intention to purchase additional state-
of-the-art sequencing platforms. Figure 2 shows the estimated
combined historical and future sequencing capacity. Considering
this input, we estimated that the total future potential capacity
would increase to 3.0 × 107 gigabases per annum, equivalent to
more than 300,000 WGS at 30 × coverage. Most respondents
were unable to predict actual future sequencing capacity outside
of funded research projects (Supplementary File 2: Table S4). It
is important to note that the reported numbers and projections
are solely based on estimates provided by the respondents and
are not meant to serve as accurate measures. We note, however,
that business decisions to purchase sequencing machines may be
an indicator of perceived future demand.

Genomic Data Management
The massive output from sequencing institutions generates large
amounts of data and thus creates a downstream challenge in data
management. When specifically addressing raw genomic data
access for sequenced individuals, there were two aspects that we
were interested in: (i) what is available for access in terms of raw
genomic data file formats and (ii) how long will they remain
accessible. Those factors, however, were constrained by (i) the
capacity of the data storage infrastructure and (ii) data retention
policies, which could be dictated by either internal (institutional)
policies or national or EU regulations. Figure 3 shows the storage
duration of raw genomic data file formats and various policies
that govern retention of genomic data.

Practices
Discussions with respondents centred on the so-called raw file
formats in the genomic data processing chain, which include
(listed in order of production) the following: (i) BCL, (ii) FASTQ,
(iii) BAM (including all subtypes), and (iv) VCF. It is important
to note that those file formats may span up to 100 GB (for
WGS data), while some of those formats may be redundant (e.g.,
BAM and FASTQ). As such, VCF and FASTQ formats cannot
be converted back to the prior data format (BAM and BCL,
respectively), potentially resulting in loss of data if those prior
formats are deleted.

“That is the benefit of storing BCLs rather than FASTQs because
it’s an untouched data [. . .] when you do the demultiplexing of the
BCL, and you might [. . .]. I mean, and then you [. . .] have to make
a decision on how do you demultiplex? How do you get out the

different reads from these BCLs, and that’s a decision that, [. . .] if
you make the wrong decision, it cannot go back.”

Respondent 2

Most respondents (26, ∼79%) were committed to at least
one of the raw genomic data formats for indefinite periods
(Figure 3). Particularly, the most widely retained are FASTQ (26,
∼79%), followed by both BAM and VCF (25, ∼76%), while four
(12%) institutions committed to retaining BCL files indefinitely
(Supplementary File 2: Table S5). In most cases, sequencing
institutions maintained their own data storage (including back-
ups) and computing facilities. As such, our respondents reported
that a total of 284,522 (134,202 WGS and 150,320 WES) raw
genomic data sets were retained by the sequencing institutions,
which represented ∼90% of the total number of samples
sequenced to date (see the Actual vs. potential sequencing capacity
section and Supplementary File 2: Table S5). Respondents
explained that raw data formats were stored for future re-
analysis and re-interpretation. When specifically asked about the
sustainability of storing those files indefinitely, respondents were
generally confident in their capability to manage the data in the
near future (e.g., 5–10 years). This is further supported by the fact
that only five institutions utilise or plan to utilise state-of-the-art
genomic data compression technologies (e.g., CRAM, Hsi-Yang
Fritz et al., 2011; Bonfield, 2014) to save on data storage costs
(Supplementary File 2: Table S5). However, most respondents
considered that indefinite storage of genomic data sets might be
unsustainable long-term (e.g., >10 years).

Policies
The genomic data retention policies of sequencing institutions
ranged from 3 months to 115 years, to indefinite storage
(Figure 3). The lower end of this spectrum is typically
represented by sequencing institutions that practice the service-
oriented open operational model (see the Respondent profiles,
organisational structures, and operational models section) and
therefore enforce strict internal raw genomic data retention
(Supplementary File 2: Table S5). Consequently, the ∼10% of
those so-called “unretained” genomic data sets (Supplementary
File 2: Table S4) stem from such institutions. In contrast, seven
sequencing institutions assumed the responsibility of storing all
the genomic data in compliance with national laws for clinical
data, under the assumption that genomic data are considered
as clinical data (Supplementary File 2: Table S5). Moreover,
those sequencing institutions support clients from healthcare and
research in managing their genomic data for the time being.

“[...] we never removed anything, but [...] in our agreements
[guarantee two years of storage]. [We] are basically waiting for
healthcare to establish [...] long-term data archiving solutions. And
when those are in place, we will start moving the data there for
long-term storage, for archiving. But [any data that we have] in
our hands, we will [store] for two years. But [. . .] because our
collaborative customer [is not] ready, [we] have said [it is] too much
[of] value to destroy it [...] now, so, we keep it and if [it is] not that
expensive to store on tape [. . .], we can [absorb] the cost.”

Respondent 2
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FIGURE 2 | Actual vs. potential sequencing capacity. (A) Number of whole exomes (WES) and whole genomes (WGS) sequenced per year. (B) Total number of WES
and WGS sequenced to date. In (A,B), the number of respondents that were able to estimate the number of WES and WGS sequenced individuals are indicated in
grey text within the bars. (C) Annual predicted (70%) potential vs. actual sequencing capacity. Detailed information available in Supplementary File 2: Tables S3,
S4.

FIGURE 3 | Data retention practices and policies. Green scale represents storage practices in terms of stored file formats. Grey scale represents national and
internal institutional data storage policies reported by the respondents. Detailed information available in Supplementary File 2: Table S5.

Thirteen respondents stated that their data retention policies
are stated within their informed consent forms (Supplementary
File 2: Table S5). Upon comparing the responses to the informed
consent forms that we collected, we found that all (nine) of the
informed consent forms broadly addressed data retention, with
four clearly stating the duration of data retention.

Respondents were asked about the impact of the GDPR that
had recently come into force in May 2018. The majority of

respondents answered that necessary measures in relation to
genomic data management had been in place even before the
introduction of the GDPR, mostly due to existing stringent laws
when dealing with personal genetic information, which includes
genomic data. Only one respondent reported a change in data
management strategy because of the GDPR specifically, which
involved switching from the long-term storage of BCL files to
FASTQ to comply with the “right to be forgotten” outlined by
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GDPR. Compliance with this principle, our respondent said, was
not feasible using BCL files.

“[...] one of the changes [we are] doing is; [switching] from BCL to
FASTQs storage, because [it is easier] to remove the individuals, if
they would request that.”

Respondent 2

In summary, sequencing institutions established various
measures/strategies to manage raw genomic data, in compliance
with laws and regulations. The wide variation in data retention
policies and practices (Figure 3) is surprising considering that
most sequencing institutions face relatively similar technical
challenges, organisational priorities, and presumably also
relatively similar regulatory frameworks with regard to data
retention and data protection.

Raw Genomic Data Access for
Sequenced Individuals
In the final part of the interview, we asked the respondents if
they had ever experienced cases of individuals seeking to access
their raw genomic data. Accordingly, we documented at least 28
such cases (in 12 sequencing institutions within 10 countries)
of sequenced individuals requesting and subsequently receiving
access to their own genomic data (Figure 4). It is important to
note that all sequencing institutions that received such requests
ultimately granted access to the raw genomic data. We further
asked those respondents who managed such cases to elaborate on
how the process was carried out. We also asked all respondents
about policies governing the personal raw genomic data access.

Practices
The most common raw file format provided to the individuals
was VCF followed by BAM and FASTQ files (Supplementary
File 2: Table S6). Two respondents mentioned that the sequenced
individuals in question wanted their data to perform their own
analyses. None of the other respondents knew the exact reasons
why individuals had requested access to their own raw genomic
data, but broadly speculated that those individuals were looking
for second opinions.

“Well, it was actually a patient who wanted a second opinion
on the data. And it was an individual, who [was] educated [in]
bioinformatics, and wanted to have a look at the data [themselves]
and have some second opinion about it [...]”

Respondent 3

Sequenced individuals and sequencing institutions are not in
direct contact; therefore, access requests are relayed through an
“intermediary contact,” usually a healthcare professional, trial
master, or principal investigator (Table 1). Additionally, the
authorisation to grant access to a given sequenced individual
appears to rest solely in the discretion of the aforementioned
intermediary contact or, in some cases, is evaluated by a panel
that may involve personnel from the sequencing institution, e.g.,
respondents themselves (Table 1). The sequencing institution
(i.e., where the data resides) complies with the decision
of the intermediary contact or panel and acts accordingly
(Figure 4). In summary, those intermediary contacts may be

viewed as gatekeepers for sequenced individuals to access their
raw genomic data.

Requests were typically handled by institutions on a case-
by-case basis, using ad hoc procedures. Only one institution
confirmed a standardised internal procedure/process to comply
with such requests. Most respondents reported handing out the
data to the sequenced individual on an external hard drive,
while a small number were able to provide it via download.
Organisations employed measures such as pseudonymisation and
encryption to ensure confidentiality and security.

Four cases of personal raw genomic data access requests
occurred in sequencing institutions that were public
organisations with dedicated and/or integrated sequencing
platforms (Figure 4 and section Respondent profiles,
organisational structures, and operational models). The two
commercial sequencing institutions (with open operational
models) did not experience such requests. Furthermore,
access cases within 10 institutions were linked to clinical
utility (Figure 4), further highlighting the role of healthcare
professionals within those cases (Table 1).

Policies
We compared the reported practices of the institutions by asking
all respondents about their data access policies for sequenced
individuals, including examples of their informed consent forms.
We found that two out of nine informed consent forms provided
to us included information about individual access policies. We
also asked respondents if data access was granted based on a
certain law or policy. In general, respondents viewed data access
as a right of the individual. One respondent highlighted an
organisational policy of not providing data access to minors until
they are of legal age.

“In my own projects, we have an outspoken policy that says, they are
children and we are not giving up the data to them. So, when they
[turn] 18, and if they ask for the data, we will ask them instead, to
give a DNA sample so we will do resequencing [. . .] for them. But
we are not going to give the data to them.”

Respondent 4

Several respondents also pointed out possible contradictions
between GDPR and national laws, such as the one illustrated in
the next quote:

“[. . .] the challenge that we have is that; there is actually, at
some point, a contradiction between GDPR and [a national law
pertaining to genetic testing]. Because, for example, we are not
allowed to give genetic data [or] genetic results to the patients
without [involving a] specialist, discussing the data with the patient
first. So, when the patients request their data, we have to make sure
that we [. . . just can’t. . .] give them the data and [say], ‘so here’s all
the variants’. Even worse, if it’s a child, we cannot just give the data
to the parents [and] say, okay, we’ll do whatever you want. So that is
one [challenge], and we haven’t had a case yet that somebody asked
for that data according to GDPR, but this is an ongoing discussion
internally [on] what’s the best way [. . .].”

Respondent 5

We also observed opposing opinions on who should
bear the cost(s) associated with providing personal access
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FIGURE 4 | Generalised illustration of access in practice. (A) Typical scenario of personal whole genome (WGS) or whole exome (WES) sequencing data access.
Individuals request their data through a healthcare professional or a principal investigator. Those parties authorise the access to the genomic data. In certain cases, a
panel of experts, which may include personnel from a sequencing institution, jointly decide and authorise the access. The final decision is relayed to the sequencing
institution, which initiates the data transfer process, mediated by a healthcare professional or principal investigator. Sequenced individuals do not directly interact
with the sequencing institution. For detailed descriptions, refer to Table 1. (B) UpSet plot (Conway et al., 2017) represents the number and types of sequencing
institutions that successfully enabled personal access to raw genomic data of patients and/or research participants. The horizontal bars represent the elements of
organisational structure, purpose of sequencing, and operational model (Figure 1). The bottom panel represents the intersections between the aforementioned
elements. The vertical bars represent the size of those intersections. Detailed information available in Supplementary File 2: Tables S2, S6.

to raw genomic data, e.g., infrastructure, hardware,
and staff/administration. Specifically, one respondent
noted that the institution will not be able to cover
potential costs.

I can only say [that] the institute will not be able to pay [for the hard
drives to store the raw genomic data]. [Especially], when [...] people
are coming [to us], requesting for the data, [but] the download speed
is not fast enough, via internet. [Therefore] it is, of course, [should]
not [be] the responsibility of the institution to pay [for] it.”

Respondent 6

Another respondent highlighted that it was possible
for their institution to fund the associated cost(s),
despite the law allowing them to reject requests if costs
were too high.

“If they want to access [to the data in] electronic format, [then]
they [also have] the right to get [it] in [the] electronic format. [In
a national law] there’s also a caveat that says, if the effort and the
financial cost would be too high, then you can refuse the request.
But we see that it’s possible [. . .].”

Respondent 1
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TABLE 1 | Communication, decision, authorisation, and data transfer related to personal access to genomic data.

Communication

“[...]. In both cases, the request came via the collaborator, [because] the individuals don’t
know us. And they are not even aware that we are the ones processing their sample. [...]”

Respondent 2

“[...]. Two other cases came through the actual hospital where the patients were on treatment because
they came with a metastatic condition. The primary case or prior cases have been investigated
with us. [. . .] the patients have been asking through the hospital, where they could get access
to their data to make the most use of the old data together with the new ones out there.”

Respondent 1

“Well, [...] I don’t have any direct [contact] with the individuals. It is done by the [researchers] or by healthcare.”
Respondent 2

“Yes, it’s a medical doctor, who will send us a query and he will manage all the things
with this patient and [. . .], we are not allowed to send the data directly to people.”

Respondent 7
Decision and authorisation

“[...] the [trial] coordinator; that’s usually the first point of contact, and then
they contact for the reply of clinical heads of this program, and they decide it.”

Respondent 1

“Well, you know, since we do the service [for] other [researchers], these questions are the responsibility of
the researcher and not us, except for those projects that are [for] my research groups – internal projects.”

Respondent 4

“So, it’s discussed in committees that are set up, and then it’s kind of communicated directly to the person-owner of
the data.” Respondent 1

“[...] we came to the agreement that,[. . .] this was obviously a person who was very interested and who
had some prior knowledge of what [he asked for]. So, we decided on giving out both [the BAM and VCF].”

Respondent 3
Data transfer

“[. . .] we just need to put them on to some external hard drive or whatever, and we hand this out.”
Respondent 1

We send the data on hard drives to the collaborator, and then they send it further to
[the sequenced individuals], and we don’t know the name of individuals. We use numbers.

Respondent 8

“[...]. Right now, we had like two or three times, and we sent hard drives with the data.”
Respondent 9

Finally, it is unclear if such data access is fully compliant
with the right of individuals to access their health record or
their personal data.

Outlook
At the end of the interviews, we asked all the respondents
to provide their future outlook on such cases of personal raw
genomic data access. It must be noted that answers include both
institutional policies and personal views of respondents, whereby
the latter does not represent institutional policies. Twenty-one
(∼64%) responses were supportive of the right and providing
an option for individuals wanting to obtain access to their own
sequencing data. Fourteen (∼42%) believed that the number
of personal raw genomic data access requests from sequenced

individuals will grow in the foreseeable future. Finally, 10
(∼30%) respondents indicated that their respective organisations
were currently developing processes to manage those requests
(Supplementary File 2: Table S6).

DISCUSSION

This study represents the first empirical study of genomic data
management and personal access to raw genomic data for
sequenced individuals. It demonstrates the frequency of access
requests, the overwhelming tendency of sequencing institutions
to grant such access, as well as technical and procedural
complexities involved.
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Organisational Structure and Operational
Models
This study covered a diverse set of sequencing institutions within
the EU/EEA genomics ecosystem, with varying organisational
structures and operational models, thus providing a good
representation of the current landscape, especially in the context
of evolving regulations (i.e., GDPR).

Accountability for Data Retention and Personal
Access
The institution or department responsible for genomic data
management are typically physically, if not legally, separate
from the institution or department responsible for interaction
with sequenced individuals. However, certain organisations had
units performing both data management and communicating
with sequenced individuals within the same physical location,
but were in fact independent, yet highly collaborative entities
(e.g., departments, units, or groups). On the other end of the
spectrum were institutions within which these two functions
were located in clearly distinct institutions, with a clear service-
based relationship and minimal collaboration. Particularly for
institutions where several functions are fulfilled by the same
units, it is necessary to clarify how these functions correspond
with roles and responsibilities that are of legal relevance. The
GDPR, for example, distinguishes between “data controllers,”
who determine the purpose of processing and who are
primarily responsible for respecting individual rights, and “data
processors,” who carry out data processing services on behalf
of controllers. The GDPR also recognises the possibility of
joint controllership, where more than one party is responsible
for protecting data and meeting demands from the individual
right of access.

In light of these complex organisational structures, we
recommend that there should be clear instructions for individuals
regarding how to request access to their raw genomic data,
including a clear point of contact, when they consent to
having their genome sequenced. If requests for an individual’s
raw genomic data access are made directly to the sequencing
institution/unit, they may need to be directed back to the
appropriate access point. It should also be clear which
organisation is responsible for determining if access should be
provided, and according to what criteria. A failure to respond to
access requests under the GDPR could lead to legal liability for
both the requesting party and the sequencing institution.

Clinical Versus Research Data
One important consideration in discussion about both data
retention and right to access to raw genomic data is the
distinction between research and clinical data. Most notably,
research data may not be considered of sufficiently high quality
to enable meaningful consumer reuse (Shevchenko and Bale,
2016). Consumers may insist, however, that it is them, and
not the sequencing institution, who should be able to make
this determination, if necessary under the guidance of relevant
experts (e.g., genetic counselors). In Europe, however, the right
of data subjects to access their own raw genomic data in the
research context may be restricted by member states, under

Article 89 of the GDPR. While access rights are typical in the
clinical setting, it remains unclear whether or not raw genomic
data are considered part of patients’ medical records (Thorogood
et al., 2018). Even if there is no legal requirement, research
projects may still opt for ethical or engagement reasons to provide
access. Complicating things further is that a significant number
of sequencing institutions provide both types of sequencing
(research and clinical). The emergence of numerous national
clinical genomics projects designed as learning health systems
that routinely collect clinical data for the purposes of both care
and research is also eroding this distinction (Stark et al., 2018;
Price and Cohen, 2019).

Sequencing institutions may need processes to distinguish
between research and clinical data for the purposes of retention or
personal access. Alternatively, they may decide to adopt a single
policy on personal access for all data in favor of the strictest
requirements (i.e., to provide access).

Actual and Potential Sequencing
Capacity
Our respondents reported rapid increases in WES/WGS potential
and actual sequencing capacity from previous years. Moreover,
growing competition between manufacturers in producing the
most cost-efficient sequencing technology platforms was seen
by our respondents as providing sequencing institutions with
ample choices for further expansion of their sequencing capacity,
and thus leading them to “stock up” on sequencing capacity. It
must be noted that the unused sequencing capacity is typically
due to various limiting factors such as (i) research funding, (ii)
capacity of facility/institution, (iii) consortia activity, and (iv)
clinical demand. The latter is especially true as respondents could
not predict future actual capacity related to clinical genomic
data, likely because of (i) unclear public healthcare allocation
(budget) for WES/WES, (ii) emerging state-of-the-art sequencing
platforms, which may result in (iii) falling costs of WES/WGS.
Yet, sequencing institutions foresee performing more WES in the
near future as it currently is and it will be considerably cheaper
compared to WGS, indicating that the lowering costs of WGS is
still insufficient to justify its cost for all use cases, though it will be
important in certain niches (e.g., rare diseases).

The increasing amounts of genomic data produced in
the clinical and in the research domain will have important
ramifications for both data retention and the provision of
raw genomic data access to sequenced individuals. WES/WGS
is a platform technology, which generates rich and stable
information that can be used for multiple clinical, research,
and recreational purposes over time. Reuse of sequences has
potential value not only for sequenced individuals, but also
for healthcare systems, science, and commerce. Of course,
reuse of data depends on deployment of standard sequencing
platforms, analysis pipelines (where applicable), and file formats
to ensure both interoperability and quality. Our results suggest
significant variation in sequencing practices and pipelines. High
interoperability and quality standards are needed to ensure
that sequenced individuals can access raw genomic data for
consumer use or for redistribution to other service providers
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and researchers (patient-centric data sharing; Kish and Topol,
2015). This is to ensure that data are meaningful and trustworthy
for a number of downstream, distributed users. The right of
consumer portability (closely related to the “right to access”) has
been recognised by GDPR by stating that data controllers should
provide personal data “in a structured, commonly used, machine-
readable and interoperable format” (Recital 68). While there does
already appear to be a relatively high level of standardisation
and reproducibility for human WGS/WES data generation and
processing to enable medical and research reuse (DePristo et al.,
2011; Auwera et al., 2013), most sequencing institutions do
not currently provide levels of standardisation aiming to enable
meaningful consumer reuse. This may change with the growing
frequency and awareness of personal access to raw genomic data.

Genomic Data Management
With the rapid increase in sequencing capacity, questions arise as
to who will store raw genomic data, in what form, and for how
long. Our study, the first of its kind to review data retention,
reveals uncertainty over who was responsible for storing data.
In some cases, sequencing institutions were storing data as
a stop-gap measure until requesting organisations developed
sufficient capacity to do so. There was also a general lack of
clear institutional policies about the duration of data retention,
and significant variation between the policies that do exist
(from a couple of months to indefinite). Unclear and varied
retention policies are surprising considering legal requirements
of data retention that may apply, particularly in clinical contexts.
Retention policies were also not consistently described in the
consent forms we reviewed. This is in line with the findings of
previous reviews (Shabani et al., 2018). On the basis of these
findings, we recommend that sequenced individuals should be
provided transparent information about the length and location
of storage at the time of consenting to their DNA being
sequenced. A further area for exploration would be to determine
if these requirements apply, or should apply, to raw genomic data.

Data retention practices present important challenges. On
the one hand, longer-term storage of data can provide practical
opportunities for quality control, re-interpretation, and reuse
for secondary research purposes, and also allows individuals a
greater span of time to request personal genome access. On the
other hand, given the potential increase in sequencing capacity,
storage may soon start to pose a bottleneck and sustainability
challenge (especially as we move to WGS), though respondents
did not suggest this was an immediate problem. In the view
of advancements in sequencing technologies and the decreasing
costs of sequencing, long-term storage of data may not seem
cost-efficient. Moreover, data privacy principles such as data
minimisation, which dictates that personal data should only
be kept as long as necessary to carry out a specific purpose,
could pose challenges to long-term storage of genomic data.
The implementation of such principles into practice is still an
ongoing process among many sequencing institutions, as also
highlighted in our study. Finding ways to ensure compliance with
emerging regulatory requirements without giving up the benefits
of long-term genomic data retention is one of the key challenges
currently facing sequencing institutions in the EU/EEA (Wagner

et al., 2014). Sequencing institutions could be supported in
balancing these interests through the development of standard
storage technologies (e.g., compressed file formats, electronic
health records) and practices. This could be pursued initially
through voluntary standards organisations (e.g., Global Alliance
for Genomics and Health, GA4GH; Health Level Seven, HL7)
and through professional guidelines and best practices (e.g.,
American College of Medical Genetics and Genomics, ACMG;
Advancing Human Genetics & Genomics, ASHG; The European
Society of Human Genetics, ESHG), and could eventually be
incorporated into laboratory regulations (Botkin et al., 2015;
Deignan et al., 2019).

That said, in determining the period for data retention in the
context of raw genomic data, other existing relevant regulations,
such as those concerning minimum/maximum length for storage
of medical information in the healthcare setting may apply.
Consequently, it would be important to clarify the status of raw
genomic data, namely, whether they would be considered as part
of patient medical records or not.

Requests to Access Personal Genomic
Data
Previous work has found that individuals are typically interested
in obtaining access to their own genomic/genetic data (Lunshof
et al., 2014; Middleton et al., 2015). It may help that various
national regulations and the GDPR require data controllers
to inform data subjects of their right to access data [Article
13(2)(b)]. Moreover, as more third-party service providers
emerge, rising consumer awareness may lead to more individuals
requesting access.

At present, however, the overall number of requests for
genomic data is very modest in comparison to the number of
sequenced individuals. Possible reasons for this are the relatively
recent adoption of WES/WGS, as well as low interest, awareness,
and consumer utility. Moreover, many genomic data sets in
the EU/EEA are currently generated in research contexts that
anonymise data, thus precluding return. The plausibility of this
explanation is supported by our finding that only two access
requests were related to research genomic data. Moreover, the
complex structures and operations of sequencing institutions
may lead to a lack of clear coordination of responsibility
within and between organisations. For instance, service-oriented
commercial sequencing institutions did not see any access cases
possibly due to the lack or limited communication between
such sequencing institutions and the intermediary contact (i.e.,
clients), beyond data generation and processing. Finally, most
of the informed consent forms we analysed do not consistently
mention access rights, as addressed by previous work on this
topic (Shabani et al., 2018).

Our study found that in all cases where access was requested,
the sequencing institution gave them access, despite a lack
of formal internal policies and procedures. This is a general
indication that sequencing institutions recognise their ethical
responsibility and the rights (legal) of sequenced individuals
to access their raw genomic data. It is therefore important
for sequencing institutions to establish clear policies and
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procedures for personal raw genomic data access. As such,
one noteworthy finding of this study is the observation that
most sequencing institutions make decisions to grant access
on an ad hoc, case-by-case basis. It is unclear who within
the institution authorises the access and according to what
criteria. Similarly, there are no standards or best-practice
guidelines for protecting the privacy, security, and well-being
of sequenced individuals during the access process. Provision
of access through an intermediary with appropriate genetics
expertise can help sequenced individuals better understand the
meaning and limits of genetic data. It appears that the interaction
between research and healthcare personnel is quite common
in sequencing units integrated within healthcare institutions.
Staff of dedicated and/or integrated sequencing institutions (e.g.,
respondents) are able to communicate directly with respective
intermediary contacts, which are, in turn, able to communicate
with the patient, thus creating a conducive environment for
providing raw genomic data access to sequenced individuals.
However, present ad hoc and case-by-case-based practices may
not be scalable.

Once institutional policy about when to provide personal
genome access has been formulated, there are additional
technical and practical questions about how data will be
accessed. Technically, should data be provided on a hard
disk, through a web portal, or through the cloud? Who must
bear the cost for such access, the individual, the requesting
institution, the sequencing institution, or the healthcare system?
Security and privacy measures are also important elements that
need to be adequately protected when retaining, sharing, and
accessing sensitive data.

It should be noted that, as of yet, there is no evidence
available on what individuals do, or intend to do, with their
raw genomic data after access, and it is a matter of an
ongoing debate how much support they should receive in
understanding/interpretation of such data, and from whom.
Seeking a second opinion might be one reason for patients
to request access to their raw genomic data. Currently,
there are some third-party online services that also offer
interpretation services to the individuals (Guerrini et al., 2019).
They may also opt to share their data with interested third
parties such as biotech or pharma companies in exchange for
monetary or non-financial incentives (Ahmed and Shabani,
2019). However, it is not clear if patients should receive
professional support when using such online services. This
will, of course, depend on the context—is the interpretation
for healthcare purposes (e.g., serious disease predispositions),
or for more general preventative, well-being or recreational
purposes? If individuals are seeking medical interpretation, the
best option for individuals would be to reuse their raw genomic
data within third-party healthcare institutions, which includes
the guidance of qualified professionals by design (Wright
et al., 2017; Middleton, 2018). However, to the best of our
knowledge, this particular use case of interoperability between
EU/EEA healthcare institutions is yet to be explored and may
be highly complex given varying infrastructure, resources, and
capabilities of different healthcare institutions. Most importantly,
the aforementioned uncertainties of third-party reuse of raw

genomic data should first be explored through empirical
research to distinguish the concrete needs and risks from
hypothetical ones (Middleton, 2018). This should further guide
the development of interoperability channels specific to the reuse
of genomic data.

Limitations
A general limitation to this study is that we may not have
covered all possible types of sequencing institutions (e.g.,
commercial institutions and consortia) and personal access
requests, including those that were possibly overlooked, did
not respond, or declined to participate. Furthermore, we
did not cover ordering institutions (clients) that may have
received access requests that were not passed on to the
sequencing institutions in the study, but rather handled by
the clients themselves. Most importantly, given the complexity
of organisational relationships and structures, we were unable
to directly interview the organisation or the gatekeepers of
access requests, including healthcare professionals and expert
panels. Neither did we interview those persons within an
organisation most knowledgeable about its infrastructure (e.g.,
IT specialist) and policies (e.g., lawyer or data steward) as
this was not a criterion for the selection of interviewees (we
spoke to whoever from the organisation that agreed to speak
with us).

We would also like to highlight potential bias between
respondent sequencing institutions and those declining to be
interviewed. It may be that institutions within our professional
networks were more likely to agree to interview. Decliners can be
characterised as follows: most of the negative responses stemmed
from people who did not respond to our communication at all
or failed to schedule an interview, while five outright declined to
interview, with four of them providing reasons for rejecting (see
Supplementary File 5). If given, the most common reason for
rejection was due to the preference in answering the questions
in a written format. However, we decided against it (i.e., written
questionnaires) to maintain consistency of our data collection
methodology and also due to the nature of the open-ended
questions, which are more suited within an interview setting.
However, given that we successfully surveyed a large proportion
of identified institutions (63 of 83), it is likely that we achieved
saturation and so this bias is expected to be limited.

We also did not systematically analyse differences in
national regulatory frameworks, written institutional policies,
and governance documents (if they exist), outside the limited
number of informed consent forms. In that regard, we were
unable to compare information from statements within the
interviews with a complete set of informed consent forms
from the organisations, outside the limited number of informed
consent forms obtained from those organisations, used for
validation. It is also crucial to investigate other potential
professional concerns from the perspectives of the healthcare
professionals that may disfavor personal access to raw genomic
data. Future research may also want to consider cross-
country comparisons of sequencing institution structure, data
retention, and personal access. Our exploratory study aimed at
identifying general trends rather than making these granular
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comparisons. Moreover, our central finding, that few institutions
have formally addressed retention or personal access, seems to
have general implications across Europe. Our study remains
the first exploratory study providing empirical evidence on the
organisational structures, current and future sequencing capacity,
and approaches to genomic data retention and personal genome
access of sequencing institutions located in the EU/EEA.

Outlook
We find that sequencing capacity in Europe is growing and that
some sequenced individuals are requesting access to their raw
genomic data. Despite these trends, we also find that sequencing
institutions are largely unprepared to handle questions of
retention and personal access, and have yet to develop clear
policies and practices. In a broader context, this study gives
insight into the complexity and the general direction of the
emerging genomics ecosystem. In that regard, we hope that this
study becomes a catalyst for future explorations of similar nature
with other stakeholders of the genomics ecosystem, and enhances
the development policies and best practices in the context of
personal access to raw genomic data.
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How Can We Not Waste Legacy
Genomic Research Data?
Susan E. Wallace1* , Emily Kirby2 and Bartha Maria Knoppers2

1 Department of Health Sciences, University of Leicester, Leicester, United Kingdom, 2 Centre of Genomics and Policy, McGill
University, Montreal, QC, Canada

Enabling genomic and biomedical data to be shared for secondary research purposes
is not always straightforward for existing “legacy” data sets. Researchers may not know
whether their data meet ethical and regulatory requirements for sharing. As a result,
these data, collected using public funds and the good will and efforts of the donors and
investigators, may not be used beyond their original purpose. Single-use plastics are
now being banned in many countries; single-use research should be avoided if possible.
This paper describes a filter developed through the driver projects of the Global Alliance
for Genomics and Health that can be used by researchers to help them determine
the extent of sharing possible for their legacy data and actions to be taken to enable
further sharing.

Keywords: consent, data sharing, policy, secondary research, genomic research

INTRODUCTION

Sharing of research data between institutions and across national and international borders
is an expectation for many involved in genomic research studies. Too often, though, datasets
languish because, amongst other reasons, researchers are unaware of whether the original
consent given includes further data sharing or whether existing ethical, legal, and institutional
requirements allow such sharing. The Global Alliance for Genomics and Health (GA4GH)
“. . .both advocates for responsible data sharing and produces the practical standards to
enable such a future.” (Birney, 2019). Through its driver projects, “real-world genomic
data initiatives” that help guide and implement data sharing activities1, and workstreams,
stakeholders work together to develop policies, tools and standards that follow the GA4GH
Framework for Responsible Sharing of Genomic and Health-Related Data which provides, within
a human rights framework, “a set of foundational principles for responsible research conduct
and oversight of research data systems in the realm of genomic and health-related data
sharing.” (Knoppers, 2014). The recently revised GA4GH Consent Policy2, which was written,
“. . .to guide the sharing of genomic and health-related data in a way that supports the
autonomous decision-making of data subjects,” states that tools should be developed to support

1Global Alliance for Genomics and Health. Driver Projects. Available at https://www.ga4gh.org/how-we-work/driver-
projects/. Accessed 30Mar20.
2Global Alliance for Genomics and Health Consent Policy (Sept. 2019). Available at https://www.ga4gh.org/wp-content/
uploads/GA4GH-Final-Revised-Consent-Policy_16Sept2019.pdf. Accessed 24Nov19.
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data donors3’ understanding of data sharing plans and to ensure
data are shared as was agreed in the consent. This filter is one
example of a flexible tool that, as part of a larger governance
framework, can help researchers determine if legacy datasets can
be shared, within applicable ethical, and legal requirements while
respecting patients and participants’ wishes.

MATERIALS AND METHODS

Policy Background
There are many obstacles that stand in the way of wide-spread
data sharing, yet there are also great incentives and rewards
(Figure 1). Many existing “legacy” datasets from research or
datasets generated from legacy or archival biological samples
were created before widespread data sharing was encouraged. In
these cases, research proposals and consent materials commonly
did not include plans and language to enable further sharing,
and often included conditions that limited the way in which a
researcher could share, for example, across international borders
or for research in other disease types than studied in the original
research. At one time, sharing datasets could not be done easily
so it was normal to not think about these possibilities. With
technological changes and the genomics and big data revolutions,
interrogating large datasets is now the norm, and in some cases,
the only way in which the fundamental causes of disease could
be found. Funders in many countries now require data sharing
as part of grant conditions, and groups such as the GA4GH
have worked tirelessly to develop tools and policies to share
data for research purposes in a scientifically sound, ethical and
lawful way. However, there are still barriers to overcome. The
“. . .sharing of data and samples through global collaborative
research networks. . .” has raised fears of a loss of privacy (Kaye,
2012). New legislation, such as the recent European General
Data Protection Regulation (GDPR)4, has caused many to be
unsure as to what can and cannot be done5. In addition, there
are those who might feel they cannot share, for many reasons,
such as a misplaced commitment to “protect the privacy” of
their participants or the need for secrecy in order to be the
one to publish that ground-breaking, and promotion-securing,
academic paper (Linek et al., 2017).

For those who actively seek to share legacy data, by for
example joining a national or international consortium, the
options may be reduced to not sharing, in effect wasting the
opportunity to achieve the best from the data collected, or
sharing in a way that might not fully reflect the original wishes
of the data donors. A stepwise approach to assessing legacy

3The term “data donor” has been chosen to be used throughout and is defined in
the GA4GH Lexicon as, “The individual whose data have been collected, held, used
and shared.” Available at: https://www.ga4gh.org/wp-content/uploads/GA4GH_
Data_Sharing_Lexicon_Mar15.pdf. Accessed 08Apr20.
4REGULATION (EUhile) 2016/679 OF THE EUROPEAN PARLIAMENT AND
OF THE COUNCIL of 27 April 2016. Available at https://eur-lex.europa.eu/legal-
content/EN/TXT/PDF/?uri=CELEX:32016R0679&from=EN. Accessed 24Nov19.
5The GA4GH has launched the GDPR & International Health Data Sharing Forum
policy briefs to answer important questions in order to assuage concerns that might
be blocking sharing. These are available at: https://www.ga4gh.org/genomic-data-
toolkit/regulatory-ethics-toolkit/. Accessed 02Apr20.

datasets would allow researchers to decide how they could share
their data to the greatest extent possible. The, “. . .ethical and
legal interoperability process. . .” for assessing retrospective or
“legacy” studies, proposed by Tassé et al. (2016) was chosen as
a framework. This process asks the researchers to (1) identify the
legal and ethical restrictions inherent in a data set, (2) determine
whether these would allow or prevent participation in research
collaborations, and (3) identify any options that would help to
resolve these in an ethical and lawful way. Two GA4GH driver
projects have now taken these steps and used them to construct
a “legacy filter” to determine ethical and legal interoperability.
While the use of the filter is different for each of the driver
projects described below, the approach for creating or tailoring a
filter can be used by anyone seeking to identify the requirements
for sharing and using legacy data. The expectation is that any
filter would be used within any existing governance framework
and would inform, not exclude, other measures such as the use of
data access agreements (DAAs) and other appropriate safeguards.

The International Cancer Genome
Consortium (ICGC) and the Accelerated
Research in Genomic Oncology Project
(ICGC-ARGO)
The International Cancer Genome Consortium (ICGC) was
established in 2008 to broadly and comprehensively map the
structural aberrations of genomes and begin to understand the
molecular basis of cancer (Hudson et al., 2010). Data are now
available for over 88 projects across 17 jurisdictions (16 countries
and the European Union) with >20,000 tumor genomes for 26
cancer types. The results of the analyses of these data are available
through the Data Coordination Centre (DCC) via the ICGC
website6. The ICGC Accelerated Research in Genomic Oncology
(ARGO) project follows on from ICGC and, “. . .aims to analyze
biospecimens from at least 100,000 cancer patients with high
quality clinical data to address current key outstanding questions
that are vital to our quest to defeat cancer.”7 This GA4GH driver
project is an international research consortium of public studies
and private commercial entities. Because research and clinical
data from individuals will be contributed from many different
countries with differing ethical, cultural and legal norms, ethical,
and legal interoperability across studies is key.

Upon joining the consortium, ICGC members agreed to
make the data as broadly available as possible under appropriate
governance with minimal restrictions to expedite cancer and
related research. It was recognized early that a core set of
ethics elements were needed for researchers to include in
consent materials given to, and in discussions with, prospective
research participants. Two lists were created: a set of core
elements member projects must agree to and a list of elements
where there would be flexibility. For example, sharing with
colleagues internationally was core, while decisions on whether
to return individual research results were given over to the

6ICGC Data Portal. Available at: https://dcc.icgc.org/. Accessed 24Nov19.
7Accelerating Research in Genomic Oncology. Available at: https://icgc-argo.org/.
Accessed 24Nov19.
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FIGURE 1 | Incentives for and pressures against greater sharing of biomedical data.

local member project to make. A later analysis of member
study consent materials showed that, due to projects using
their own institutionally approved consent materials in many
different languages, it was very difficult to ascertain whether
the core ICGC elements were being clearly communicated to
participants (Wallace and Knoppers, 2011). While no concerns
were raised (and to date this continues to be the case), anecdotal
discussions highlighted that ambiguous consent language in
ICGC member consents could preclude participation. For
example, originally ICGC core elements stated that data would
be used for cancer research but once requests for the data
began to be received, it became clear that the ICGC data
were useful for research related to, but not specifically for,
cancer. It was decided that the scope of research in the core
elements should be broadened to “cancer and related research”
and later to “any approved biomedical research.” This raised
the question of whether the member projects were still in
compliance. A letter was sent to each project leader asking
them to confirm if their project had consent for two key
elements: broad research use and international data sharing.
If the project leader could not answer yes to these, they
were instructed to speak with their ethics committee to see
if it was possible to re-consent their participants or obtain
a waiver (if possible and appropriate under local legal and
ethics requirements.) Throughout the project, all member project
leaders have completed this form. At least one ICGC project
re-consented its participants for the broader scope of research
(Wallace and Knoppers, 2011).

For ICGC-ARGO, a set of core ethics elements was again
agreed on. It was decided that it would be beneficial if the projects

could confirm whether their consent adhered to the details of
the consortium at the beginning of the process of becoming a
member, rather than retrospectively seeking this confirmation as
with ICGC. Using the filter process, the authors reviewed the
thirteen elements that had been drafted for ICGC, and translated
them into a limited number of process-related elements (six)
that it was felt required confirmation; other elements would be
followed up on through other processes. For example, one core
element is that data users will attest that they will not attempt
to re-identify participants. As this is a provision in the legally
binding DAA used by ICGC-ARGO, it was felt that enforcing
this should be governed through the data access process which
requires institutions to take legal responsibility for the actions of
its researchers.

Figure 2 shows an early version of the filter for use by ICGC-
ARGO as part of its Expression of Interest (EOI) process. This
shows the seven core research consent elements of participation
in this consortium but also provides further steps that researchers
can take to enable their dataset to be shared respecting research
ethics requirements. Step 1 takes one through the six and if
these points cannot be met, Step 2 asks if re-contact and re-
consent are possible. If not, applying for a waiver from an
appropriate body, such as a research ethics board, is suggested.
This will be useful in cases when re-contact was not foreseen or
for when it is may be impracticable to re-consent participants.
Consent language would need to be interpreted to judge whether
it fits with the items in the tool, so contact information of an
ICGC-ARGO team member is available if guidance is needed.
A possible further option would be to anonymize the dataset. This
is not the preferred option as de-linked data would be of limited
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FIGURE 2 | ICGC-ARGO consent assessment tool for participation.

value in clinical care and may pre-empt projects from updating
datasets longitudinally.

An early version of the retrospective assessment filter was
developed and informally piloted with a small number of
ICGC projects that were considering joining ICGC-ARGO
and this showed that ambiguous consent text could preclude
participation. For example, if there is research consent to share
data with one other named country, outside the one in which
the research is being conducted, can the consent be interpreted
as allowing “international data sharing” with any country? The
wording of point 6: “Use by industry partners” has been changed
as a result of discussions with potential project representatives
and the ARGO Ethics and Governance Committee – should it be
specifically aimed at commercial entities or made broader, such as
“Use by bona fide researchers from institutions including not-for
profit and commercial?”

Those completing the ICGC-ARGO EOI application must
mark their agreement to this statement: We agree that their
participant (donor) consents meet the requirements of inclusion
in ICGC-ARGO as outlined in the ICGC-ARGO Participant
Assessment tool in Appendix III. By including the retrospective
assessment filter tool at this point in the formation of the
consortium, we have tried to place consent harmonization
at the heart of the recruitment process, and not as an
afterthought. However, in anecdotal discussions with project
representatives it appears that boxes may have been ticked
without a full understanding of the specific project’s informed
consent materials. Discussions continue as to how to when and
where would be the best place to introduce the filter. There
are plans to automate this process by including a requirement
to complete the filter as part of the online data submission
process. This could allow greater scope for explaining the specific
elements and for recording acceptance of its provisions.

The Human Cell Atlas
A similar “legacy assessment filter” is currently being developed
in the context of the Human Cell Atlas (HCA) driver project.
Given the diversity of tissues types and cells required to map
the human body, the HCA presents an interesting scenario, since
several contributors to the Atlas will need to consider both the use
of legacy tissue samples (for e.g., in the case of rare specimens,
or tissues collected prior to the creation of the HCA), as well
as legacy datasets. In this perspective, the first draft of the HCA
research consent assessment filter was divided into four steps, and
namely:

1. Can the legacy tissue sample be used to generate datasets
for the HCA?

2. Is the tissue donor’s consent adequate to deposit datasets in
the HCA data coordination platform?

3. What is the appropriate data tier for the datasets?
4. If requirements for previous steps are not met, is it possible

to re-consent donors or seek an ethics consent waiver?

Steps 2 and 4 are similar to the elements used in the
ICGC-ARGO filter. However, Step 1 was added in light of
the complexities involved in the tissue sampling sources and
scenarios envisaged by HCA contributors8. Furthermore, Step
3 was added to account for the potential levels of permission
on data sharing for example, based on consent language, data
protection requirements, source of tissue (e.g., paediatric, disease
cohorts), or other policy requirements, such as open (public)
versus registered versus managed access9.

Although at the time of writing, the assessment filter is still
being discussed within the HCA Ethics Working Group, it is
hoped that the final filter will provide an educational guidance
tool, pointing to different layers of considerations involved in
the use of legacy tissues samples and datasets. We expect that
pure legal compliance will depend on more than simply this
assessment tool (for example, on data protection regulation,
institutional policies, and ethics approvals, etc.). Nonetheless,
dissemination of this tool to the HCA community aims at
fostering an understanding of transparent, and responsible data
governance, while maximizing legacy data sharing and use.

DISCUSSION

When initially prepared, the main objective of the legacy filter
was to provide guidance on assessing whether research consent
language used by member projects was sufficient to allow sharing
within consortia, in response to the authors’ experience with
seeking interoperability between the ethical, legal and social
issues (ELSI) linked to research studies. Because the teams

8Building the Human Cell Atlas: Issues with Tissues. (2019) Available at: http://
www.genomicsandpolicy.org/Ressources/Issues-with-Tissues_2019.pdf. Accessed
24Nov19.
9The GA4GH Lexicon (https://www.ga4gh.org/wp-content/uploads/GA4GH_
Data_Sharing_Lexicon_Mar15.pdf) defines open access as “Making data available
without restriction.” An example of managed access is registered access, defined in
the Lexicon as, “A system of authentication and self-declaration prior to providing
access to data.”
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organizing most scientific consortia are not “legal entities” they
cannot enforce decisions across consortia, instead they must
rely on each participating study to be able participate based on
their own local legal requirements and cultural norms. Better
harmonization of these, such as around sharing legacy data,
would be beneficial to consortia, but has been shown that it
would be difficult to achieve (Tassé et al., 2010). Data protection
regulations, such as the GDPR, can add an additional layer of
complexity to this reliance on local practices and knowledge.
Consortia need to be aware that use of the filter does not
in itself verify compliance. It is always contingent on the
researcher being compliant with their own locally applicable data
protection regulations. However, in their local adaptations of
legacy filter tools, regional consortia may eventually consider
adding additional steps to provide guidance on jurisdiction-
specific data protection requirement (e.g., GDPR).

The filter can help with clarifying the consent elements needed
for participation but familiarity with consent materials is needed.
When principle investigators of a research study seek to be part of
research consortia they may not have the in-depth knowledge of
the ethical, social and legal requirements under which they must
act, leaving the ELSI representatives (if there are such individuals)
to raise concerns about whether participation conforms with the
rules under which the data were gathered. Therefore, it is crucial
that all researchers understand that they are taking responsibility
for knowing, not only the content of their consent materials, but
what their local (institutional or national) rules and regulations
are, so that when they tick the boxes they do so in full knowledge
of the commitment being made. Groups and individuals, such
as data protection officers within institutions and research ethics
committees, have a role in educating and working with their
research teams, as well as learning themselves about working in
national and international consortia.

ACTIONABLE RECOMMENDATIONS

It is vital that research data is shared for purposes that adequately
match the understanding and consent given by data donors
and that conform with applicable ethical, social, and legal
requirements. While it is well-known that individuals may not
remember the exact provisions in any given consent form that
they have signed, it is also known that one of the most important
considerations underlying agreement to participate in research
is that researchers and academic institutions are worthy of their
trust (Dixon-Woods and Tarrant, 2009). In addition, neither of
the filter examples presented have been in place long enough to
critically evaluate their success. Empirical evidence will be needed
to validate the approach taken.

Therefore, we recommend that:

1. International consortia agree on a set of core elements for
participation, design a filter to reflect these to be provided
to study leaders considering participation.

2. Project leads attest that their consent materials meet the
requirements for participation and that this attestation be
recorded either on paper or through electronic means.

3. Consideration be given to the best way to present the filter,
such as through EOIs or data submission processes.

4. Consortia use this and similar tools to educate their
communities and raise awareness with respect to the
complexities involved in the ethical governance of
legacy datasets.

5. Local data protection officers, research ethics committees
and others, such as legal experts, work with researchers to
educate them on the ethical, social, and legal requirements
surrounding data sharing.

6. Consortia that have used the filter share their experiences
in order to enable improvements to be recommended.

CONCLUSION

This filter is proposed as one part of a larger governance
framework to support research consortia. Its aim is not to place
barriers in the way of researchers, but instead provide a way for
them to know what contributing data to a consortium entails
and to have a simple way to confirm that their consents meet the
requirements for participation. If there are conditions that block
participation, researchers will know what avenues they can take
to share their data according to ethical and legal requirements.
Datasets, like plastics, cannot continue to be single use. This filter
is one way to encourage data sharing to the widest extent possible,
in a responsible, ethical and lawful way that respects the wishes of
the original data donor.
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This nation-wide survey was conducted among Korean adults to examine the public
interest in and attitudes toward establishing a citizen participation cohort model and
to collect data to support and determine the future policy and research directions of
the Resource Collection Project for Precision Medicine Research (RCP-PMR) before
the project proceeds. The demographic framework of the survey population was
established based on the statistical standards of the Ministry of the Interior and Safety.
An online survey was carried out using web panels between 14 May 2018 and 23
May 2018. Sampling was performed using a simple proportional allocation method
considering region, gender, and age. From this survey, the RCP-PMR received very high
support (94.5%) and the intention to participate was as high as 83.5%. Respondents
had a very positive attitude toward providing their samples and information to the study
(84.5–89.9%). In terms of incentives to participate, respondents wanted to receive health
information (80.2%), monetary compensation (51.4%), and smart devices (41.3%). Most
participants responded that it was appropriate to carry out the project at governmental
research institutes (66.9%). Respondents also had a positive attitude toward sharing
their information and samples as long as it was only shared with the governmental
researchers who run the project (88.0%). However, the survey participants expressed
concerns about the study being time consuming or a hassle (38.1%), privacy breaches
(33.6%), and the lack of returning benefits of participation (25.1%). Participants had
a negative attitude toward sharing their data with researchers who are not directly
involved in the RCP-PMR. Considering the future use of the database derived from
this project, it will be important to communicate with the lay public as well as the
RCP-PMR participants to understand their needs in participating in the forthcoming
study and to improve their understanding of the goals of the project, and how data
sharing can contribute to disease research and prevention. The RCP-PMR should
consider building an efficient citizen-participation program and privacy protection for
the research participants.

Keywords: precision medicine cohorts modeling, participant engagement, public attitude, ELSI, benefits for
participation, data sharing
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INTRODUCTION

Precision medicine aims to understand how a person’s genetics,
environment, and lifestyle can help determine the best approach
to prevent or treat diseases (Collins and Varmus, 2015; Alzu’bi
et al., 2019; Genetics Home Reference, 2019). Precision medicine
integrates advanced technologies with enriched biomedical big
data, including multi-omics; physiological, clinical, mobile, and
remote health; and external environmental information to
provide transformed healthcare services to one or more people
(Collins and Varmus, 2015). For instance, the Precision Medicine
Initiative All of Us Research Program (PMI-AURP) in the
United States collects specimens and a wide range of personal
health information including clinical data, genomic data, and
lifelog data from at least 1 million Americans (National Institutes
of Health, 2019). The 100,000 Genomes Project funded by the
National Institute for Health Research and NHS England involves
sequencing 100,000 genomes, including genomic, phenotypic,
and other clinical data, from 85,000 patients with rare diseases
or cancer (Peplow, 2016; Haga, 2017; Genomics England,
2019). These large-scale precision medicine cohort models
necessitate public participation and collective engagement in
conjunction with longitudinal collection, access, and use of data
(Kaufman et al., 2016).

The Korea Centers for Disease Control & Prevention
(KCDC) is planning to carry out the Resource Collection
Project for Precision Medicine Research (RCP-PMR) from 2020
onward. This project is expected to collect clinical information,
specimens, genetic data, environmental information, and lifelog
data – which are essential for research and technological
development – from individuals who agree to participate
in the RCP-PMR. The collection, storage, and sharing of
individuals’ data are expected to be conducted mainly under
the Personal Information Protection Act and the Bioethics
and Safety Act (Kim et al., 2018). Qualified researchers who
obtain approval to access the database by a proper authority
will be able to use the information to conduct a variety of
biomedical studies.

However, public acceptance of building a citizen participation
national cohort model has not yet been studied in the Republic
of Korea (ROK). In the case of the United States large-scale
prospective cohort, the nationwide precision medicine initiative
cohort study conducted surveys of United States adults to
identify public concerns and problems that had to be addressed
before the study (Kaufman et al., 2016; Okita et al., 2018).
To benchmark a precision medicine cohort program such as
the PMI-AURP, we conducted an Ethical, Legal, and Social
Implications (ELSI) study in the form of a nationwide survey to
confirm public attitude toward precision medicine and to collect
opinions on the RCP-PMR before implementing it. The survey
identified the social acceptance of the specimen and information

Abbreviations: ELSI, Ethical, Legal and Social Implications; IRB, Institutional
Review Board; KCDC, Korea Centers for Disease Control & Prevention; PMI-
AURP, Precision Medicine Initiative All of Us Research Program; RCP-PMR,
Resource Collection Project for Precision Medicine Research; ROK, Republic of
Korea; SNS, Social Networking Sites.

provisions and the issues that must be addressed before the
project can proceed.

MATERIALS AND METHODS

Survey Methods
We conducted online surveys to collect basic data for future
policy directions and research by confirming public attitudes
toward and opinions on the RCP-PMR. The online survey
participants were recruited based on the statistics of the resident
registration of the Ministry of the Interior and Safety at the end
of January 2018 (men and women aged 20 and older). Sampling
was performed using a simple proportional allocation method
considering region, gender, and age. The sample selection and
online administration of the survey were managed by the Nielsen
Korea online survey firm. During the field period, 1,500 potential
respondents of at least 20 years old were randomly sampled from
Nielsen’s web-enabled master panel of 500,000 Korean residents.
The survey was fielded online between 14 May 2018 and 23
May 2018 (10 days).

Questionnaire Development
The questionnaire used in this study was developed in
reference to the Kaufman et al. survey (Kaufman et al.,
2016). The questionnaire was written in simple Korean
and included 17 carefully selected multiple-choice questions
about the RCP-PMR and eight items on social/demographic
variables. The KCDC, which leads this precision medicine
national cohort program, provided the draft description of
precision medicine, and the RCP-PMR and the authors
of this paper completed the description by including a
comparison to the PMI-AURP. Respondents answered questions
about precision medicine awareness and then confirmed a
brief description of precision medicine and the RCP-PMR.
Respondents were then asked several questions about the need
for the project, their concerns and willingness to participate in
the project, and the use of their data. See the questionnaire
in the Supplementary Material. After completing the survey,
participants received 4,000 South Korean Won (equivalent of
USD 3.50) for their time.

Ethics Approval
The survey was approved by the Institutional Review Board (IRB)
of the Yonsei University (approval number: Y-2018-0039). Under
the Bioethics and Safety Act, written consent was exempted by
the judge of the IRB because, due to the nature of the survey
form, the respondents should read the survey information before
starting the survey and thus were perceived to have agreed
to participate in the survey. The survey was also designed for
participants to withdraw their own participation at any time
during or after the survey.

Statistical Analysis
Data were analyzed using the IBM SPSS 20 statistical software.
Missing data were excluded by this online survey design.
Respondents’ socio-demographic characteristics were analyzed
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TABLE 1 | Respondents’ characteristics.

Variables N (%)

Gender Men 743 (49.5)

Women 757 (50.5)

Age 20–29 261 (17.4)

30–39 259 (17.3)

40–49 305 (20.3)

50–59 389 (25.9)

60+ 286 (19.1)

Household Income (KRW) <\2,000,000 153 (10.2)

\2,000,000–\3,990,000 458 (30.5)

\4,000,000–\5,990,000 508 (33.9)

\6,000,000≤ 381 (25.4)

Education Less than middle school 46 (3.1)

High school 342 (22.8)

College and more 1,112 (74.1)

Social networking service No use 138 (9.2)

Former use 221 (14.7)

Current use 1,141 (76.1)

using the variables of gender, age, region, household income,
and education (Table 1). In addition, two multiple logistic
regressions were examined (Table 2). The attitude toward the
RCP-PMR and willingness to participate in the project were the
dependent variables.

RESULTS

The Respondents
A total of 52,000 people were invited to participate in the survey
via email and 4,271 connected to the website. Among them, 1,500
people fully responded, resulting in an invitation-response rate
of 2.9% and an access-response rate of 35.1%. The demographic
characteristics of the survey population are shown in Table 1. The
gender distribution was nearly equal, 50.5% female and 49.5%
male. The age ranges were 50–59 (25.9%), 40–49 (20.3%), 60+
(19.1%), 20–29 (17.4%), and 30–39 (17.3%). The distribution
of household income per month in Korean Won (KRW)
was <\2,000,000 (10.2%), \2,000,000 – \3,990,000 (30.5%),
\4,000,000 – \5,990,000 (33.9%), and \6,000,000 ≤ (25.4%). The
education level ranges were less than middle school graduate
(3.1%), high school graduate (22.8%), and college and more
(74.1%). Experience with social networking sites (SNS), such
as Facebook, Twitter, Instagram, and KakaoTalk, were no use
(9.2%), former use (14.7), and current use (76.1%). The margin
of error on opinion estimates based on the sample of 1,500
is ± 2.53% in a 95% confidence interval.

Awareness of Precision Medicine
Participants were asked, “Have you ever heard of precision
medicine?” Of the respondents, 11.5% answered, “I have heard of
it and I know what it is”; 58.2% answered, “I have heard of it, but I

TABLE 2 | Results of two multiple logistic regressions examining socio-demographic variables related to survey participants’ attitude toward the RCP-PMR and their
willingness to participate in the project (n = 1,500).

Demographic
Group

Unweighted N
(weighted
percent)

% who said
the project
definitely or

probably
should be

done

Beta SE p-value % who are
definitely or

probably
willing to

participate in
the project

Beta SE p-value

Total 1,500 (100) 94.5 83.5

Gender Men 743 (49.5) 95.0 0.197 0.234 0.401 87.6 0.641 0.149 0

Women 757 (50.5) 94.1 ref 79.5 ref

Age 20–29 261 (17.4) 92.7 −0.810 0.334 0.015 78.5 −0.695 0.207 0.001

30–39 259 (17.3) 94.6 −0.474 0.359 0.186 79.9 −0.649 0.208 0.002

40–49 305 (20.3) 93.4 −0.655 0.32 0.041 83.6 −0.404 0.203 0.047

50+ 675 (45.0) 95.7 ref 86.8 ref

Household <\2,000,000 153 (10.2) 90.8 −0.659 0.421 0.117 69.3 −1.311 0.263 <0.0001

Income \2,000,000–
\3,990,000

458 (30.5) 94.5 −0.313 0.353 0.376 79.9 −0.805 0.217 <0.0001

\4,000,000–
\5,990,000

508 (33.9) 94.3 −0.412 0.337 0.222 86 −0.386 0.219 0.078

\6,000,000 ≤ 381 (25.4) 96.3 ref 90.3 ref

Education Less than
middle school

46 (3.1) 84.8 −1.155 0.5 0.021 76.1 −0.272 0.393 0.489

High school 342 (22.8) 95.6 0.249 0.318 0.434 81 −0.066 0.181 0.716

College and
more

1,112 (74.1) 94.6 ref 84.6 ref

Social No use 138 (9.2) 95.3 −0.792 0.338 0.019 84.8 −0.483 0.234 0.039

networking Former use 221 (14.7) 93.7 −0.270 0.314 0.390 81 −0.215 0.196 0.274

service Current use 1,141 (76.1) 89.9 ref 76.8 ref
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FIGURE 1 | Participants’ attitude toward the need to implement the RCP-PMR (A) and their willingness to participate in the study (B).

do not know what it is”; and 30.3% answered, “I have never heard
of it.” Among the 1,046 respondents who have heard of “precision
medicine,” respondents learned about it through media such
as TV and radio (58.9%), the internet (49.8%), magazines and
newspapers (21.5%), and hospitals (13.6%).

After reading the definition and a brief example of precision
medicine, 96.1% responded that precision medicine is important
for prevention and treatment of disease. The higher the education
(less than middle school [89.1%], high school [95.9%], and
college and more [96.4%]) or the higher the household income
(<\2,000,000 [94.8%], \2,000,000 – \3,990,000 [95%], \4,000,000 –
\5,990,000 [96.1%], and \6,000,000 ≤ [97.9%]) of the respondent,
the higher the rating of the importance of precision medicine.
Of the 69.9% of respondents who said they did not know what
precision medicine was before the survey, 91.5% agreed on the
importance of precision medicine.

Attitude Toward the Need to Implement
the RCP-PMR
After introducing the concept of precision medicine, the plan of
the project, and data sharing policies, we asked about the need
for the RCP-PMR (Figure 1A). Most respondents (94.5%) agreed
on the need to implement the study and, among variables, men
(95.0%), older adults (older than 50, 96.1%), those with a higher
education (high school [95.6%], and college and more [94.6%]),
and current SNS users (95.3%) highly supported implementing
the study (Table 2).

Adjusting for the other factors in Tables 1, 2 showed no
significant differences between genders, region groups, and
household income groups by a multiple logistic regression
treating the need of the RCP-PMR as a binary independent
variable. Younger age (20–29 [p = 0.015]) and lower education
level (less than middle school [p = 0.021]) were independently
associated with lower levels of support for the study. The SNS
non-user group was significantly associated with higher levels of
support for the study (p = 0.019).

Willingness to Participate in the Study
When asked about their intention to participate
in the project, 83.5% of respondents said they

would participate and 16.5% said they would
not (Figure 1B).

Adjusting for the other factors in Table 1, age 20–49 (20–
29: p = 0.001; 30–39: p = 0.002; 40–49: p = 0.047) and lower
household income (< \2,000,000: p < 0.0001; \2,000,000 –
\3,990,000: p< 0.0001) were independently associated with lower
levels of willingness to participate in the study (Table 2). As
a group, those who did not have experience with SNS were
significantly more likely to say they would participate in the study
if asked (p = 0.039).

Concerns About Participating in the
Study
Among 247 respondents who said they would not participate
in the study, we asked about the reasons why they have no
intention to participate in the study. Of the respondents, 94
(38.1%) expressed concerns about it being time consuming
or a hassle. The leakage of personal information was a
concern for 83 respondents (33.6%), and 62 respondents
(25.1%) were concerned about the lack of returning benefits
of participation.

Willingness to Provide Personal
Information and Samples for the Study
We asked all respondents, including those who said they
would not participate, about their willingness to provide
various types of samples and data to this project (Figure 2).
Most respondents replied that they would provide clinical
information (n = 1,311, 87.4%), samples (n = 1,328,
88.5%), genetic information (n = 1,268, 84.5%), and data
on lifestyle (n = 1,349, 89.9%) and would link their data
with existing national statistics from the Meteorological
Administration and the Ministry of Environment (85.9%).
Many of the respondents who would not provide specimens
or personal health information were concerned about
personal information leakage and privacy violations. Most
respondents had a positive attitude toward providing
specimens and information, and 84.5% to 89.9% of
participants said they would provide certain types of samples
and information.
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FIGURE 2 | Willingness to provide personal information and samples if asked.

FIGURE 3 | Willingness to share personal information and samples with researchers.

Appropriate Research Institute to
Undertake the Study
We asked all respondents about their opinion on what
type of research institute would be suitable in initiating
the RCP-PMR. The majority of respondents (66.9%)
said that it should be carried out by government
research institutes. Less than 20% of respondents agreed
that the study should be undertaken by government-
funded research institutes (19.7%), other non-profit
institutes (8.8%), and industry and private research
institutes (4.5%).

Using the Collected Samples and
Personal Information
The RCP-PMR plans to authorize qualified researchers to
use data and specimens collected from cohort participants
to perform various research activities. In the questionnaire,
we asked about their willingness regarding the range
of researchers allowed to use the personal information
and samples provided by participants. Most respondents
responded negatively to their specimens and information
being used by researchers who are not directly involved
in the RCP-PMR. The approval rate for their own data
being used by the government researchers running this
project was quite high (88%), but the approval rates
for its use by other government researchers (22.3%),
domestic university researchers (22.1%), pharmaceutical
researchers (15.1%), and foreign researchers (6.1%) were all
low (Figure 3).

Participation Benefits
Respondents were asked about the importance of incentives
behind their decision of whether to participate. Respondents
said incentives are very important (31.4%) or rather important
(61.0%). The incentives for participation were receiving health
information (80.2%), monetary compensation less than 50,000
KRW (about 42 USD) per year (51.4%), and smart devices
(41.3%) (Figure 4A). When asked about the information
they wanted to receive, laboratory results (cholesterol, blood
sugar, etc.) was the highest (73.7%), followed by health
information based on family history and genetic testing
(67.7%), genetic testing results (66%), health-related research
results that use their own information (49.8%), nutrition
information (48.9%), health information based on lifelog
results (46.7%), and environment-based health information
(38.9%) (Figure 4B).

Participation in Decision-Making
In large-scale cohort projects that receive a variety of samples and
information, it is important to communicate with participants
to identify stakeholder needs. Participants were asked whether
the opportunity to comment on the project design or operation
was important or not, and most respondents (89.7%) said it
was important. When we subsequently asked about the phases
of the study in which they wanted to participate in decision-
making, the rates of participation in each phase were all under
40%. They mainly wanted to be involved in three phases:
the questionnaire development and design of personal data
collection (39.6%), study participant recruitment (38.9%), and
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FIGURE 4 | Participation benefits: Willingness to participate based on benefits (A) and desired health information to receive (B).

FIGURE 5 | Desired participation in decision making of the study by phase.

deciding which research projects will use the collected data
(37.0%) (Figure 5).

Change in Perception Regarding Project
Participation
We expected that participants who completed the survey would
have a better understanding of the project, and this was assumed
to have an impact on their willingness to participate in the project.
In order to confirm the change in perception regarding project
participation, near the end of the survey, respondents were once
again asked, “Would you participate in the project?” Of the
respondents, 83.5% said they would participate in the project, and
their intention to participate in the project was almost unchanged
from the beginning to the end of the survey.

DISCUSSION

A large-scale research cohort study is important to ensure that
the RCP-PMR develops in a manner that respects public values
and interests as well as the instrumental goals of recruiting and
retaining participants. We conducted a survey of Korean adults
who are potential participants to understand their opinions on
the RCP-PMR. Five points of discussion regarding the results
analysis are presented below.

The first point is regarding the public attitude toward the
citizen participation cohort model for precision medicine. Our
survey results showed that 94.5% of participants answered
that we need this project, which is 15.5% higher than
the Kaufman et al. (2016) study in the United States
(Kaufman et al., 2016). The intention to participate is
very high (83.5%), which is much higher than that of the
Kaufman et al. study (54%) (Kaufman et al., 2016). We
can extrapolate that this result is because of the sense
of the nationalism of and the familiarity with cutting-edge
technology among Koreans. Kim (2007) showed that the
majority of participants had very positive attitudes toward
the life sciences industry as the most important pillar of the
South Korean economy (Kim, 2007) and Okita et al. explained
that a sense of responsibility to their families and society
may have a positive impact on increasing the willingness
to participate in genomics research in Japan (Okita et al.,
2018). Bak and Kim (2016) also provided evidence that
the higher the trust in scientific expertise, the higher the
level of public support for social problem-solving research
in South Korea (Bak and Kim, 2016). This positive attitude
of the general public also corresponds with the Ishiyama
et al. (2008) finding that 69.4% of Japanese participants
favored the promotion of genomic studies related to medicine
(Ishiyama et al., 2008).
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More specifically, this result also showed that a lower level of
support for the project is associated with lower education levels,
consistent with Okita et al. in Japan and a focus group study
in China (Chen et al., 2013; Okita et al., 2018). To establish
strategies to recruit and retain participants in the research
program, it is essential to obtain more evidence on prejudice
against or misconceptions of this project results from low levels
of genomic literacy and to explore favorable ways of knowledge
translation and transfer in order to identify appropriate health
and educational interventions (Etchegary et al., 2013; Nakamura
et al., 2017). On the other hand, those who do not have experience
with SNS were significantly more likely to agree on the need to
implement the study and answered that they would participate in
the study if asked. While SNS was known as a potential source
for participant recruitment and research data for those who are
supportive toward this kind of large-scale precision medicine
project (Reaves and Bianchi, 2013), this survey result requires
more elaborative strategy to encourage them to use SNS and
to improve their knowledge about SNS. The evidence can also
support the development of educational and awareness programs
to familiarize people with genomics and health beyond the scope
of the RCP-PMR (Reaves and Bianchi, 2013).

Second, 24.7% of the respondents who were not willing
to participate said they would get involved if they had better
protection from privacy leakage and if personalized health
services were provided. Gaskell et al. in Europe provided a
possible reason for participants’ privacy concern that people
explicitly expressed that privacy violations are an issue not only
in biobanks but also in wider society (Dorey et al., 2018).
A recent South Korean governmental report also supports
the finding of Gaskell et al. – 4.6% of 4,000 internet users
experienced information security incidents, and 97.3% were
aware of the importance of personal information security in
2018 (Gaskell et al., 2013). Health information security, such as
leakage of personal information in the National Health Insurance
Corporation database in the ROK, remains a serious issue
(Korean Internet & Security Agency, 2018). Although it is crucial
to utilize the RCP-PMR database for data sharing in research
and commercial sectors, this emerging public view of privacy
protection suggests that a well-established model for privacy
protection and communication with the public are needed.

Third, regarding benefits of participation, 80.2% of
respondents wanted health information including health
examination and genetic testing results as an appropriate
compensation for participating in the project. People in
South Korea already receive health results from regular medical
checkups such as general health exams and cancer screenings,
which are covered by the national health insurance program, as
they are in Japan, Taiwan, and Singapore. However, the possibility
of receiving genetic testing results in particular could be the
reason participants preferred a return of health information to
other forms of compensation. This public interest in return of
results should be specifically implemented in the RCP-PMR.

Next, in terms of public willingness to allow different types of
researchers to use their data and samples, a significant gap was
found between researchers running the program and researchers
outside the program, particularly private companies. This project

will be carried out by researchers who are qualified to research
various specimens and information provided by the participants.
More than 85% of respondents said they would provide a
variety of specimens and personal information, and 88.0% of
participants agreed that government researchers conducting the
project should be able to use their specimens and information.
However, they had a negative attitude toward its use by other
government researchers, non-government researchers such as
private companies, and foreign researchers. The United States
survey showed that participants agreed to use various researchers
such as researchers at the National Institutes of Health (79%),
other government researchers (44%), university researchers in
the United States (71%), pharmaceutical or drug company
researchers (52%), and university researchers in other countries
(39%) (Kaufman et al., 2016). In the ROK, however, only
6.1% – 22.3% of the participants agreed to have their data
used by researchers other than the government researchers
running the project. This result suggests that sharing the provided
samples and information with non-government researchers such
as private companies may reduce willingness to participate.
For the success of the project, however, it is necessary to
communicate with the lay public as well as the RCP-PMR
participants to improve their understanding of the purpose of
the project and how data sharing can contribute to disease
research and prevention.

Finally, in terms of the citizen partnership model in the
decision-making process of the RCP-PMR, the findings addressed
a gap between the 89.7% of respondents willing to participate
generally in the decision-making process of the RCP-PMR
and their low response rate of willingness to participate in
each individual study phase (16.7–39.6%). We can interpret
that researchers in Korea did not consider the engagement
of research participants in the decision-making process of
biobanking or personalized medicine research, so the lay
public were not experienced in how to involve themselves in
the decision-making process of this kind of research project.
Communication with civil society and patient organizations at
various stages of the research would be important in improving
understanding and reaching consensus to achieve the goals of
precision medicine.

This study also found that around 40% of respondents would
want to provide their opinions on questionnaire development
and data collection (39.6%), recruitment (38.9%), and approval
of research for data use (37.0%). In particular, this finding is
consistent with the United States study, which found that the
respondents wanted to be involved in helping decide what kinds
of research are appropriate (45%) and what to do with the study
results (45%) (Kaufman et al., 2016).

LIMITATIONS

The findings of this study have to be seen in light of some
important limitations. First, the participants highly supported the
RCP-PMR but the results may not reflect actual participation
rate of South Korean population. The full response rate from
the invitation is 2.9%, so the survey results do not reflect actual
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willingness to participate. In addition, all invited participants
were on panels of a survey firm, so they possibly responded more
favorably than the general population.

Second, this survey focused on the social acceptance of the
implementation of and participation in the RCP-PMR, meaning
that participants’ perceptions of what can be derived from this
study were not examined. For instance, ethical concerns over
sharing genomic data, including that of the patient’s family
members, is an emerging issue in East Asian countries (Johnsson
et al., 2010; Yoshizawa et al., 2017). Families have played
significant roles in genetic research, and their value is re-
illuminated in the era of genomic medicine. It is important to
make progress in data sharing while simultaneously protecting
the privacy and interests of patients and families and returning
its benefits to them (Yoshizawa et al., 2017). More empirical
evidence to identify interrelated and cross-cultural factors of
the social acceptance of government-led biomedical research
is also required.

In addition, public awareness of the risks of health-related
data sharing has not been fully investigated in this research.
The perceptions of potential risks of data sharing are influenced
by attitudes to genomic data sharing (Takashima et al., 2018).
The applications of health-related data sharing on the grounds
of research and public interest, without due regard for the
perspective of patients and the lay public, could run the
risk of fostering distrust toward healthcare data collection
(Chen et al., 2013). Further studies to investigate the issues,
such as discrimination, are essential to promote voluntary
participation by the public.

Finally, our finding that lower levels of education population
correspond to lower levels of support for the project is possibly
associated with genomics-related literacy. However, this study
is limited by the fact that the survey participants do not know
how much they understand about the project and genomics and
responded to the survey based on the guidance given. Thus, as
discussed above, we suggest further empirical studies to evaluate
genomics-related literacy as a basis of establishing health and
educational strategies.

CONCLUSION

These survey results will influence the policy development of the
precision medicine national cohort program in South Korea. We
found that the need for the project, the willingness to participate
in the project, and the willingness to provide specimens and
information to the project are higher than the results of the
United States and Japan. This survey also found a strong
willingness of the public to participate in the decision-making
process of the RCP-PMR. However, more importantly, this
survey also revealed that participants who have negative attitudes
toward the RCP-PMR are concerned about privacy violations and
the majority of participants disagreed with specimen and data
sharing with researchers other than the government researchers
who run the project.

For the success of this national project, such findings will
determine the public engagement policy for precision medicine

in South Korea. As a crucial point, the policy will focus on
communicating with the general public and patients how the
project and sharing of data with other researchers can help
healthcare. This project will also establish a system of the
governance that respects the opinions of various stakeholders,
including civil society organizations, patient groups, and
researchers in the project planning and execution.
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To enable the implementation of precise genomics in a local healthcare system, we
devised a pipeline for filtering and reporting of relevant genetic information to healthy
individuals based on exome or genome data. In our analytical pipeline, the first tier of
filtering is variant-centric, and it is based on the selection of annotated pathogenic,
protective, risk factor, and drug response variants, and their one-by-one detailed
evaluation. This is followed by a second-tier gene-centric deconstruction and filtering
of virtual gene lists associated with diseases, and VUS-centric filtering according to
ACMG pathogenicity criteria and pre-defined deleteriousness criteria. By applying this
filtering protocol, we were able to provide valuable insights regarding the carrier status,
pharmacogenetic profile, actionable cardiovascular and cancer predispositions, and
potentially pathogenic variants of unknown significance to our patients. Our experience
demonstrates that genomic profiling can be implemented into routine healthcare and
provide information of medical significance.

Keywords: exome, genome, personalized medicine, precision genomics, clinical practice, implementation

INTRODUCTION

Personalized medicine is a proactive medical approach, which in general seeks to stratify patients
in risk groups and tailor treatments, medical decisions, health promotion, or preventive measures
according to the individual’s omics baseline profile combined with lifestyle and environmental
factors (Ashley, 2016). The advent of cost-effective next-generation sequencing (NGS) technologies,
such as the sequencing of whole genomes (WGS), whole and clinical exomes (WES and CES),
combined with the accumulation of genetic knowledge and easy-to-use bioinformatics tools,
has paved the way for genomics-based personalized medicine into clinics (Manolio et al., 2013;
Goodwin et al., 2016; Doble et al., 2017; Vassy et al., 2017; Bylstra et al., 2019; Zoltick et al., 2019).
Nowadays, these technologies have already started to transform healthcare by enabling precise
disease screening, actionable diagnostics, treatment, and management. Despite this, precision
genomics has not been fully implemented in the vast majority of healthcare systems yet. In order to
facilitate its implementation, practical and user-friendly workflows and pipelines are required.

Abbreviations: ACMG59, incidental findings in 59 genes recommended by American College of Medical Genetics and
Genomics; CES, clinical exome sequencing; GWAS, genome-wide association studies; indel, insertion or deletion; SNV,
single nucleotide variant; VUS, variants of uncertain significance; WES, whole-exome sequencing; WGS, whole-genome
sequencing.
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In this study, we primarily aimed to describe a pipeline
for balanced CES, WES, or WGS reporting of called variants
in healthy individuals interested in proactive genetic testing.
A batch of datasets taken from symptomatic patients was
included only as a proof-of-principle. This approach of variant
filtering helped us to initialize the process of implementing
precision genomics in clinical practice at a tertiary healthcare
institution (Figure 1). By applying this workflow, we were
expecting to find actionable variants of clinical relevance
or variants that might aid reproductive decisions. Our
current experience demonstrates that the implementation
of genomic profiling following our filtering pipeline into
real-life clinical practice can provide information of medical
significance. The pipeline could be used in future systematic
and longitudinal studies focusing on the translational aspects of
genomic medicine.

MATERIALS AND METHODS

Patients
We evaluated 94 patients meeting our inclusion/exclusion criteria
with a median age of 34.5 years (range 2 to 65) of which 51/94
(54%) were males and 43/94 (46%) were females (Table 1).
All individuals/patients were recruited at the Zan Mitrev Clinic
either through regular pro-active check-ups or TV/social media.
The sole inclusion criterion for symptomatic patients was a
referral from a medical specialist; patients who were not able
to provide written informed consent and complete medical
history were excluded from the study. In addition, healthy
individuals who were unable to provide written informed consent
were excluded from the study (Figure 1A). The analysis was
done according to the workflow described in Figure 1B. The
vast majority of patients were of Macedonian descent 74/94
(78.72%), followed by Albanian 11/94 (11.70%), Serbian 4/94
(4.25%), American 3/94 (3.19%), Turkish 1/94 (1.06%), and
Bulgarian 1/94 (1.06%). The aforementioned protocol was used
only as a proof-of-principle for analyzing genetic data from
symptomatic patients (n = 15); we only communicated the
mutations associated with the clinical phenotype. In contrast,

TABLE 1 | Description of the cohort.

Gender

Male 51 (54%)

Female 43 (46%)

Healthy/Affected

Healthy 79 (84%)

Affected 15 (16%)

Age

<18 9 (10%)

>18 85 (90%)

Method

CES 29 (31%)

WES 60 (64%)

WGS 5 (5%)

full reports following this protocol were disclosed to all healthy
individuals (n = 79). Symptomatic patients were informed
that additional unrelated information concerning their carrier
status and pharmacogenetic profile could be provided as well.
Although the WGS analysis has advantages over WES and
CES in the respect of providing more comprehensive and
uniform coverage of the whole genome, most of the patients
89/94 (94.7%) underwent WES or CES testing, due to cost-
effectiveness.

Ethics Statement
Written and signed informed consent for participation and
publication of data was obtained from all subjects or their legal
guardians (for patients under the age of eighteen) in this study.
The ethics committee of the Zan Mitrev Clinic waived the
need for IRB approval, deeming written and signed informed
consent sufficient.

DNA Extraction, Library Preparation,
NGS Sequencing
Around 5 ml of whole blood was collected in K2-EDTA tubes,
following accepted principles for blood drawing and blood
collection. DNA was extracted from 400 µl of whole blood in
a SaMag-12 automatic nucleic acid extraction system (Sacace
Biotechnologies, Como, Italy), yielding between 5 and 15 µg
of pure DNA, measured by NanoDrop spectrometry (A260/280
ratio 1.7–1.9). Clinical exome enrichment was carried out
by using the TruSight One sequencing panel (Illumina, San
Diego, United States) or in-house developed CES enrichment
protocol (Sophia Genetics, Saint-Sulpice, Switzerland). Whole
exome enrichment was carried out by using the SureSelect
Human All Exon V6 kit (Agilent Technologies, Santa Clara,
United States) or Human Core Exome kit (Twist Bioscience,
San Francisco, United States). The entire wet lab work (DNA
QC, enrichment, library preparation, and sequencing) for CES,
WES, and WGS were carried out in the Sophia Genetics,
Wuxi Nextcode or DNA link, or Beijing Genomics Institute
facilities, respectively.

Primary Bioinformatic Analysis
For CES, between 13 and 30 million reads were obtained with
a NextSeq machine (Illumina, San Diego, United States), with
a coverage of at least 50x for average 81% of all sequences.
Sequence quality control was done with FastQC1, and sequences
were mapped to hg19 with BWA (Li and Durbin, 2009).
single nucleotide variant (SNV) and indel calling, together with
advanced variant annotation, were done with the Sophia DDM
platform (Sophia Genetics, Saint-Sulpice, Switzerland).

For WES and WGS, between 40 and 120 million reads or
∼950 million were obtained with a HiSeq X–10 machine or
NovaSeq 6000 (Illumina, San Diego, United States), respectively.
The coverage of WES or WGS was >75x or >40x, respectively.
Alignment, variant calling, and annotation were done on the
Genoox platform (Palo Alto, United States).

1https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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FIGURE 1 | Operational and analytical workflows applied in this study. (A) Operational workflow starting with patient recruitment, pre-test genetic counseling,
genome, or exome sequencing and bioinformatic analyses, representative sample of reports, and post-test genetic counseling. All adapted images used in this figure
have a CC license. (B) Description of the analytical workflow for variant filtration.

All CES, WES, and WGS variant lists were additionally
annotated with Annovar, which provides more annotation notes
than Sophia Genetics and Genoox (Yang and Wang, 2015). All
detected variants were taken into consideration in the subsequent
filtering steps.

Secondary Bioinformatics Analysis,
Filtering, and Interpretation of Variants
The list of high confidence annotated variants was downloaded
directly from the Sophia DDM/Genoox platforms in a.txt or.csv

format and analyzed further in a spreadsheet program such as
Microsoft Excel. In the primary variant-based selection step the
entire list of variants was filtered (either in Excel or in-platform)
based on ClinVar terms “pathogenic,” “protective,” “risk factor,”
and “drug response” followed by manual curation, manual
filtration, and manual function attribution, and then distributed
in the following categories: carrier status, cardiovascular
disorders, hereditary cancer, pharmacogenetics, ACMG59 (Kalia
et al., 2017), immune diseases, diabetes, neurodegenerative and
psychiatric disorders, uncategorized risks, and genome-wide
association studies (GWAS; MacArthur et al., 2017).
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As a secondary gene-based filtering approach, by using
the “virtual panel” capability within the Sophia DDM/Genoox
platforms, we have created an array of standardized virtual gene
panels encompassing genes associated with (1) cardiovascular
disorders, (2) hereditary cancer, (3) neurodegenerative and
psychiatric disorders, (4) diabetes, (5) immune diseases, and
(6) ACMG59 genes (Kalia et al., 2017). The virtual gene lists
per panel can be found in Supplementary File S1. Variants
were selected from these virtual panels based on ACMG
pathogenicity criteria (Richards et al., 2015) or computationally
defined deleteriousness criteria (SIFT, Polyphen2, Mutation
Taster, Mutation Assessor, FATHMM, dbscSNV Ada, GERP,
GeneCanyon, and fitCons), and distributed in the above-
mentioned categories.

Finally, in a third filtering variants of uncertain significance
(VUS)-based approach, we selected all the non-sense/frameshift
VUS in exons/splice donor-acceptor sites, and we reported them
in the annex without further interpretation in order to make sure
their significance is reassessed in the future when their function
is determined (Figure 1B).

All selected variants were evaluated (selected or discarded)
according to information in ClinVar and literature2. Also, further
evaluation in other databases such as the human gene mutation
database3, CentoMD database (Trujillano et al., 2017), and
Clinvitae4 was carried out. Pathogenic variants, especially for
medium and high penetrance alleles, were interpreted according
to the latest available literature and ClinGen guidelines5. Disease
risk for non-Mendelian, lower-penetrance variants associated
with common diseases was assessed based on GWAS. Typically,
the odds ratio or relative risk was reported, or in rare cases
P-value or chi-square statistic, respectively.

To increase the detection rate and minimize the rate of
false positives, first, we applied the entire protocol for all
detected variants (low and high confidence), and then we did
the same only for high confidence retained variants. Retained
variants had a quality score >100, read depth >10, and quality
by depth >10. To further reduce the level of false-positive
variants, we retained only variants detected by multiple variant
callers (GATK Haplotype Caller and FreeBayes). Alleles with a
representation of >25% of the total read coverage were defined
as heterozygous. All discrepancies were solved by additional
manual evaluation.

Patient Reports
Concerning the bioinformatics strategies for data analysis,
filtering, and interpretation, we wanted to strike a balance
between under- and over-reporting of variants; in other words,
we wanted to maximize the benefit of the provided genetic
analysis while reducing the costs and unnecessary follow-ups.
Patient reports were divided into two sections, main report
and annex, following the same line of reasoning as described
previously (McLaughlin et al., 2014). The main report is typically

2http://clinvar.com/
3http://www.hgmd.cf.ac.uk/
4http://clinvitae.invitae.com/
5https://www.clinicalgenome.org/

5–6 pages long and encompasses all the major findings (typically
related to medium and high penetrance diseases), patient
information, and methodology in a clear and concise language. In
addition to the main report, we attached an annex consisting of
20–30 pages of all the selected (relevant) variants assigned to the
above categories, in a tabular form accompanied with additional
information such as:

• An in-depth reference to studies and major findings of the
studies, especially for high penetrance alleles

• Odds ratio/relative risk/chi-square/p-value for common
alleles (if available)

• Name of gene
• Type of variant (SNV, indel, etc.)
• Functional consequence (non-sense, missense, etc.)
• Genomic region (exonic, intronic, 5’UTR, etc.)
• Chromosome and chromosomal coordinates
• dbSNP or ClinVar rsID
• Population frequency (G1000, ExAC, esp5400)
• ClinVar signature (pathogenic, benign, drug response, etc.).

This section reports the overall interpretation of a variation
based on aggregating data from submitters.

• Inheritance (autosomal recessive, autosomal dominant,
etc.)

• Level of evidence in the pharmacogenetics section (based
on6 grading system)

Genetic Counseling
All the patients underwent pre- and post-test genetic counseling.
At the time of pre-test genetic counseling patients were informed
about the potential implications of the genetic results to
themselves and their families. We discuss the pros and cons of
the test, and the current state of genetic/genomic research, as well
as the basic principles of inheritance and penetrance. Following
the test, we held in-depth discussions where the patients were
reacquainted with the basics of DNA biology, genetic variants,
types of inheritance, penetrance, and implications. With regard
to common medical conditions and diseases, patients were
told that these conditions are multifactorial and may include
other known or unknown genetic, lifestyle, or environmental
components. The genetic counselors stressed the meaning of
phrases “no known pathogenic mutation causing/associated with
[name of condition]” and the meaning and gravity of known
pathogenic mutations.

Prior to testing, all of the patients signed written informed
consent. All patients having actionable variants underwent a
further examination or consultation with a relevant specialist.
Hence, whenever mentioned further on that the patient was
advised for a specific medical procedure, the advice came from
relevant specialists and not the genetic counselors alone.

RESULTS

In our efforts to provide the most relevant genomic information
to our patients, we divided variants into two categories: variants

6www.pharmgkb.org
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of known significance (VKS) obtained from the filtering steps A
and B and VUS obtained from the filtering step C. Out of the VKS
basket, we only selected variants with a defined clinical value (e.g.,
high penetrance, level 1a/1b pharmacogenetic association, direct
involvement in a clinically relevant pathway). Out of the VUS
basket, we reported only variants fulfilling ACMG pathogenicity
criteria in medium and high penetrance disease-causing genes.
For better reporting, every filtered variant was distributed in a
fitting category (Figure 1B).

Evaluation of Known Variants
Carrier Status of Rare Diseases
By selecting genetic variants annotated as “pathogenic” or
“likely pathogenic” in the ClinVar database, supplemented by
further manual curation, available literature evaluation, and
filtration of low-frequency variants, the rare disease carrier
status of each patient for known variants was derived. The vast
majority of patients (96.2%) were carriers of at least one known
rare disorder/condition with some of them carrying multiple
pathogenic variants, median = 4 (Supplementary File S2).

Drug Response
Regarding “drug response,” the list of variants was interpreted
using information from the pharmGKB7 database. Only level
1A and level 1B clinical annotations were added to the main
report, while the rest of them remained in the annex. Most
of the patients were carriers of multiple Level 1A/1B variants.
For example, we observed that 34/94 (36.2%) patients were
“poor/intermediate CYP2D6 metabolizers,” which is relevant
for the metabolism of many drugs, including anti-depressants,
opioids, and tamoxifen. In order to reduce the misclassification
rate of CYP2D6 metabolizers, we are currently implementing
approaches for the detection of CYP2D6 (and other genes) copy
number variants from WES data. In addition, 23/94 (24.5%)
patients were “poor/intermediate CYP2C19 metabolizers” highly
relevant for antiplatelet therapy with clopidogrel, in line with
observations from our cohort of >3,000 patients (Klinceva et al.,
2018). Similarly, 26/94 (27.7%) patients had a risk of statin-
induced myopathy, with 2/26 (7.7%) being of a very high
risk of myopathy and rhabdomyolysis as well (Supplementary
File S2), in line with our internal observations from a cohort of
>1,500 patients.

Actionable Variants Involved in Cardiovascular
Diseases and Cancer
According to our protocol, we proceeded with the analysis of
“actionable” variants (Table 2 and Supplementary File S2).
Interestingly, more than one third of healthy individuals were
carriers of pathogenic/potentially pathogenic variants leading to
different types of arrhythmias and hereditary cancer, which are
known to have incomplete penetrance.

For instance, patient 2 was a carrier of a pathogenic variant
(c.566G > T, p.Arg189Ile; rs199473381) in the KCNJ2 gene,
which has been associated with congenital long QT syndrome
(Goldenberg and Moss, 2008). Follow-up EKG revealed visible

7https://www.pharmgkb.org/

abnormalities in the heart rhythm and the patient underwent
further diagnostics. Patient 20 harbored a rare pathogenic/likely
pathogenic variant (c.839C > T, p.Ala280Val; rs72552291) in the
GPD1L gene that has been shown to decrease inward SCN5A
Na + current and cause Brugada syndrome (Pfahnl et al., 2007).
The patient underwent a regular cardiac exam, and EKG showed
no visible abnormalities; since the patient was taking lithium
therapy (which could conceivably unmask Brugada syndrome),
advice was given to discuss this with their clinical psychiatrist
and cardiologist. Furthermore, in patient 32 we discovered
a variant (c.253G > A, p.Asp85Asn, and rs1805128) in the
KCNE1 gene that has been reported to be associated with
long QT syndrome (Paulussen et al., 2004). During the post-
test genetic counseling, the patient disclosed that a member of
their close family had passed away “due to complications from
arrhythmia.” Other patients were also found to carry variants
associated with long QT or other channelopathies; patient 12
and their parent carried a pathogenic variant (c.914G > C;
p.Trp305Ser; rs120074186) in the KCNQ1 gene, whilst in patient
30 we identified a potentially pathogenic variant (c.5434C > T;
p.Arg1812Trp; rs121912706) in the ANK2 gene associated with
sudden death of the young (Methner et al., 2016). Finally, in
patient 43 and patient 56 we found a combination of variants
(Marburg I and F5 Leiden, F2 and F5 Leiden, respectively) that
might significantly increase the risk of thrombosis (Voorberg
et al., 1994; Poort et al., 1996; Hoppe et al., 2005). All patients
were advised to consult a specialist and conduct follow-up studies
if deemed necessary.

In regard to cancer, in patient 52, we discovered the presence
of variants (c.1437_1439delGGA, p.Glu480del, and rs587778541)
in the MUTYH gene and (c.470T > C, p.Ile157Thr, and
rs1787996) in the CHEK2 gene. The same CHEK2 mutation was
detected in patient 92. The variant in MUTYH is pathogenic and
leads to MUTYH-Associated Polyposis in a recessive manner.
The presence of the variant in a heterozygous format might
slightly (1.5 times) increase the risk of colorectal cancer (Nielsen
et al., 1993). The CHEK2 variant has been reported to increase
the risk of different types of cancer 2–3 times (Han et al.,
2013). The patient was advised to consult a specialist and discuss
a screening protocol. Next, patient 84 harbored the variant
(c.511A > G, p.Ile171Val, and rs61754966) in the NBN gene,
which is a low penetrance risk factor for cancer development
(Gao et al., 2013); the patient reported having a family history
of breast and pancreatic cancer. Finally, we detected a potentially
pathogenic variant (c.3920T > A, p.Ile1307Lys, and rs1801155)
in the APC gene in patient 91 (Leshno et al., 2016), who is
currently undergoing follow-up diagnostics. All patients were
advised to consult a specialist and conduct follow-up studies if
deemed necessary.

Evaluation of Potentially Pathogenic
Variants of Uncertain Significance (VUS)
By analyzing VUS with rare population frequency meeting
ACMG pathogenicity criteria (Richards et al., 2015) we
uncovered many VUS in medium- or high-penetrance genes
(Supplementary File S2). For instance, patient 56 is a
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TABLE 2 | Representative list of patients with actionable variants.

Patient Associated conditions with
gene

Gene (ClinVar) Nucleotide Protein rsID Clinvar signature (interpretation)

2 Congenital long QT syndrome KCNJ2 c.566G > T p.Arg189Ile rs199473381 Likely pathogenic(1)

12 Long QT syndrome KCNQ1 c.914G > C p.Trp305Ser rs120074186 Pathogenic(2);Likely pathogenic(1)

29 Hereditary pancreatitis SPINK1 c.101A > G p.Asn34Ser rs17107315 Risk factor(2);Pathogenic(4);Uncertain
significance(3)

Cystic fibrosis; Hereditary
pancreatitis

CFTR c.3154T > G p.Phe1052Val rs150212784 Likely
pathogenic(3);Pathogenic(2);Uncertain
significance(4);Drug-response(1)

30 Cardiac arrhythmia; Long QT
syndrome

ANK2 c.11716C > T p.Arg3906Trp rs121912706 Likely
benign(4);Pathogenic(2);Uncertain
significance(2)

32 Malignant tumor of prostate;
Hereditary cancer-predisposing
syndrome

MSR1 c.877C > T p.Arg293* rs41341748 Pathogenic(1);Uncertain
significance(3);Benign(1)

Hereditary prostate cancer RNASEL c.793G > T p.Glu265* rs74315364 Pathogenic(1);Likely
benign(1);Uncertain significance(1)

Long QT syndrome KCNE1 c.253G > A p.Asp85Asn rs1805128 Benign(5);Likely benign(5);risk
factor(3);Pathogenic(1);Likely
pathogenic(1);Uncertain significance(2)

43 Thrombophilia, Thyroid cancer HABP2 c.1601G > A p.Gly534Glu rs7080536 Risk factor(2);Likely benign(1);Benign(1)

Thrombophilia F5 c.A1601G p.Q534R rs6025 Pathogenic(4);Risk factor(4);Benign(1)

52 Hereditary cancer risk CHEK2 c.470T > C p.Ile157Thr rs17879961 Likely pathogenic(8);Pathogenic(9);Risk
factor(3);Uncertain significance(2)

MYH-associated polyposis;
Hereditary cancer-predisposing
syndrome

MUTYH c.1437_1439delGGA p.Glu480del rs587778541 Pathogenic(14)

56 Prothrombin deficiency,
congenital; Thrombophilia

F2 c.*97G > A rs1799963 Pathogenic(4);Risk factor(4)

Thrombophilia F5 c.A1601G p.Q534R rs6025 Pathogenic(4);Risk factor(4);Benign(1)

81 Hereditary cancer-predisposing
syndrome

RAD50 c.2801del p.Asn934fs rs748536322 Pathogenic(1)

84 Hereditary cancer-predisposing
syndrome

NBN c.511A > G p.Ile171Val rs61754966 Benign(3);Likely benign(1);Uncertain
significance(11);Pathogenic(1);Risk
factor(1)

91 Familial adenomatous polyposis APC c.3920T > A p.Ile1307Lys rs1801155 Likely benign(1);Likely
pathogenic(3);Pathogenic(1);Uncertain
significance(10);Risk factor(9)

92 Hereditary cancer risk CHEK2 c.470T > C p.Ile157Thr rs17879961 Likely pathogenic(8);Pathogenic(9);Risk
factor(3);Uncertain significance(2)

94 Prothrombin deficiency,
congenital; Thrombophilia

F2 c.*97G > A rs1799963 Pathogenic(4);Risk factor(4)

The full table is given in Supplementary File S2. The asterisk denotes the variant in Clinvar https://www.ncbi.nlm.nih.gov/clinvar/variation/13310/.

carrier of (c.2423A > G, p.Tyr808Cys; rs746368140) in the
TGFBR3 gene. The involvement of the TGF-beta pathway
has been reported in pathologies such as familial thoracic
aortic aneurysm and dissection (familial TAAD; Milewicz and
Regalado, 1993). The father of patient 56 was diagnosed with
a thoracic and abdominal aortic aneurysm and underwent
valve-sparing root replacement (Tirone-David procedure). The
patient was advised to follow regular cardiovascular check-
ups. Patient 75 is a carrier of VUS (c.1755dupA, p.Glu586fs,
and rs751465048) in the MLH3 gene, which is part of the
MMR machinery associated with Lynch syndrome (Peltomaki,
2003). The patient already had benign tumors removed

from their breast and nose, in the past. The patient was
advised to consult a specialist. Finally, patient 84 is a
carrier of (c.3145G > A, p.Gly1049Ser, and rs778181932)
in the FBN1 gene, which could be possibly associated with
TAAD; the patient reported a history of sudden death in
their close family.

DISCUSSION

The central tenet of personalized medicine is proactive care
of patients based on the combined information and insights
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provided by omics approaches, lifestyle, environmental factors,
and family history. To aid the implementation of precision
genomics locally into our hospital, we have outlined a
workflow centered around filtering, stratification in groups,
and interpretation of genetic variants that can be readily
applied in any genetic lab. By applying these strategies
of variant-centric, gene-centric, and VUS-centric filtering,
we were able to peer into the genetic constitution of 94
patients and make initial assessments of their carrier status,
pharmacogenetics profile, and genetic risk of developing rare and
common disorders.

Our experience demonstrates that the implementation of
genomic profiling into real-life clinical practice can provide
molecular and physiological information of medical significance,
although many challenges remain to be addressed (Carter
and He, 2016). To begin, serious efforts should be made to
improve the knowledge of physicians and raise awareness for
patients and the general public about the benefits and pitfalls
of pre-emptive genomic testing, especially in the context of
the current genetic knowledge. Second, standardization and
defined guiding principles are necessary for both the technical
and interpretational side of genomics in medicine. A list of
guidelines (benchmarks) should be set for the minimal quality
and coverage of sequencing data. For instance, currently WES
is the most cost-effective approach, but it is limited to the
protein-coding regions of the genome; as WGS sequencing
costs continue to plummet this will likely lead to a rise
in the popularity of WGS, which generates more uniform
coverage of both coding and non-coding regions of the
genome, relevant for monogenic as well as polygenic disorders.
In addition, standardized algorithms for variant calling in
clinical settings should be recommended. Moreover, more
standardized approaches for filtering and distillation of relevant
information, especially methods for calculation of polygenic
scores, as well as balanced reporting of valuable information
and VUS, and support tools for clinical interpretation, should
be designed (Carter and He, 2016). Third, our analytical
workflow based on filtering and virtual gene panels is readily
applicable but still has a lot of space for improvement. For
example, the virtual gene lists should undergo a process of
constant curation and improvements from experts in the
relevant subspecialties in order to get better informed, non-
redundant, and more optimal lists of genes. Another limitation
is that our focused study did not provide insights in regard
to the cost-effectiveness of genetic testing, as well as the
perceived value by both physicians and patients in a controlled
and systematic manner. In order to objectively quantify
the value of proactive genetic testing, longitudinal follow-up
approaches are necessary.

Finally, many complex diseases, such as diabetes, cancer,
and some neurological, cardiovascular, and psychiatric
disorders, likely involve a large number of different genes
and environmental factors (Hindorff et al., 2009; Ashley et al.,
2010; De La Vega and Bustamante, 2018; Torkamani et al., 2018).
These caveats sometimes might lead to unnecessary follow-up
diagnostic measures and wastefulness of resources. Currently,

the greatest value of genomic approaches lies in the detection of
lower frequency moderate to high penetrance variants, which are
easier to interpret and are better characterized due to their more
resonant effects (Doble et al., 2017).

In conclusion, by establishing a balanced filtering pipeline, we
set the foundation for the integration of genomics in mainstream
clinical practice. The valuable insights and experiences we have
obtained can have a bearing in future systematic and longitudinal
follow-up studies.
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To date, interpretation of genomic information has focused on single variants conferring
disease risk, but most disorders of major public concern have a polygenic architecture.
Polygenic risk scores (PRSs) give a single measure of disease liability by summarizing
disease risk across hundreds of thousands of genetic variants. They can be calculated
in any genome-wide genotype data-source, using a prediction model based on
genome-wide summary statistics from external studies. As genome-wide association
studies increase in power, the predictive ability for disease risk will also increase.
Although PRSs are unlikely ever to be fully diagnostic, they may give valuable medical
information for risk stratification, prognosis, or treatment response prediction. Public
engagement is therefore becoming important on the potential use and acceptability of
PRSs. However, the current public perception of genetics is that it provides “yes/no”
answers about the presence/absence of a condition, or the potential for developing
a condition, which in not the case for common, complex disorders with polygenic
architecture. Meanwhile, unregulated third-party applications are being developed to
satisfy consumer demand for information on the impact of lower-risk variants on
common diseases that are highly polygenic. Often, applications report results from
single-nucleotide polymorphisms (SNPs) and disregard effect size, which is highly
inappropriate for common, complex disorders where everybody carries risk variants.
Tools are therefore needed to communicate our understanding of genetic vulnerability
as a continuous trait, where a genetic liability confers risk for disease. Impute.me is one
such tool, whose focus is on education and information on common, complex disorders
with polygenetic architecture. Its research-focused open-source website allows users to
upload consumer genetics data to obtain PRSs, with results reported on a population-
level normal distribution. Diseases can only be browsed by International Classification of
Diseases, 10th Revision (ICD-10) chapter–location or alphabetically, thus prompting the
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user to consider genetic risk scores in a medical context of relevance to the individual.
Here, we present an overview of the implementation of the impute.me site, along with
analysis of typical usage patterns, which may advance public perception of genomic
risk and precision medicine.

Keywords: genetics, polygenic risk scores, direct-to-consumer, personal genomes, risk prediction

INTRODUCTION

In clinical genetics, testing for rare strong-effect causal variants
is routinely performed in the health-care system to confirm
a diagnosis or to evaluate individual risk suspected from
anamnestic information (Baig et al., 2016), and in such instances,
the use of genome sequencing is expanding (Byrjalsen et al.,
2018). Meanwhile, outside of the health-care system, direct-
to-consumer (DTC) genetics expands rapidly, providing the
public with access to individual genetic data profiles and
to interpretation of common genetic variants derived from
genotyping microarrays (Kaye, 2008; Greshake et al., 2014).
This is developing as a sprawling industry of consumer
services with widely diverging standards, including third-party
genome analysis services. These services typically provide
individual results from analysis of common single-nucleotide
polymorphisms (SNPs) with (at best) weak effects. They are
therefore severely mis-aligned with current state-of-the-art,
which at least for common, complex disease is to use polygenic
risk scores (PRSs) to estimate the combined risk of common
variation in the genome (Lee et al., 2008; Lewis and Vassos, 2017).

We believe that the goal of the academic genetics community
should extend beyond theory. This means engaging with the
public and assisting those who seek information, even when
it means helping them to interpret their own genomic data.
We therefore developed impute.me as an online web-app
for analysis and education in personal genetic analysis. The
web-app is illustrated in Figure 1. Using any major DTC
vendor, a user can download their raw data and then upload
it at impute.me. Uploaded files are checked and formatted
according to procedures that have been developed to handle most
types of microarray-based consumer genetics data, including
an imputation step. These data are then further subjected to
automated analysis scripts including PRS calculations. This
includes more than 2,000 traits, browsable in different interface
types (modules). Each module is designed with the goal of putting
findings in as relevant a context as possible, prompting users
to see common variant genetics as a support tool rather than a
diagnosis finder. The aim is to provide information as broadly as
possible to offer a real alternative to the widespread practice of
reporting on weak SNP genotypes for any trait, even though that
means generation of reports that are below any sensible threshold
for clinical usability. We hope that having this as an open and
accessible resource for everyone will be of help to the debate
on what exactly constitutes clinical usability beyond high-risk
pathogenic variants.

In this article, we will describe the (i) development and
setup, (ii) validation and testing, (iii) evaluation of usage, (iv)
communication of risk scores, and (v) ethics and implications.

In the section Development and Setup, we discuss some of the
challenges faced when developing a full personal-genome scoring
pipeline. The goal of this section is to motivate and explain the
choices made in development. In the second section, Validation
and Testing, we use public Biobank data from individuals who
consented for genetic research to test the effect of the impute.me
scores on known disease outcomes. The purpose of this section is
to test and validate scores, as well as to investigate consequences
of some of the challenges that were raised in the first section. In
the third section, Evaluation of Usage, we evaluate usage metrics
of impute.me users. The goal of this section is to shed light
on behavioral patterns of individuals who use DTC genetics
for health questions and to offer recommendations that may
be of use in other personal-genome scoring pipelines. In the
section Communication of Risk Scores, we discuss our views on
future directions particularly with respect to improving how
genetic findings are presented to people. Finally, in Ethics and
Implications, we discuss the ethics of providing access to health-
related interpretation of DNA data.

DEVELOPMENT AND SETUP

The first challenge in development of personal genomic services
is standardization. As the name impute.me implies, all genotype
data are processed by imputation of genotype data (Howie
et al., 2009; Delaneau et al., 2013). This procedure expands
the data available into ungenotyped SNPs and increases overlap
with public genome-wide association study (GWAS) summary
statistics used to estimate risk. It also expands the SNP overlap
between microarray types from the major vendors, such as
23andMe, MyHeritage, and Ancestry.com. Further, we have
found that imputation helps in avoiding major errors, for
example, strand-flip issues that arise from the dozens of different
data formats. Eliminating such problems from further processing
is one important step to minimize mis-interpretation of genome
analysis. To ensure high standard of reported results, impute.me
requires a fully completed imputation for continued analysis.

The second challenge is to estimate PRSs that are accurate
and robust to heterogenous data sources. This is particularly
important to an application utilized by people from around the
world leveraging data from dozens of different vendors and data
types. Importantly, PRSs calculated from GWAS of a population
of (for example) European ancestry will perform better for
individuals of the same ancestry, and the systematic shift (i.e.,
bias) in risk scores in individuals from other populations is a
problem (Curtis, 2018). Because studies of all disease traits are
not yet available for all non-European populations, the pragmatic
solution has been to include a population-specific normalization
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FIGURE 1 | Basic pipeline setup from the user point of view. On upload of a genome, data are checked according quality control (QC) parameters that have been
developed to handle most types of microarray-based consumer genetics data. The genome is then imputed using 1000 Genomes as reference (left). The imputed
data are then further subjected to automated analysis scripts from 15 different modules, most of which are based on polygenic risk score calculations. The
calculations include 1,859 traits from genome-wide association studies (GWASs) and 634 traits from the UK Biobank, as well as customized modules for height, and
drug response. Most polygenic risk scores use GWAS significant single-nucleotide polymorphisms (SNPs) out of necessity, although 20 major diseases are based on
LDpred all-SNP scores (center). A user can then browse their scores in relation to the population, shown together with a chart displaying how much variability is
explained (right).

attempting to minimize the systematic shifts of scores for non-
European ancestry users. Further, it is computationally and
logistically easier to implement PRSs that use only the most
(i.e., genome-wide) significant SNPs (often referred to as top
SNPs), but the prediction strength is better when more SNPs are
included (all-SNP), which, however, is more sensitive to ancestry
biases (Lam et al., 2019). The impute.me pipelines calculate
PRSs for each trait or disease on the basis of all-SNP-based PRS
calculations if full genome-wide summary statistics are available
and processed, and top-SNP-based PRS calculations if not.

The third challenge is presentation. For a single rare large-
effect variant, such as for the pathogenic variants in the
BRCA genes conferring very high risk of cancers (odds ratio
>10; Figure 2A, upper left), presentation focuses on absence
versus presence (Maxwell et al., 2016). However, also, low-
effect variants, for example, as in pharmacogenetics, impacting
statin response, is considered as having potential clinical use
(Natarajan et al., 2017; Figure 2A, lower right). This difference
in effect magnitude is a major challenge in result presentation
and understanding, particularly because a firm threshold is
difficult to set: In the context of a drug-prescription situation
or a question of which of two suspected disease risks is
the most likely, it may be useful to know such scores. But
in the context of an otherwise healthy individual, genetic
risks are only relevant if we are very certain of them, they
are serious, and preferably actionable [e.g., BRCA variants
(Kalia et al., 2017)]. For this reason, we have made the
design choice to avoid the use of lists sorted by risk score.
Currently, scores are accessible through either an alphabetically
sorted list or in a tree-like setup where genetic scores are
reported in a health-context tree (Figure 2B). In this, all

scores are included, but scores that are less relevant to healthy
individuals (i.e., most of them) are buried deeper into the
health-context tree. As further discussed in the section Future
Challenges, there are a lot of remaining challenges to solve
in this question.

VALIDATION AND TESTING

To evaluate pipelines on individuals with known disease
outcomes, we investigated 242 samples from the CommonMind
data set. The CommonMind data set includes patients with
schizophrenia (SCZ), bipolar disorder, and controls, from
European ancestry and from African ancestry. For each disorder
and each ancestry group, the full impute.me pipelines were
applied, including imputation and PRS calculation. Additionally,
SNP sets corresponding to each of three major DTC companies
were extracted and re-calculated. This was done to test the
hypothesis that PRS calculation in mixed SNP sets poses
particular challenges with regard to missing SNPs. Such sets
of genotyped SNPs that are different in each sample are an
unavoidable consequence of working with online data uploads.

We found that disease prediction strength, measured
as variability explained, corresponded well to theoretical
expectations of known SNP heritability (Lee et al., 2017; Li et al.,
2017; Wünnemann et al., 2019). Secondly, we found that using
all-SNP scores resulted in better prediction than top-SNP scores,
which was as expected (Vilhjálmsson et al., 2015). Thirdly,
we found that prediction was more accurate in individuals
of European ancestry compared with individuals of African
ancestry, which is concordant with the PRSs being developed
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FIGURE 2 | Theoretical background of the analysis pipeline. (A) Clinical genetics currently concern high-effect DNA variants that often can only be sequenced (red).
Additionally, high-effect variants such as APOE4 and a small subset of BRCA1 and BRCA2 pathogenic variants are possible to measure using microarray (blue
includes several other variants not shown in plot, e.g., Parkinson’s variants). There may be an untapped potential for valuable clinical information in polygenic risk
scores (PRSs) for common disease (green), for example, for type 2 diabetes (T2D), coronary artery disease (CAD), or statin response (Natarajan et al., 2017; Khera
et al., 2018; Wünnemann et al., 2019). It is a primary aim of the impute.me project to make this potential available more broadly, balancing the practice of relying on
individual genome-wide association study (GWAS) single-nucleotide polymorphisms (SNPs) and/or reporting of SNP genotypes (pink). (B) The secondary aim is to
provide genetic scores in a relevant context, exemplified in the precision medicine module showing the so-called health-context tree. This tree consists of all entries
from the international classification of disease [International Classification of Diseases, 10th Revision (ICD-10)], linked to all genetic studies. It allows browsing of
PRSs in a relevant context. In the example shown, the tree is open on the psychiatry chapter, showing PRSs for schizophrenia (F20), unipolar depression (F32), and
bipolar depression (F31). Although these scores have little predictive relevance for a healthy individual, they may be useful in the context of psychiatric evaluation,
particularly in the case of more extreme scores.

from European Ancestry GWAS (Schizophrenia Working Group
of the Psychiatric Genomics Consortium, 2014; Hou et al., 2016;
Lee et al., 2018). These observations match well with findings
from studies of PRSs in much larger data sets. We caution that
universally valid estimates of variability explained are better
derived from larger studies that can consider the numerous
issues such as balancing of cases and controls, realistic sampling
conditions, and other inflations of effects. The intention here
is to provide a specific test of impute-me pipelines and address
DTC data-related questions.

Of importance to this, we found that PRS prediction in mixed
samples of non-imputed data causes severe problems. When
training PRS algorithms, an SNP set is prespecified. The pipelines
evaluated here were trained with HapMap3 as SNP set. Similar
choices are made in other published PRSs. However, such SNP
sets may not match with the SNPs available in downloadable raw
data from DTC vendors. We therefore tested what prediction
strength would be possible when using raw data directly from
DTC vendors, both in a uniform setting (e.g., “all individuals
use 23andMe v4 data”) and in a mixed setting (e.g., “individuals
have data from different vendors”). We found that in the uniform
setting, roughly half the predictive strength remained when using
genotype data that are not imputed to match the HapMap3 SNP
sets (Figure 3, rows 2 and 4). In the mixed setting, virtually no
predictive strength remained (Figure 3, rows 3 and 6). The mixed
setting is the reality that is faced, both for third-party analytical
services and for DTC vendors with different chip versions.
Imputation is therefore likely to be an essential requirement
in such scenarios.

To compare these findings with approaches that look at
one SNP at the time, we extracted the SNPedia/Promethease
SNPs that were indicated as associated with SCZ (Cariaso and
Lennon, 2012). All cases (n = 25) and all controls (n = 39)
had at least one risk variant from at least one of the 139 SNPs
that indicated SCZ association. When focusing on SNPs that
had the SNPedia/Promethease-defined “magnitude”-level (sic.)
at >1.5, we found that 80% of the SCZ cases (20 of 25)
had at least one SNPedia/Promethease risk variant. Among the
healthy controls, 84% (33 of 39) had at least one such risk
variant (p = 0.9 for difference in proportions). In other words,
it is not very predictive to know if you have a SCZ SNP.
This illustrates the importance of considering more than one
SNP at the time.

Finally, we compared pipeline reproducibility using two
genome-data files, one obtained from MyHeritage and one
from Ancestry.com, but sampled from the same person. After
processing through the impute-me pipelines, the correlation
between PRS values over 1,468 traits was r = 0.933 between the
two samples. Traits that showed discrepancy between the two
data files typically were based on only few SNPs, of which one did
not meet imputation quality thresholds for one of the data files.

EVALUATION OF USAGE

As of June 2019, a total of 28,651 genomes had been uploaded
to impute.me, and a total of 3.1 million analytical queries
had been performed (Figure 4A). The following additional
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FIGURE 3 | Pipeline evaluation using publicly available genotyped cohorts. (A) Three scores were calculated in individuals of European ancestry and relevant
diagnoses (ncontrol = 39, nSCZ = 25, and nBP = 39): a schizophrenia (SCZ) all-single-nucleotide polymorphism (SNP) score (nSNP = 558,406), an SCZ top-SNP score
(nSNP = 93), and a bipolar (BP) all-SNP score (nSNP = 554977). The BP top-SNP score only used five genome-wide significant SNPs and was not tested. The
proportion of variance explained (Nagelkerke R2) is shown above each case–control pair. (B) Testing different conditions of ancestry and input SNP sets. Row #1
corresponds to the variability explained after processing through the full impute.me pipeline, that is, the same calculation shown in the plot. Row #2 shows the
prediction level when the polygenic risk score (PRS) algorithm uses input samples from only one type of direct-to-consumer (DTC) vendor, but the algorithm has not
been trained specifically for that SNP set. Values are given as mean ± SD of three analyses in which SNP sets were all from 23andMe (v4), ancestry-com, or
MyHeritage. row #3 shows the prediction when each sample uses different SNP sets, that is, the actual situation when dealing with user-uploaded DTC data online.
Values are given as mean ± SD over 100 random drawings of combinations of the 23andMe (v4), Ancestry.com, and MyHeritage sets, in proportions of 55, 30, and
15%, respectively. These proportions correspond to what are observed in live users. Rows #4–6 shows the same as #1–3 but calculated for CommonMind
individuals of African ancestry (ncontrol = 47, nSCZ = 39, and nBP = 6). The corresponding AUC values for this figure are 0.693, 0.614, and 0.634 for row #1: for row
#2, 0.55 ± 0.12, 0.53 ± 0.084, and 0.62 ± 0.012; and for row #3, 0.58 ± 0.047, 0.55 ± 0.03, and 0.57 ± 0.047. Additionally, an extended version of the figure is
available at www.impute.me/prsExplainer, where additional metrics of prediction can be explored interactively.

observations about user behavior may be of use to the genetics
research community.

Common and well-known diseases are the most sought
after. By overall click count and comparing over several
different modules, there is no doubt that users are most
interested in common disease types; diseases of the brain,
heart, and metabolism are more requested. Interface design
may of course play important roles in such choices. For
example, the choice to serve disease traits as alphabetically
sorted lists is likely to artificially inflate interest in, for example,

abdominal aneurysm (Figure 4B). However, the larger interest
in psychiatry, cardiovascular, and metabolic disorders remains
also in the precision medicine module, which is not presented
as an alphabetically sorted list (Figure 4C). It is possible that
greater scientific interest in PRSs in these fields also drives
some of these effects, but we cannot explain why other fields
where PRSs are actively discussed, such as cancer, are not
attracting more attention.

Likewise, it seems that common disease (“complex disease
module”) is more sought after than rare disease (“rare disease
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FIGURE 4 | Detailed usage statistics. (A) Overall count of unique users and unique analysis requests since August 2015. Each request corresponds to a specific
analysis, for example, the risk score for a disease, or a view in the International Classification of Diseases, 10th Revision (ICD-10)-based map in the precision
medicine module. Each user corresponds to an uploaded genome with a unique md5sum. There is no check for twins, altered files, or users with data from separate
direct-to-consumer (DTC) companies. (B) Distribution of user interests in a trait in the complex disease module. In this module, each disease entry is presented on
an alphabetically sorted list, with aortic aneurysm being the default value. The percentage indicates how many of the users scrolled down and selected this disease
at least once (nclicks = 871,855). (C) Distribution of interests in a trait in the precision medicine module. In this module, each disease entry is presented in the layout
of the ICD-10 classification system. The click-through rate reflects how many users pursued information in a given chapter or subchapter, as percentage of total
amount of clicks (nclicks = 114,039). (D) Analysis of how individuals use the interface over time. For each user, the number of queries is shown as a function of time
after they first access their data. As all data are automatically deleted after 2 years, no queries extend beyond 730 days. The color code indicates the submission
date. The highlighted black line indicates the publically available permanent test user with ID id_613z86871, which is omitted from all other analyses.

module”); 95% of all users visit the first, whereas only 70% visit
the second. Again, interface design and project goals probably
play a big role in this—the landing page headers says Beyond

one SNP at the time, and the rare disease module is found in the
navigation bar only below seven other module entries. But it may
also illustrate a central communication challenge for the field:
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People are more interested in the genetics of common, complex
diseases with small effect sizes (Figure 2A, lower right) but may
interpret the results as if they were for rare diseases with large
effect sizes (Figure 2A, upper left).

Finally, we have observed that usage of health genetic
data surprisingly often is not just a test-and-forget event.
When plotting query count as a function of time from first
data access, we find an expected pattern of intense browsing
the hours and days after first data access (Figure 4D).
However, many users revisit their data even months and
years after first data access, perhaps implying that results are
considered and saved and then revisited at a later time in a
different context.

COMMUNICATION OF RISK SCORES

Generation of the PRS data presents one set of challenges, but
communicating them to people in such a way as to make it
both comprehensible and useful presents another (Lipkus and
Hollands, 1999; Naik et al., 2012). We believe that this is a crucial
unmet need in current genetics research, because presenting PRS
data in a way that is useful requires an understanding of people’s
motivations for accessing them in the first place.

To date, studies of PRSs have focused on providing people
with PRS information in relation to specific conditions [e.g.,
cancer (Bancroft et al., 2014, 2015; Smit et al., 2018; Young
et al., 2018)] for which participants have an indicated risk
and exploring understanding and reactions. No studies have
examined what motivates people to seek out and access their own
PRSs for common complex conditions, and little is known about
how people understand or respond to the data they receive.

Polygenic risk scores information is inherently probabilistic
in nature, which is well known to be difficult for people to
understand (Hallowell et al., 1998; Smerecnik et al., 2009), and
receiving information about genetic risk is not necessarily benign.
When people receive genetic test results that they perceive to
reflect high risk for a condition, this can have negative impact
on outcomes like self-perception and affect, and in the case
of receiving high-risk test results for Alzheimer’s disease—can
actually impact objective measures of cognitive performance
(Wilhelm et al., 2009; Dar-Nimrod et al., 2013; Lineweaver et al.,
2014; Lebowitz and Ahn, 2017; Turnwald et al., 2019). Therefore,
how information about genetic risk is communicated matters.

The literature suggests that when communicating risk, the
most useful and effective strategy is to use absolute risks (Lipkus
and Hollands, 1999; Reyna et al., 2009; Naik et al., 2012). In the
case of PRSs with modest predictive power, however, this may
simply result in restating the population prevalence of a disease
for everyone (Janssens, 2019). It is therefore important that
the predictive strength is also included in this communication;
that is how much the genetic component potentially could alter
the absolute risk. The genetic component corresponds to the
SNP heritability, and we are therefore exploring how to best
include this information (e.g., Figure 1, right). Currently, we
have registered the SNP heritability for 294 of the reported traits,
available as an experimental option called “plot heritability.” We

believe that a main future direction is to experiment and expand
on how to best communicate this to people.

It will therefore be useful to have a constant flow of people
that are interested in interpreting their genetics and expose
them to various modes of presentation. Some could involve
statistically advanced concepts, like the area under the receiver
operating characteristic curve (AUC) and SNP heritability, but
others may take simpler approaches, such as the explanatory
jar model pioneered for talking with families about genetics
(Peay and Austin, 2011; Austin, 2019). One may even imagine
layered models of increasing complexity. This should be followed
up with questionnaires probing the level of understanding and
general impact on users, something that is possible using the
impute.me platform.

ETHICS AND IMPLICATIONS

Using genetics to maximize the benefits and minimize the harms
to individuals and society requires the effective management
of the ethical, legal, and social implications of genetics.
Researchers have a responsibility to ensure that the technology
and the knowledge developed through genetic research are used
responsibly, in light of the bioethical principles of beneficence,
non-maleficence, justice, and autonomy (Lázaro-Muñoz et al.,
2019). Given that for most complex disorders there is currently
a lack of data regarding the harms or benefits of accessing PRS
information, the fundamental principle in favor of making PRSs
available to the public is that of autonomy—in the context of
genetic testing, this refers to “the right of persons to make an
informed, independent judgment about whether they wish to
be tested and then whether they wish to know the details of
the outcome of the testing” (Andrews et al., 1994). Accordingly,
currently, DTC users can access health information through
portals of DTC providers and through third-party applications
(Kalokairinou et al., 2018; Tiller and Lacaze, 2018; Ahmed and
Shabani, 2019). The problem is that many popular websites
do not communicate high-quality genetic knowledge, in part
possibly owing to the lack of engagement by the research
communities (Badalato et al., 2017). One solution to this problem
is to call for regulation and to ban such sites. Alternatively, as we
propose here, it is possible to meet user demands and strive to do
so as ethically as possible.

To exemplify this, as researchers, we have a choice in whether
to provide access to a state-of-the-art PRS for a disease or not.
We know that this PRS does not explain everything about the
disease, does not account for all the genetic information, and is
not part of today’s clinical guidelines. However, we also know that
users are already accessing information about disease through
DTC genetics. These users may get their information from flawed
assumptions of SNP effect sizes or from commercial platforms
with little interest in explaining the limitations of the score. We
argue that the choice that maximizes the potential for benefits to
individuals is to provide the score and to provide it in a setting
that puts its consequence in perspective.

An example of such perspective is that of giving reports by
disease score, and not by individual risk variant as is currently
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the case in most third-party analytics apps. Many people carry
the high-risk allele for a common variant, but fewer people
have a high PRS, which is the sum of all such risk variants.
An example of this is the 84% frequency of SCZ risk variants
in healthy users according to SNPedia, as reported above. This
means that for those autonomously seeking information on
health genetics data, the use of PRSs has the potential to decrease
the level of induced worry in people in comparison with the
current levels. Similarly, smart interface design can actively steer
people toward browsing results by indication, and away from
the pervasive practice of reporting the worst genetic scores
for any disease first. This too may serve to reduce induced
worry, in alignment with the general approach of testing only
on indication to limit false-positive rates. Finally, of course,
adaptive warnings based on risk levels, including referral to
resources such as findageneticcounselor.com, is something we
continuously strive to optimize.

CONCLUSION

In summary, we present impute.me as a fully operational General
Data Protection Regulation (GDPR)-compliant genetic analysis
engine covering a very broad range of health-related traits,
specifically focusing on optimizing possibilities from microarray-
based DNA measurements. The challenges, their solutions, and
the curation work behind them are highly relevant today in a
setting of highly varying quality in interpretation of personal
consumer genetics. In the future, we can expect that PRS
predictiveness will increase. This will mean a continued and
increasing relevance of the platform, even more so as the number
of individuals doing genetic testing increases. With a directed
push toward responsible use of genetics, this may even prove to
be an overall clinical benefit.

METHODS

Data Privacy and Security
On data submission, each personal genome is assigned a
nine-digit alphanumeric unique identifier (“uniqueID”). This
uniqueID is used as login and identifier throughout all
downstream processes because it has no information that is
personally linkable, as opposed to, for example, an email address.
The uniqueID is initially linked to two types of data: those that
can be traced back to individual that submitted the genome
and those that cannot. Genomic data, filename of submitted
data, and email address are of the first type: genomic data
because it can be used with software such as gedmatch to
trace family patterns, filename because it often contains the
name of the submitter (e.g., 23andMe data use full name as
standard), and email for obvious reasons. Data of the traceable
type are deleted 14 days after processing, which is the period
in which users are able to download their full imputed data
sets. The exception is email addresses, which are not deleted
but instead unlinked from the uniqueID and kept elsewhere for
the purpose of follow-up studies. Either way, this means that

14 days after processing, there exists nothing on the servers
that can link results (designated with a uniqueID) with the
person who submitted the data (any of the three traceable
data types). Thus, even if the database is leaked or lost, it
is not possible to link the data to an actual person. After
2 years, the remaining non-traceable data, for example, the
derived calculations, the risk scores, and the genotypes of SNPs
of specific interest, are all completely deleted. All ingoing and
outgoing data transfers are encrypted using Transport Layer
Security (TLS 1.3). All storage is encrypted using the AES-
256 standard.

This means that all data are collected for specified, explicit,
and legitimate purposes in a transparent manner and kept in a
form that permits identification of data subjects for no longer
than is necessary for the purposes for which the personal data
are processed. We therefore consider that these measures both
provide adequate security and privacy protection and are in
accordance with the GDPR.

Preprocessing and Bioinformatics
After submission of data, a comprehensive bioinformatic
processing of the genotype data takes place. This is done in
order of free computing nodes becoming available, consisting of
several support programs; first, a shapeit call is made to phase
the data correctly (Delaneau et al., 2013), and then an impute2
call is made with 1000 Genomes version 3 as reference (Howie
et al., 2009; 1000 Genomes Project Consortium et al., 2015).
Although the pipelines are not guaranteed to handle any format
they receive, they currently operate with less than 1% processing
failures, meaning uploads that cannot proceed through the
full quality control and imputation pipelines. The failures are
typically due to file formatting errors, missing chromosomes, or
any number of other odd data corruptions that real-world data
exchange suffers from.

Several customizations have been made with the goal
of minimizing memory footprint and thereby allowing
running in a clustered fashion on a series of small cloud
computers. This allows for relatively easy scaling of capacity:
one simple setup (“hub-only”), where calculations are run
on the same computer as the website interface. Another is
a hub + node-setup, where a central hub server stores data
and shows the website, while a scalable number of node-
servers perform all computationally heavy calculations. After
preprocessing is finished, two new files are created: a .gen
file with probabilistic information from imputation calls
and a simple format file with best guess genotypes, called
at a 0.9 impute2 INFO threshold. All further calculations
are based on these files. A mail with download links to
these two files is returned to the user, along with a JSON-
formatted file containing a machine-readable summary of
all calculations, as well as links with guidance to obtain
more in-depth information on personal DNA interpretation
(Folkersen, 2018).

Polygenic Risk Score Calculation
From the preprocessed data, a modular set of trait predictor
algorithms is applied. For many of the modules, the calculations
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are trivial. For example, this could be the reporting of presence
and/or absence of a specific genotype, such as ACTN3 and
ACE-gene SNPs known to be (weakly) associated with athletic
performance. These are included mostly because users expect
them to be. For others, we rely heavily on PRSs.

An important distinguishing factor between different PRS
algorithms is how risk alleles are selected. A commonly used
approach includes variants based on whether they surpass
a given p-value threshold in the GWAS, retaining only
linkage disequilibrium (LD)-independent variants using LD-
based clumping, often with a p-value threshold of genome-
wide significance (p < 5e−8). Herein, we refer to this approach
as the “top-SNP” approach. The top-SNP approach has the
advantage that it is simple to explain, is easy to obtain
for many GWAS, and has a light computational burden
(e.g., Buniello et al., 2019; Lambert et al., 2019; Patron
et al., 2019; Watanabe et al., 2019). However, research has
repeatedly shown that the inclusion of variants that do
not achieve genome-wide significance improves the variance
explained by PRSs, with PRSs including all variants often
explaining the most variance. PRSs based on GWAS effect
sizes that have undergone shrinkage to account for the LD
between variants have been shown to explain more variance
than PRSs that account for LD via LD-based clumping
(Vilhjálmsson et al., 2015). Herein, we refer to this approach
as the all-SNP approach. It is more computationally and
practically intensive to implement at scale. Consequently, within
impute.me, each trait or disease reported shows all-SNP-based
PRS calculations if such is available, and top-SNP-based PRS
calculations if not.

In the top-SNP calculation mode, the results are scaled such
that the mean of a population is zero and the standard deviation
(SD) is 1, according to the relevant 1000 Genomes super-
population: African, admixed American, East Asian, European,
or South Asian.

Population-scoresnp = frequencysnp × 2× betasnp

Zero-centered-score =∑
Betasnp × Effect-allele-countsnp

-Population-scoresnp

Z-score = Zero-centered-score/

Standard-deviationpopulation

where beta [or log(odds ratio)] is the reported effect size for
the SNP effect allele, frequencySNP is the allele frequency for the
effect allele, and the Effect-allele-countSNP is the allele count from
genotype data (0, 1, or 2).

In the all-SNP calculation, the scaling is similar but done
empirically, that is, based on previous impute.me users of
matching ethnicity. This mode of scaling is also available as an
optional functionality in the top-SNP calculations and generally
seems to match well with the default 1000 Genomes super-
population scaling.

The all-SNP scores were derived using weightings from the
LDpred algorithm (Vilhjálmsson et al., 2015). This algorithm
adjusts the effect of each SNP allele for those of other SNP
alleles in LD with it and also takes into account the likelihood
of a given allele to have a true effect according to a user-
defined parameter, which here was taken as wt1, that is, the
full set of SNPs. The algorithm was directed to use hapmap3
SNPs that had a minor allele frequency >0.05, Hardy–Weinberg
equilibrium p > 1e−05, and genotype yield >0.95, consistent with
our expectation that these would be the best imputed SNPs after
full pipeline processing.

Pipeline Testing
To test the pipelines described herein, the CommonMind
genotypes measured with the microarray of the type H1M
were downloaded along with phenotypic information. Each
sample was processed through the impute.me pipelines,
using the batch upload functionality. Reported ethnicity was
compared with pipeline (genotype) assigned ethnicity and found
to be concordant.

After pipeline completion, we extracted three PRSs
for each sample, corresponding to SCZ all-SNP, SCZ
top-SNP, and BP all-SNP. In the github repository for
impute.me, these three correspond to the scores labeled
SCZ_2014_PGC_EXCL_DK.EurUnrel.hapmap3.all.ldpred.effects,
schizophrenia_25056061, and BIP_2016_PGC.All.hapmap3.all.
ldpred.effects trait IDs (Schizophrenia Working Group of
the Psychiatric Genomics Consortium, 2014; Hou et al.,
2016). These extracted scores formed the basis of the
row #1 and #4 calculations in Figure 3. The remaining
rows were created by subsetting the best guess imputed
genotypes into new sets of users, corresponding to each
of three major DTC vendors and then re-running the
scoring algorithms with either uniform data or mixed data.
Uniform data are here defined as all 195 samples having
the same set of SNPs available, corresponding to one of
three DTC vendors in each run. Mixed data are defined
as samples having different sets of SNPs available, a set
corresponding to actual distributions of customers from different
DTC vendors, with distributions redrawn 100 times. We
estimated the predictive ability of the PRSs using Nagelkerke’s
R2 and AUC.

Usage Evaluation
A log data freeze was performed on June 8, 2019 by making a
copy of all usage log files and then removing the uniqueID of
each user. This was done to prevent it from being linked with the
genetic data of that user. The exception was the publicly available
permanent test user with ID id_613z86871, which was lifted out
before analysis and is not included in other summary statistics.
Generally, a user corresponds to an uploaded genome with a
unique md5sum. Click-through rates were calculated as fraction
of users that performed any query in the module in question; for
example, the precision medicine module was only launched in
September 2018 and, therefore, only counts clicks from people
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who have used it. Plots were generated using base-R version 3.4.2
and cytoscape version 3.71.

URLS

Code repository: https://github.com/lassefolkersen/impute-me
Web resource: https://www.impute.me/
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Today, genomic data holds great potential to improve healthcare strategies across
various dimensions – be it disease prevention, enhanced diagnosis, or optimized
treatment. The biggest hurdle faced by the medical and research community in India
is the lack of genotype-phenotype correlations for Indians at a population-wide and
an individual level. This leads to inefficient translation of genomic information during
clinical decision making. Population-wide sequencing projects for Indian genomes help
overcome hurdles and enable us to unearth and validate the genetic markers for
different health conditions. Machine learning algorithms are essential to analyze huge
amounts of genotype data in synergy with gene expression, demographic, clinical,
and pathological data. Predictive models developed through these algorithms help in
classifying the individuals into different risk groups, so that preventive measures and
personalized therapies can be designed. They also help in identifying the impact of
each genetic marker with the associated condition, from a clinical perspective. In India,
genome sequencing technologies have now become more accessible to the general
population. However, information on variants associated with several major diseases
is not available in publicly-accessible databases. Creating a centralized database of
variants facilitates early detection and mitigation of health risks in individuals. In this
article, we discuss the challenges faced by genetic researchers and genomic testing
facilities in India, in terms of dearth of public databases, people with knowledge on
machine learning algorithms, computational resources and awareness in the medical
community in interpreting genetic variants. Potential solutions to enhance genomic
research in India, are also discussed.

Keywords: clinical genomics, variant classification, Indian genomics research, Indian genomic databases,
machine learning

INTRODUCTION

Dynamic migration history, ethnic and genetic diversity and a high degree of consanguinity
contribute to the complex and heterogeneous nature of the Indian population. There are many
known genetic diseases affecting different population subgroups and insufficient scientific resources
to diagnose and treat them (Aggarwal and Phadke, 2015; GUaRDIAN Consortium et al., 2019).
Large-scale genetic studies in Indian patients are required to study disease-causing mutations
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and to develop personalized treatment methods. Another
important aspect is accurate analysis and interpretation of genetic
data. While tried and tested statistical methods work fairly
well for biomarker discovery, advanced solutions like machine
learning algorithms bring a promise of genomics driven clinical
solutions. In this article, we discuss the current scope of Indian
genomics in healthcare, challenges in scientific resources and data
analysis, and solutions to enhance genomic medicine in India.

CURRENT STATE OF GENETIC TESTING

Genetic testing in India has evolved in leaps and bounds in
the past decade. Currently, there exist DNA-based tests that
address multiple concerns in healthcare, from disease prevention
to molecular diagnosis (Kar and Sivamani, 2016). In the case of
preventive healthcare, genetic tests estimate the lifetime risk of
disease, predisposition to biological traits and health parameters
(Mohan et al., 2011). They also analyze a person’s response to
drugs in terms of efficacy and risk for adverse reactions. These
tests are primarily used as screening tools for establishing an
effective strategy to reduce disease risk, delay, or avoid symptoms
and manage existing conditions. Diagnostic genetic tests, on the
other hand, help in identification of the molecular cause of the
disease. These tests are used to confirm known or suspected
diagnosis, carrier status determination, identification of at-risk
genetic relatives, optimize treatments, and clinical decisions
(Gupta et al., 2017; Aravind et al., 2019; Uttarilli et al., 2019).
There are different types of diagnostic genetic tests currently
available in India such as single-gene and multigene testing,
exome, and genome sequencing, carrier and newborn screening
(Puri et al., 2017; Singh et al., 2018). Other types of tests include
those which assess reproductive risk, such as prenatal testing and
preimplantation genetic diagnosis (Dada et al., 2008).

Challenges and Limitations
Understanding the need of the patient is the key for determining
the right genetic test. The biggest hurdles faced by clinicians
are genetic data interpretation, finding genetic links for complex
conditions, and lack of actionable genetic information. In certain
cases of complex conditions, such as cancer, an array of genetic
tests might be ordered to determine the genetic cause (Prabhash
et al., 2019). However, no findings may come to light, thus
posing a challenge for the patient and the clinician. The accuracy
and precision of genetic tests lies in the translation of genetic
findings into clinical outcomes. In the absence of information
on genotype-phenotype correlations, genetic test results might
be inconclusive.

GENETIC DATA INTERPRETATION FOR
INDIAN PATIENTS

Genetic diagnosis via clinical sequencing (e.g., genome-, exome-,
single-, or multi-gene) is the front-line test recommended for
many inherited diseases (Verma et al., 2018; Ganapathy et al.,
2019). Establishing the genetic cause of disease is vital for

patient care and treatment, and hence clinical findings must
be reported with high precision and accuracy (Singh et al.,
2016). All clinical reporting protocols are required to adhere to
standards set by American College of Medical Genetics (ACMG),
for proper classification of variants and subsequent disclosure to
patient/clinician (Richards et al., 2015). As per ACMG guidelines,
in order to differentiate benign and pathogenic variants, a
detailed study of the variant’s clinical significance is required. This
includes multiple criteria such as variant frequency, location in
or near the gene, mechanism of said gene, effect of variant on
protein domain or function, hotspot, or nearby mutations if any,
etc. Apart from these, evidence of the variant having caused the
disease in patients with similar clinical phenotype is essential to
establish pathogenicity.

Challenges and Limitations
Currently, there is a dearth of publicly available resources that
provide an extensive list of clinically significant variants in Indian
patients, for several genetic diseases. In the absence of published
literature for a particular variant, which clearly is not benign,
the variant gets classified as a variant of uncertain significance
(VOUS). Interpreting VOUS is often challenging as they are not
actionable, yet hold potential for establishing pathogenicity. For
accurate classification and high-precision reporting of genetic
variants, it is vital that geneticists and scientists have access to
information on the complete spectrum of variants and mutations
in Indian patients (Rajasimha et al., 2014; Genomics and other
Omics tools for Enabling Medical Decision, 2019). Only the most
relevant mutations are listed in databases like OMIM, which
use selection criteria such as frequency, phenotype, significance,
disease mechanism, and inheritance, etc.

Case Study: Retinitis Pigmentosa
Retinitis Pigmentosa (RP) represents a very large group of eye
disorders, with different clinical features, and symptoms. RP can
be inherited in an autosomal dominant, autosomal recessive, or
X-linked manner. Genetic diagnosis of RP helps in establishing
genetic cause of disease, screening in at-risk family members and
clinical management. But there are limited studies which report
population specific mutations in Indian RP patients (Table 1).

Let us examine a case study of a 42 year old male reported
with personal medical history of RP, who had been diagnosed
at 16 years of age. His sister and two paternal cousins were
also affected with RP. Married to a non-consanguineous partner,
there were no clinical conditions in his children – 16 year old
son and 12 year old daughter. Exome sequencing was done
at Mapmygenome (Mapmygenome, 2020) to identify disease
causing gene mutations associated with RP. Exome analysis
revealed a heterozygous missense variant in exon 4 of the NR2E3
gene. The observed variant is not reported as a variant in the
normal samples of 1000 Genomes database and has a minor allele
frequency of 0.018% in the gnomAD database. The variant is
conserved across the species and in silico prediction by Mutation
taster was found to be damaging. Another missense variant in
this gene, Pro152Ser, has previously been reported with “retinitis
pigmentosa 37,” and “retinitis pigmentosa (recessive)” in clinvar
(Clinvar, 2019) as VOUS. In Indian Genetic Disease Database
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TABLE 1 | Information on summary of mutation studies in Indian RP patients.

Number of patients Significant findings Gene Method Variant information available References

14 Families (autosomal
recessive RP) and 100 cases
(sporadic RP)

12 Novel mutations EYS Whole exome sequencing
of proband followed by
targeted analysis in family
members

Yes Di et al., 2016

1 Family and 100 cases
(sporadic)

4 Novel mutations CRB1 Yes Yang et al., 2016

1 Family (autosomal recessive
RP)

1 Novel mutation MERTK Yes Bhatia et al., 2018b

1 Family (non-syndromic
autosomal dominant RP)

1 Novel mutation PRPF31 Targeted sequencing Yes Bhatia et al., 2018a

1 Family (autosomal recessive
RP)

1 Novel mutation MERTK Microarray Yes Srilekha et al., 2015

2 Families (autosomal recessive
RP) and 100 cases (sporadic
RP)

1 Novel mutation FAM161A Whole exome sequencing Yes Zhou et al., 2015

2 Families (autosomal recessive
RP)

1 Novel mutation NR2E3 Microarray Yes Kannabiran et al., 2012

101 Cases (48 isolated cases
and 53 autosomal dominant RP
cases)

2 Novel mutations PRPF31 Capillary sequencing Yes Gandra et al., 2008

(IGDD), which is the first patient based genetic disease database
of India (Pradhan et al., 2011) only seven genes have been mapped
for RP. No variant was reported from the NRE23 gene in IGDD.
There are no other databases which have mutation information
from Indian RP patients. Since there is no functional or published
study of NR2E3 mutations in Indian RP patients, Mapmygenome
had classified the variant in exon 4 of the gene as a VOUS. There
is insufficient evidence to establish this variant’s pathogenicity.

AVAILABLE RESOURCES WITH
GENOTYPE-PHENOTYPE
ASSOCIATIONS IN INDIAN POPULATION

Databases which host information on gene variants and
associated diseases help genome analysts to make clinically
significant and medically actionable inferences. However, most
of the publicly available Indian databases are incomplete. This
can be attributed to legal, ethical, financial, or administrative
procedures due to which a lot of key parameters do not get
recorded. Some of the Indian-specific databases, along with their
scope and utility, have been discussed below.

Index-dB
A database of exonic variants from normal individuals of Indian
sub-continent (Ahmed et al., 2019). It is a user-friendly database
with a querying feature and a browser to search for the variants.
But the current version is based only on 109 individuals and is
still under development.

TMC-SNPdB
Contains variants generated from exome data of normal samples
derived from tongue, gall bladder, and cervical cancer patients of
Indian origin (Upadhyay et al., 2016). The major limitation of

the database is not only the sample size of 62, but also the way
the variants were processed. The COSMIC database was used to
filter out somatic variants, because of which some novel Indian
variants might have got filtered out.

SAGE
A repository of genetic variants derived through an integration of
six datasets comprising 1213 South Asian genomes and exomes
(Judith et al., 2018). It contains more than 154 million variants,
out of which 69 million are novel variants. Though this a
comprehensive database of South Asians, it should be enriched
with region or ethnicity specific datasets within South Asia.

Indian Genetic Disease Database (IGDD)
A curated database of variants associated with diseases prevalent
in Indian population (Pradhan et al., 2011). Diseases were
categorized into different therapeutic areas. The current version
of the database covers 104 diseases with a total of ∼3500
patients. Further enrichment is required to cover more diseases
in the population.

Indian Genome Variation Database
(IGVdB)
This was started as a consortium activity in 2003, with the goal to
create a variation database of Indian population (Indian Genome
Variation Consortium, 2005; Narang et al., 2010). However, this
database does not contain disease-variant associations, which are
helpful in interpreting the data obtained from genetic tests.

GWAS Central – India
A genotype-phenotype association database with summary
level findings from genetic association studies (Indian GWAS,
2010). Lack of regular updates and absence of extensive data
points for genetic diagnosis, make this database a less effective
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tool for clinicians, or bioinformaticians, thereby limiting its
clinical utility.

Indian SNP Data
Contains genotype data of 871,771 SNPs, obtained from 15
Dravidian trios, and 13 Indo-European trios (Indian SNP, 2020).
Browser and query features are not available for this database.
Files can be downloaded for academic and research purposes
only. Although it was initially developed as a reference panel for
Indians, it has limited data and the work is still in progress.

Genotype/Phenotype DB
This database contains genotype and phenotype data of Indian
population along with their demographic details (CCMB,
2020). Browser and query features are not available for this
database. Commercial organizations are strictly prohibited
from using the data.

Indigen Project
This is an initiative from Council of Scientific and Industrial
Research (CSIR) for whole genome sequencing of 1000 Indian
genomes, across diverse ethnic groups, with the goal to enable
clinical applications in rare genetic diseases. This is an initiative
which is yet to see fruition and is yet to be publicly available for
the scientific community (IndiGen, 2020).

The above databases have not been presented in a way that
allows the user to understand the pathogenicity of variants.
Genomics companies like Mapmygenome (Mapmygenome,
2020), do not have access to most of such databases. A centralized
database curated from Indian patients, for different diseases,
would help in precise reporting and clinical decision making.

Publicly available data and results generated from genome
wide association studies (GWAS) can also be utilized in
interpreting the variants and in identifying new variants. There
are case-control association studies done on Indian population,
for majorly occurring diseases – Type 2 Diabetes, cardiovascular
diseases and cancers (Chauhan et al., 2010; Nagrani et al., 2017;
Bellary et al., 2019). Polygenic Risk Scores (PRS) developed from
GWAS act as prognostic indicators in preventive healthcare.
However, reliability of the results depends on the algorithm used
and the data available.

MACHINE LEARNING (ML)
ALGORITHMS IN INDIAN GENOMICS

With the availability of diverse data types – gene expression,
SNP genotypes, demographics, heath history, laboratory findings,
and images etc. – machine learning algorithms have become
the obvious choice for accurate prediction of disease risk and
personalized treatment. They can learn patterns underlying
complex data and build models that can be used for prediction
purposes. Numerous machine learning methods, such as support
vector machines, random forests, and Bayesian networks, are
being used successfully in genomics research and applications
(Libbrecht and Noble, 2015; Xu and Jackson, 2019). Now, deep
learning algorithms, a subcategory of machine learning, have

emerged as the most successful algorithms for combining clinical
data with genomics (Ching et al., 2018; Zou et al., 2019). They use
artificial neural networks to progressively extract novel features
from input data and learn from the features (Eraslan et al., 2019).

Deep learning and machine learning algorithms, which
come under the umbrella term Artificial Intelligence (AI), are
being used in clinical practice through numerous commercial
applications involving clinical and genomics data. A well known
personal genomics company, 23andme (2020) uses machine
learning algorithms in disease risk prediction. IBM’s Watson for
Oncology (IBM Watson for Oncology, 2020) helps clinicians
in identifying most appropriate treatment options based on
information collated from medical records, medical journals,
genomic journals, and relevant guidelines. Many startups
are increasingly using the combination of machine learning
algorithms and genomics in creating tools and processes that
enhance the healthcare systems. For example, Freenome (2019),
Benevolent AI (2020), Cambridge Cancer Genomics (2020), and
DeepGenomics (2020) use AI in predicting disease risk, response
to therapy and in developing personalized treatment regimens. In
India, very few organizations use machine learning algorithms in
clinical genomics, with the reasons being lack of awareness and
lack of expertise in research and application of AI. Some of the
Indian pharmaceutical and genomic organizations that are using
AI include Innoplexus (2019), Lantern Pharma (2019), Manipal
Group of Hospitals (2019), TCS Innovation Labs (2019), BioXcel
Therapeutics Inc. (2020), Mapmygenome (2020), OncoStem
(2020), and PierianDx (2020).

Challenges and Limitations
Main technical challenges in the application of ML algorithms are
data curation and data pre-processing (Ngiam and Khor, 2019).
Different hospitals and laboratories adopt different terminologies
to record a disease or a health condition and use different
reference ranges. In India, Electronic Health Records Standards
were released by the Ministry of Health and Family Welfare
in 2016. But sharing of data between the hospitals through a
common platform is still a work in progress.

Data sets used in training the machine learning algorithms
should clearly represent the target data for which risk predictions
are made. For example, genetic algorithms trained on data
from North Indians might make less accurate predictions when
applied on South Indians. Comprehensive and robust clinical
data sets that represent the ethnic differences among the people of
India are still unavailable. To facilitate sharing of biological data
across various research organizations in India, especially high-
throughput data generated by sequencing and microarrays, and
to create National Biological Data Centre, Ministry of Science
and Technology has released zero draft on Biological data storage,
access and sharing policy of India in July 2019 (Department of
Science and Technology, 2020). But it is still in its nascent stage.
A standard procedure for normalizing the raw data must be
developed to maintain uniformity across the research groups.

Lack of understanding among clinicians and patients about
the machine learning algorithms and their predictions make
them considered as black box algorithms (Vayena et al., 2018).
Data scientists should explain the general logic behind the
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algorithm-based decisions. Doctors and patients should
understand the risk associated with such decisions. Clear
communication between data scientists, doctors and patients is
required to maintain ethical standards in clinical applications.

Solutions to Overcome the Challenges
NITI Aayog, a policy think tank of the government of India,
made several recommendations to address the challenges and to
harness the power of AI in India (National Strategy for AI, 2018).
They include – establishing Centres of Research Excellence
(COREs), increasing R&D resources, supporting Ph.D.
researchers, establishing common supercomputing facilities, and
creating an ecosystem for development and application of AI.
Encouraging institute-industry partnerships, creating investment
funds for AI startups and reskilling the existing workforce have
also been discussed in detail. Other research agencies like Itihaasa
(2018) made similar recommendations.

Institutional review boards, ethical review committees and
scientific societies should come up with best practices for
application of ML in clinical genomics. Government should start
a regulatory body in lines similar to the United States Food and
Drug Administration (FDA) to enforce best practices. Data sets
used in training the algorithms, variables considered in building
the models and accuracy of the predictions should be scrutinized.
Updating the models by retraining the algorithms and checking
the efficiency of the models should be done in coordination with
the clinicians. The Government of India should take initiatives
to train clinicians in understanding machine learning algorithms.
Certification programs run through premier institutes would
encourage the people to take up such courses.

ETHICAL AND LEGAL CONCERNS IN
DATA SHARING

Genomic data is sensitive in nature and public sharing of such
data brings a fair share of ethical and legal concerns with it.
Given the increasing number of direct-to-consumer tests that
are available, there is a need to streamline certain processes.
The collection, storage and usage of genetic data must enable
meaningful outcomes for personalized medicine. Data security
and privacy remains one of the major concerns reported by users.
The “Personal Genomes: Accessing, Sharing and Interpretation”
conference held in the United Kingdom, in April 2019 (Genetics
Society, 2019) addressed several conundrums which hinder
sharing of genetic and medical data, for the creation and
maintenance of genomic databases. There is also a growing
segment of users who are open to sharing their de-identified
data (Kim et al., 2015; Rubin and Glusman, 2019). They share
their data for getting updates on their health reports, for
providing social good or for financial compensation (Hendricks-
Sturrup and Lu, 2020). In India, with the release of Personal
Data Protection Bill 2019 (The Personal Data Protection Bill,
2019) certain principles were laid down on collection and usage
of personal data. Informed consent, data minimization and
storing a copy of data within India are some of the essential
requirements under the bill.

The benefits of sharing genomic data in the scientific
community are far too many to ignore. Collaborative efforts
between sequencing facilities, data scientists, clinics, and
healthcare providers must be directed toward building a healthy
ecosystem for data sharing. De-identification of the genetic
information as well as medical records is essential. Wright et al.
(2019) proposes a system wherein genetic variant details and
their associated conditions can be shared in online databases,
without requiring explicit consent from patients. However,
detailed clinical information and case study at a deeper level
will require consent from the doctors and their patients.
For the Indian scenario, a robust system for data sharing is
required. This system must be regulated by measures which
protect the patients’ interests as well. Policy makers and leaders
must come together to develop a framework that allows
more variant databases to become publicly accessible, without
breach of privacy.

ROLE OF CLINICIANS IN INDIAN
GENOMICS

Clinicians play a very important role in facilitating genomics-
driven healthcare. From the time a patient visits the clinic
to the time of treatment, there are several stages that
require the clinician to relay information related to testing
procedures and their possible outcomes. The clinician holds
a key responsibility of comprehending the implications of
genetic findings and making the necessary correlations for
treatment and management. Hence, it is imperative that the
clinician is well versed with different genetic mechanisms,
inheritance, gene-gene, and gene-environment interaction
mechanisms, variants and their pathogenicity. In the
clinic, staff must be trained to perform timely reviews of
clinical and family history and identify cases which warrant
genetic testing. For the current generation of clinicians,
training on genetic diseases, testing methodologies, clinical
variant interpretation and application in medicine, must
be included as part of their continuing education. Policy
makers such as Medical Council of India and Board of
Education play an important role in training clinicians on
utilizing genomics in their practice (Scheuner et al., 2008;
Aggarwal and Phadke, 2015).

CONCLUSION

Given the broad spectrum of genetic diseases and their burden on
the Indian population, it is essential for genomic researchers to
tap Indian genetic data for disease prevention, timely diagnosis,
and treatment. Studies show that there are novel mutations
in Indian patients, for different phenotypes. Hence, genome
analysts need to refer to Indian-specific databases for meaningful
translation of genomics data into clinical reporting. Current
challenges can be met by united efforts from government health
agencies and genetic research institutes by executing large scale
sequencing projects, accompanied by detailed documentation
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on patients’ clinical features and family history. Obtaining
informed consent from the patients must be mandatory, to
protect their interests including concerns about data privacy and
safety. The patients must be educated about protocols such as
de-identification, data security and research objectives.

Novel variants must be made available in a centralized
database for analysts to refer to, and draw inferences from.
Such a database would vastly improve the diagnostic accuracy
of genetic diseases. Indian genomics will also greatly benefit by
the development of machine learning algorithms for analyzing
health trends in the Indian population. Additionally, clinicians

from all walks of medicine must be equipped with technical
knowledge on medical genetics and its clinical application, for
enhanced patient care.
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In recent years, there has been a significant increase in whole genome sequencing data
of individual genomes produced by research projects as well as direct to consumer
service providers. While many of these sources provide their users with an interpretation
of the data, there is a lack of free, open tools for generating reports exploring the
data in an easy to understand manner. GenomeChronicler was developed as part of
the Personal Genome Project UK (PGP-UK) to address this need. PGP-UK provides
genomic, transcriptomic, epigenomic and self-reported phenotypic data under an
open-access model with full ethical approval. As a result, the reports generated by
GenomeChronicler are intended for research purposes only and include information
relating to potentially beneficial and potentially harmful variants, but without clinical
curation. GenomeChronicler can be used with data from whole genome or whole
exome sequencing, producing a genome report containing information on variant
statistics, ancestry and known associated phenotypic traits. Example reports are
available from the PGP-UK data page (personalgenomes.org.uk/data). The objective
of this method is to leverage existing resources to find known phenotypes associated
with the genotypes detected in each sample. The provided trait data is based
primarily upon information available in SNPedia, but also collates data from ClinVar,
GETevidence, and gnomAD to provide additional details on potential health implications,
presence of genotype in other PGP participants and population frequency of each
genotype. The analysis can be run in a self-contained environment without requiring
internet access, making it a good choice for cases where privacy is essential or
desired: any third party project can embed GenomeChronicler within their off-line safe-
haven environments. GenomeChronicler can be run for one sample at a time, or in
parallel making use of the Nextflow workflow manager. The source code is available
from GitHub (https://github.com/PGP-UK/GenomeChronicler), container recipes are
available for Docker and Singularity, as well as a pre-built container from SingularityHub
(https://singularity-hub.org/collections/3664) enabling easy deployment in a variety of
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settings. Users without access to computational resources to run GenomeChronicler
can access the software from the Lifebit CloudOS platform (https://lifebit.ai/cloudos)
enabling the production of reports and variant calls from raw sequencing data in a
scalable fashion.

Keywords: personal genomics, PGP-UK, genomic report, open consent, participant engagement, open source,
cloud computing

INTRODUCTION

The publication of the first draft human genome sequence
(International Human Genome Sequencing Consortium, 2001)
promised a revolution in knowledge of how we see ourselves
as individuals and how future medical care should take our
genetic background into account. Almost ten years later, the
perspective of widespread personal genomics was still to be
achieved (Venter, 2010).

Following the establishment of 23andMe and others from 2007
onward, there is now a wide range of easily accessible clinical and
non-clinical genetic tests that are routinely employed to detect
individuals’ carrier status for certain disease genes or particular
mutations of clinical relevance. Many more associations between
genotype and phenotype have been highlighted by research,
sometimes with uncertain clinical relevance or simply describing
personal traits such as eye color (Pontikos et al., 2017;
Kuleshov et al., 2019).

Over the past few years, we have seen a dramatic reduction
of the cost to sequence the full human genome. This reduction
in cost enables many more projects to start using whole genome
sequencing (WGS) approaches, as well as the marked rise in the
number of personal genomes being sequenced.

Personal genomics is very much a part of the public
consciousness as can be seen by the rampant rise in direct to
consumer (DTC) genomic analysis offerings on the market. In
this context, it is unsurprising that the analysis of one’s own
genome provides a valuable educational opportunity (Salari et al.,
2013; Linderman et al., 2018) as well as increasing participant
engagement as part of biomedical trials (Sanderson et al., 2016).

The Personal Genome Project (PGP) set up by George
Church in 2005 is the earliest initiative enabled by the increased
popularity of whole genome sequencing and its lowering costs.
The global PGP network currently consists of 5 projects spread
around the world, managed independently but joined by a
common goal of providing open access data containing genomic,
environmental and trait information1.

Data analysis within PGP-UK poses important ethical
challenges, as all the data and genome reports are intended to
become freely and openly available on the World Wide Web.
However, until the completion and approval of the reports, the
data must be treated as confidential private information. Prior
to enrollment, all participants are well informed through an
online study guide and tested for their understanding of the
potential risks of participating in a project of this nature. Upon
receipt of their report, participants have a cool-off period of

1https://www.personalgenomes.org/

four weeks to explore their data and reports and to seek all the
required clarifications. During that time, they can trigger the
release of their report and data themselves by selecting the ‘release
immediately’ option in their personal accounts. To date, 67%
of participants have selected this release option. They also have
the option to withdraw from the study in which case no release
occurs and all data will be deleted. This option has never been
selected by any participant. If neither of these options are chosen,
the data and reports are released automatically by the end of the
cool-off period.

There are several resources aimed at users of DTC genetic
testing companies on the internet including Promethease
(2019) and Genomelink (2019). There are some other
tools with a focus on clinical aspects or particular diseases
(Nakken et al., 2018), as well as academic databases
containing genotypes of other individuals (Greshake et al.,
2014), pharmacogenomic information (Klein and Ritchie,
2018) or genotype to phenotype links (Ramos et al., 2014;
Pontikos et al., 2017; Kuleshov et al., 2019) that can be
useful for the interpretation of personal genomes. Many
of these are linked into resources like SNPedia (Cariaso
and Lennon, 2012), allowing a wide range of exploration
options for the known associations of each genotype from
multiple perspectives.

Surprisingly, we found no pre-existing solution that would
allow the annotation and evaluation of variants on the
whole genome level, assessment of ancestry and more focused
analysis of variants that have been previously associated with
specific phenotypes. In particular, one that could be run
locally ensuring full control of the data before the results are
scrutinized and approved.

GenomeChronicler represents, to the best of our knowledge,
the first pipeline that can be run offline or in the cloud, to generate
personal genomics reports that are not limited to disease only,
from whole genome or whole exome sequencing data.

GenomeChronicler contains a database of positions of interest
for ancestry or phenotype. The genotype at each of these positions
is inferred from the user provided data that has been mapped
to the human genome. These genotypes are then compared to
local versions of a series of publicly available resources to infer
ancestry and likely phenotypes for each individual participant.
These results are then presented as a PDF document containing
hyperlinks where more information about each variant and
phenotype can be found. A visual representation of the pipeline
and its underlying resources is shown in Figure 1.

This pipeline will continue to be improved and expanded
by PGP-UK, e.g., to include methylome and transcriptome
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FIGURE 1 | Flow Diagram of GenomeChronicler processing pipeline, illustrating the multiple entry points for the pipeline, resources integrated by default and
generated outcomes. Either entry point of the pipeline can be run locally in a single machine, as a Nextflow workflow or in the Cloud. All source code and integrations
are freely available in their respective GitHub repositories. The stand-alone GenomeChronicler is available at (https://github.com/PGP-UK/GenomeChronicler), the
integration of GenomeChronicler with Nextflow is available at (https://github.com/PGP-UK/GenomeChronicler-nf) and the combined GenomeChronicler with Sarek
variant calling is available at (https://github.com/PGP-UK/GenomeChronicler-Sarek-nf). The recipe files for the Docker and Singularity containers are available within
the respective GitHub repositories. The resource logos are reproduced from the respective resource websites and remain copyright of their original owner.

reports (Beck et al., 2018). We envision this project will also
be useful to other research endeavors that want to provide
personal genomes information to their participants to increase
engagement; e.g., to altruistic individuals who have obtained
their whole genome sequencing data from a DTC or health care
provider and are looking for an ethics-approved framework to
share their data. PGP-UK already supports this through their
Genome Donation program.

MATERIALS AND METHODS

Data Input
The GenomeChronicler pipeline was designed to run
downstream of a standardized germline variant calling pipeline.
GenomeChronicler requires a pre-processed BAM or CRAM file
with deduplication and quality recalibrated alignments against
the GRCh38 genome assembly and optionally, the summary

HTML report produced by the Ensembl Variant Effect Predictor
(McLaren et al., 2016).

GenomeChronicler can be run with any variant caller
provided that the reference dataset is matched to the reference
genome used (the included GenomeChronicler databases
currently use GRCh38). It is also imperative, to obtain good
quality results, that the BAM or CRAM files used have had their
duplicates removed and quality recalibrated prior to being used
for GenomeChronicler.

To simplify this entire process and to make the tool more
accessible to users who may not know how to run a germline
variant calling pipeline, GenomeChronicler can also be run in a
fully automated mode from the raw sequencing data, where the
germline variant calling pipeline is also run and the whole process
is managed by the Nextflow workflow management system (Di
Tommaso et al., 2017). In this scenario, GenomeChronicler uses
the Sarek pipeline2 (Garcia et al., 2020) to process raw FASTQ files

2https://github.com/nf-core/sarek
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in a manner that follows the GATK variant calling best practices
guidelines (Van der Auwera et al., 2013). Manual inspection of
the initial quality control steps of Sarek is recommended prior to
perusing the final results.

The combined version of Sarek + GenomeChronicler written
using the Nextflow workflow manager (Di Tommaso et al., 2017)
is available both on Github3 and on Lifebit CloudOS.

Ancestry Inference
We infer the ancestry of each individual through a Principal
Components Analysis (PCA) which is a widely used approach
for identifying ancestry similarities among individuals
(Novembre et al., 2008).

For each sample of interest, we intersect the genotypes with a
reference dataset consisting of genotypes from the 1000 Genomes
Project samples (The 1000 Genomes Project Consortium, 2015),
containing individuals from 26 different worldwide populations
and applying PCA on the resulting genotype matrix.

The reference samples from the 1000 Genome Project are
filtered to keep only unrelated individuals. In order to avoid
strand issues when merging the datasets, all ambiguous (A/T and
C/G) SNPs were removed, as well as non-biallelic SNPs, SNPs
with > 5% of missing data, rare variants (MAF < 0.05) and
SNPs out of Hardy-Weinberg equilibrium (pval < 0.0001). From
the remaining SNPs, a subset of unlinked SNPs are selected by
pruning those with r2 > 0.1 using 100-SNP windows shifted at
5-SNP intervals.

These genotypes are used to run PCA based on the
variance-standardized relationship matrix, selecting twenty as
the number of PCs to be extracted. We then project the data
over the first three principal components to identify clusters of
populations and highlight the sample of unknown ancestry on
the resulting plot.

Here, we used PLINK (Purcell et al., 2007) to process the
genotype data and the R Statistical Computing platform for
plotting the final PCA figures to illustrate the ancestry of each
sample. An example of the distribution of the reference samples
on the PCA is shown in Figure 2.

Variant Annotation Databases
SNPedia
SNPedia (Cariaso and Lennon, 2012) is a large public repository
of manually added as well as automatically mined genotype to
phenotype links sourced from existing literature. SNPedia is the
core resource behind the phenotype tables in GenomeChronicler;
it provides annotations for both single-gene phenotypes as well
as for a few phenotypes involving multiple loci referred to as
genosets in the produced reports.

ClinVar
ClinVar (Landrum and Kattman, 2018) is a database hosted by the
NCBI that focuses exclusively on variants related to health and
has been running since 2013. In comparison to SNPedia, ClinVar
is a much smaller database but it is closely linked to the clinical
relevance of each variant. ClinVar is curated more strictly with a

3https://github.com/PGP-UK/GenomeChronicler-Sarek-nf

clinical review – something unique among the data sources used
by GenomeChronicler.

GETevidence
GETevidence was developed as part of the Personal Genome
Project Harvard (Mao et al., 2016) to showcase the variants
present within its participants and to allow manual annotation
and interpretations of the results. For some of the genotypes
present, it also contains manual annotations that have been added
by the users or curation team. GETevidence allows individuals to
compare their genotypes with those from other personal genomes
available within the PGP-Harvard project.

gnomAD
Spanning several human populations, the Genome Aggregation
Database (gnomAD) (Karczewski et al., 2019) aggregates data
from multiple sources to produce an atlas of variation across the
human genome. Extensively annotated and now covering most of
the latest assembly of the human genome, these links enable easy
access to information such as allele frequencies for the genotype
across different populations around the world, as well as some
annotation context for each variant, regarding potential effect
on genes if relevant and how selection forces are constraining
the genomic locus.

Database Availability, Building and
Update
The underlying databases required to run GenomeChronicler
are provided within the package. A set of scripts to regenerate
these SQLite databases is also provided within the source code.
The datasets are limited to positions of interest is compiled so
that when genotyping is performed only relevant positions are
computed to save computational time.

SNPedia provides an API to query its records in a systematic
way. The other linked databases provide regular dumps of the
whole dataset, enabling easy assessment for which dbSNP rs
identifiers are represented within the full database. The use of rs
identifiers and genotypes to link between the different databases
enables an unambiguous way to compare information between
different resources.

Genotype Assessment and Reporting
Typical germline variant calling pipelines result in a VCF
file where positions that match the reference sequence are
not reported. Homozygous reference genotypes thus become
indistinguishable from positions in the genome where there is
no read coverage.

To ensure comparable results between runs, genotype
VCFs (gVCFs) instead of VCFs are computed during
each run of GenomeChronicler, but only for a subset of
genomic positions that informative for ancestry inference
or phenotype annotation, saving computational time and
storage space.

The Genome Report Template
GenomeChronicler is designed in a modular way where the final
report is only compiled at the end, integrating all the results.
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FIGURE 2 | Example Ancestry PCA plot containing the current reference data from the 1000 genomes project used by GenomeChronicler, with shaded areas
broadly illustrating the origin of the populations represented.

To customize the report layout, the content and the amount
of extra information, GenomeChronicler uses a template file
written in LaTeX. For example, one can modify the branding and
introductory text of the report, integrate custom or third-party
analyses provided the results are in a format that can be typeset
using LaTeX, omit certain sections, or even modify the structure
of the report produced.

Output Files
The main output of GenomeChronicler is a report in PDF
format, containing information from all sections of the pipeline
that have run as set by the LaTeX template provided when
running the script. Additionally, an Excel file containing the
genotype phenotype link information, and all corresponding
hyperlinks is also produced, allowing the user to explore the

results in a familiar environment. While most intermediate files
are automatically removed at the end of the GenomeChronicler
run, the original PDF version of the ancestry PCA plot, as well
as a file containing the sample name, genotyping results and
pipeline log files are retained within the results directory to
ease automation.

Pipeline Validation
To further validate the pipeline, 1000 Genome Project generated
illumina data for sample NA12878 was used. Genomic data
for sample NA12878 mapped to the human reference genome
(GRCh38) was retrieved from the 1000 Genome Project4 and

4ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/data_collections/1000_genomes_
project/data/CEU/NA12878/alignment/
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converted to BAM file using the SAMtools toolkit. High
confidence genotype calls were retrieved from Genome-in-a-
Bottle5. The GenomeChronicler pipeline was run on the data,
and the resulting genotype calls in high confidence regions
were compared to the reference calls using BCFtools to assess
genotype concordance.

Running GenomeChronicler
In line with the PGP-UK data, all the code for GenomeChronicler
is freely available. To make it easier to implement, several options
are available to eliminate the need for installing dependencies
and underlying packages, or even the need to have access to
computer hardware capable of handling the processing of a
human genome. The range of options available is detailed below
and illustrated in Figure 1.

Running GenomeChronicler Locally
From the available source code
The source code for GenomeChronicler is available on
GitHub at https://github.com/PGP-UK/GenomeChronicler.
A setup script is included to automatically download the
pre-compiled accessory databases and other required data.
Software dependencies including LaTeX, R and Perl need to be
installed independently if not using the Singularity container.
The provided Singularity recipe file provides a useful list of
required packages, in particular for those installing it on a
Debian/Ubuntu based system.

Using a pre-compiled container
GenomeChronicler is also available as a Singularity container
(Kurtzer et al., 2017) with all dependencies pre-installed and
ready. This can be obtained from SingularityHub (Sochat
et al., 2017) by running the command: singularity pull
“shub://PGP-UK/GenomeChronicler” on any machine that has
Singularity installed.

Once downloaded, the main script (GenomeChronicler_
mainDruid.pl) can be run with the desired data and options to
produce genome reports.

Running GenomeChronicler on Cloud
To enable reproducible, massively parallel, cloud native analyses,
GenomeChronicler has also been implemented as a Nextflow
pipeline. The implementation abstracts the installation overhead
from the end user, as all the dependencies are already available
via pre-built containers, integrated seamlessly in the Nextflow
pipeline. The source code for this implementation is available
on GitHub at https://github.com/PGP-UK/GenomeChronicler-
nf, as a standalone Nextflow process.

To provide an end-to-end FASTQ to PGP-UK
reports pipeline, we also implemented an integration of
GenomeChronicler, with a curated and widely used by
the bioinformatics community pipeline, namely Sarek
(Ewels et al., 2019; Garcia et al., 2020). This PGP-
UK implementation of Sarek is available on GitHub at
https://github.com/PGP-UK/GenomeChronicler-Sarek-nf.

5ftp://ftp-trace.ncbi.nlm.nih.gov/giab/ftp/release/NA12878_HG001/latest/
GRCh38/

The aforementioned pipeline is available in the collection of
curated pipelines on the Lifebit CloudOS platform6. Lifebit
CloudOS enables users without any prior cloud computing
knowledge to deploy analysis in the cloud. In order to run
the pipeline, the user only needs to specify input files, desired
parameters and select resources from an intuitive graphical
user interface. After the completion of the analysis on Lifebit
CloudOS, the user has a permanent shareable live link that
includes performance and file metadata, the associated GitHub
repository revision and also links to the generated results.
The relevant analysis page can be used to repeat the exact
same analysis. The analysis page for the PGP-UK user with id
uk35C650 can be accessed in the following permalink https:
//cloudos.lifebit.ai/public/jobs/5e74d60babdee600f94df39b. Each
analysis can have different privacy settings allowing the user
to choose if the results are publicly visible, making it easier for
sharing or private use, thus maintaining data confidentiality.

RESULTS

The main resulting document is a PDF file which contains
sections related to variants of unknown significance, ancestry
estimation (as exemplified in Figure 2) and variants with
associated phenotypes, separated by either potentially
beneficial or potentially harmful phenotypes as well as
phenotypes affected by multiple variants, referred to as genosets
(Cariaso and Lennon, 2012).

Initial versions of the GenomeChronicler pipeline were
validated by comparing its results to those provided by
DTC company 23andMe for participant PGP-UK1, as
well as phenotype feedback from the pilot participants
(Beck et al., 2018).

Further validations was done using sample NA12878,
which is an often-analyzed as a benchmark reference for
personal genomics.

The GATK genotype calls produced as part of
GenomeChronicler were directly compared to the high
confidence variant calling for the sample as part of the
Genome-in-a-Bottle consortium (Zook et al., 2014). The
concordance rate was 99.97% at the genotype level, resulting in
no phenotype changes.

Sample NA12878 is part of pedigree 1463 from the HapMap
project and is known to correspond to a female individual of
CEPH ancestry. These are correctly reflected in the ancestry and
genoset sections of the GenomeChronicler report.

To date, more than one hundred such reports have been
produced and made available as part of the PGP-UK (Beck
et al., 2018). They are publicly available in the PGP-UK
open access data page7. This collection contributes to the
educational potential of the project as a whole. On one hand,
it allows participants of PGP-UK and other users of the
GenomeChronicler tool to compare their genome report results
to those of other individuals. On the other hand, it allows

6https://cloudos.lifebit.ai/
7https://www.personalgenomes.org.uk/data/
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individuals that are interested in the subject but did not have their
genome sequenced to explore the kind of information that one
can learn from a personal genome.

While the method presented here focuses on the analysis of the
genomic data (whole genome and whole exome), PGP-UK also
contains multi-omics data, including RNAseq and methylation
data, as well as genotype data sourced elsewhere (e.g., 23andMe)
and deposited by the participants.

Methods such as GenomeChronicler allow other research
projects in possession of personal genome data to easily produce
genome reports, customize them with static text providing
information about the project that can differ from the default
template file, or even add links to other relevant databases.

CONCLUSION

Here we present GenomeChronicler, a computational pipeline to
produce genome reports including variant calling summary data,
ancestry inference, and phenotype annotation from genotype
data for personal genomics data obtained through whole genome
or whole exome sequencing.

The pipeline is modular, fully open source, and available as
containers and on the Lifebit CloudOS computing platform,
enabling easy integration with other projects, regardless of
available computational resources and bioinformatics expertise.

The pipeline presented here incorporates a range of well-
established open source resources, which have been validated
independently in different scenarios (Garcia et al., 2020). We have
also cross-referenced the data produced by this pipeline to ensure
it is providing a coherent output (Chervova et al., 2019).

While we follow the GATK best practices, as implemented
in Sarek, to produce an accurate and reliable variant call set,
unforeseen sources of error can be introduced at the sequencing
stage, resulting in the pipeline potentially calling an erroneous
genotype at a certain genomic position.

Finally, the interpretation of genotype to phenotype links is
heavily context-dependent and fraught with its own challenges.
Recognizing that this task requires experience and/or cognitive
abilities that cannot be imparted on an automated computer
system, we instead opted for providing a report that focuses on
the biomedical and phenotypic associations obtained through
SNPedia (Cariaso and Lennon, 2012), supplemented with
hyperlinks to a wide range of other databases. This allows
the user to explore the results and the supporting research
data in more depth if desired. Some of the reported links
between genotypes and phenotypes have been strongly validated
by multiple research groups over the years, while others
are not as well supported, and as such, require careful
interpretation by the user.

This work was developed as part of PGP-UK and incorporates
feedback from early participants to improve the usefulness of the
reports produced, and of participant engagement. It is designed
to be easily expandable, adaptable to other contexts and most of
all, suitable for projects with a wide range of ethical requirements,
from those that need the data to be processed inside a safe-
haven environment to those that process all the data in the public

domain. It can also be of interest to educational groups such as
Open Humans (Greshake et al., 2019). Open Humans8 is a vibrant
community of researchers, patients, data and citizen scientists
who want to learn more about themselves.

For PGP-UK participants, there is a well-established ethical
framework that ensures that participants are aware of the
limitations of the information they receive. It also makes
provision for the project to refrain from issuing reports if the
quality of the input data fails the quality control stage.

Personal genomics has become a public commodity and
individuals can access their own or even someone else’s genome.
It is important to note that GenomeChronicler is essentially a tool
that collates information from different sources but is not suitable
for the clinical interpretation of the results. Indeed, inaccurate
interpretation might result from poor quality genomic data
or unreliable annotations. However, the potential for negative
consequences should be minimal provided the users heed the
stated recommendations of not relying on this tool for clinical
decision making.

Future directions for this work will include the integration of
other omics data types that are produced within PGP-UK, as well
as potentially expanding the databases that are linked by default
when running the pipeline.

We hope that GenomeChronicler will be useful to other
projects and interested individuals. As it is open source, the
pipeline can easily adapt custom templates to satisfy any
curiosity-driven analyses and increase the level of genomic
understanding in general.
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Although best practices have emerged on how to analyse and interpret personal

genomes, the utility of whole genome screening remains underdeveloped. A large

amount of information can be gathered from various types of analyses via whole genome

sequencing including pathogenicity screening, genetic risk scoring, fitness, nutrition, and

pharmacogenomic analysis. We recognize different levels of confidence when assessing

the validity of genetic markers and apply rigorous standards for evaluation of phenotype

associations. We illustrate the application of this approach on a family of five. By applying

analyses of whole genomes from different methodological perspectives, we are able to

build a more comprehensive picture to assist decision making in preventative healthcare

and well-being management. Our interpretation and reporting outputs provide input for

a clinician to develop a healthcare plan for the individual, based on genetic and other

healthcare data.

Keywords: whole genome sequencing, personal genomics, interpretation, precision medicine, genetic risk score,

pharmacogenomics, nutrigenomics

INTRODUCTION

A great deal of literature has been generated over the past decade defining best practices for clinical
interpretation of personal genomes (Nykamp et al., 2017; Biesecker et al., 2018; Brandt et al., 2019;
Machini et al., 2019). Some additional approaches involve the simultaneous analysis of parents
and child, for example in the case of pediatric diagnosis for children with rare diseases (Wright
et al., 2018). Other studies have used family genomes to assign the precise chromosomal position of
variants (Roach et al., 2011). To our knowledge, however, the use of genome analysis for screening
and disease prevention remains underdeveloped. To address this shortcoming, our current study
sheds light on two areas. First, we provide a comprehensive whole genome analysis of pathogenicity
screening, genetic risk, pharmacogenomic, fitness, and nutrition trait analysis. Second, we discuss
the joint interpretation of these results within the perspective of a family of five for whom we
have deep phenotypic knowledge, allowing us to find “true positive” predictions based on the
family observations.
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In the past, we have performed assessment of personal
genome analysis for the same set of family individuals using
direct to consumer data and crowdsourcing methods (Glusman
et al., 2012; Corpas et al., 2015). We were limited by the
amount of data available at the time (DNA chip or exome)
as well as a lack of reference data sources and analysis
platforms to help with the interpretation that have appeared in
recent years [e.g., gnomAD (Karczewski et al., 2019), ClinVar
(Landrum et al., 2014)]. In this new iteration, we perform
whole genome sequencing analysis for the same family of five
and expand from our previous research to encompass a more
comprehensive set of analyses and individual genomic data
following published standard practice for interpretation of results
as much as possible. Following standard practice is not always
possible given that authoritative guidelines for interpretation
of variants (Richards et al., 2015) are mostly applied to
pathogenicity screening, rather than preventative healthcare
using personal genomes. We were indeed able to perform a
pathogenicity screening for the five members of the family
quintet. For four genomes we also report genetic risk scores
for 49 phenotypes using published Genome Wide Association
Study (GWAS) markers (see Supplementary Table 1). We make
a distinction between our genetic marker score notation
and polygenic risk scores in the literature (Khera et al.,
2018; Georgi et al., 2019; Meisner et al., 2019; Palmer,
2019; Torkamani and Topol, 2019) as we only use markers
reported above a certain threshold of probability (as defined by
GWAS studies).

To date, genome analysis of pathogenicity screening,
genetic risk scoring for cardiovascular disease and some
pharmacogenomics characterization has been performed
by the MedSeq project for 100 individuals (Machini et al.,
2019). Compared to this study, we offer novel perspectives
on several fronts: (1) Our genetic risk analysis encompasses
mental, metabolic, and autoimmune diseases, in addition
to only cardiovascular being done in the MedSeq Project.
(2) We include a systematic curation of known nutrition
and fitness markers following newly developed guidelines to
evaluate the scientific validity of gene x lifestyle interventions
(Grimaldi et al., 2017). (3) Our deep phenotype and clinical
knowledge of analyzed participants, helps us interpret and
report results in a familial context within a wellness and
prevention point of view. In addition, this work provides a
proof-of-principle approach about an application of genetic
risk scores within a family-oriented preventative healthcare
and well-being case, recognizing that we are studying only
one family and therefore this represents only an illustration of
our proposed methodology for comprehensive whole genome
analysis. Whenever possible, we use established guidelines from
the American College for Medical Genetics and Genomics
(ACMG), Food and Drug Administration (FDA), the Clinical
Pharmacogenetics Implementation Consortium (CPIC),
and other specialized organizations. We also discuss how
different whole genome analysis methods can be integrated
into more actionable outcomes for the individual and his or
her relatives.

METHODS

Ethical Framework
This project builds on prior work (Glusman et al., 2012; Corpas
et al., 2015). We started as an open source project in 2010
using the data available from direct to consumer providers.
As the project evolved and exome sequencing was performed,
a consent form was created and signed for the collection of
samples, analysis, and publishing of results. This form identified
participants as voluntary donors of their genetic data to the
public domain and educated participants, making them aware
of the potential discomforts and risks that doing this research
might bring.

Here we base our analysis on the whole genome rather than
the exome. To facilitate this work, further collection of samples
has been performed in order to sequence and analyse whole
personal genomes for this family. All participants underwent
a new consent process and signed a consent form accepting
the terms and conditions of this work as well as the potential
consequences of performing such analysis. When developing
the consent framework, we drew on the Personal Genome
Project UK (PGP-UK Consortium, 2018) as an example of
a rigorous approach to informed consent. As a result, the
consent process developed for this work included the following
elements: (a) participants underwent extensive training on the
risks of genetic analysis including the risks of publishing personal
genetic data; (b) participants completed an exam to demonstrate
their comprehension of the risks and protocols associated with
participating in genetic analysis which may be published and
(c) participants were judged truly capable of giving informed
consent. Consent forms were signed by all family individuals or
their next to kin (in the case of a deceased member). This ethical
framework has been independently assessed and approved by
the Ethics Committee of Universidad Internacional de La Rioja
(code PI:029/2020).

Family Dataset
We selected this family dataset for two reasons: (1) We
have performed and published in the past decade two studies
describing state of the art personal genomics analysis for a
family of related individuals using array chip data and Illumina
exome data (Glusman et al., 2012; Corpas et al., 2015). (2)
The accumulated genetic studies and follow up of the disease
and lifestyle history of the family through their continuous
research have afforded us a deep knowledge of their phenotypes
and disease history. Figure 1 shows the family pedigree. In it
we have individuals PT00010A (Aunt), who is the sister of
PT00008A (Mother). PT00007A (Father) is Mother’s spouse and
both have two children (PT00009A and PT00002A; Daughter
and Son). From here onwards, and for simplicity, we refer to
family members as (Aunt, Father, Mother, Daughter, Son). All
individuals of the family except Aunt had their DNA sequenced
from saliva, whereas Aunt’s DNA was sequenced from hair (see
Supplementary Materials for details). This is because at the
time of sample collection Aunt was already deceased (see next
section for phenotypic details). Thirty-six hairs were retrieved
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FIGURE 1 | Family pedigree showing the relationship, gender (square: male, circle: female), and sample used for whole genome sequencing (saliva/hair). The crossed

circle indicates a deceased individual.

from a personal comb only she used and her DNA extracted
from hair roots using a different protocol described in the
Supplementary Materials.

When we analyzed the variant output of all samples,
we benchmarked against Fabric Genomics Clinical Grade
Scoring Rules (http://help.fabricgenomics.com/hc/en-us/
articles/206433937-Appendix-4-Clinical-Grade-Scoring-
Rules; accessed 7/January/2020), where Clinical Grade is a
measure of a variant file’s overall quality and fitness for clinical
interpretation. The hair sample failed the criteria for clinical-
grade coverage, genotype quality, homozygous/heterozygous
ratio, and transition/transversion ratio (Table 1).

We performed a further analysis of quality of variants by
counting those that pass the default standard filters of quality
for interpretation given our analysis software (Table 2; see
Supplementary Materials). For Aunt, we eliminated all variants
below the threshold of QUAL < 20. The performance of
the variant count and the level of coverage was sufficient to
include Aunt in pathogenicity screening, but not sufficient for
participation in the rest of the analysis.

Family History of Lifestyle and Disease
We conducted research into the family disease and lifestyle
history. This research consisted of face-to-face interviews with
all family members, during which they were asked about past
illnesses, hospitalizations, reasons of death for past relatives and
any ongoing condition that they think might related to the
phenotypes and traits we analyse in this study. At the time of
our last interview (October 2020), Mother and Father are in
their mid-eighties, a similar age Aunt would be, had she not

passed due to metastasised melanoma at age 79. Daughter is in
her late fifties and Son mid-forties. All members of the family
have been diagnosed obese or overweight at some point in their
adulthood years. Childhood obesity was present in both Son and
Daughter. Mother had a benign breast tumor removed in her
early forties. She has also suffered from a history of low blood
pressure and was diagnosed with chronic inflammation of her
colon in her sixties, suffering from lower abdominal pain ever
since. Father has a history of high blood pressure and heart
problems. He has recently been diagnosed with atrial fibrillation.
He displays difficulty breathing at moderate exertion levels and
has been taking anticoagulants to prevent thromboembolism as
a consequence of his atrial fibrillation, with some episodes of
adverse drug reactions to warfarin. He is suspected to be lactose
intolerant. In addition to her metastasised melanoma, before
Aunt’s passing she suffered from several episodes of venous
thromboembolism, treated with anticoagulants (warfarin). There
is no history in the family of diabetes or Parkinson’s disease,
although the father of both Mother and Aunt was diagnosed
with Alzheimer’s disease in his mid-eighties. Apart from Aunt’s
melanoma, there is no history of any other malignancy known
to the family, no major mental health episodes or alcohol
dependence diagnosed to date. All family members except
Mother reported being light smokers for a period of their lives,
all having quit more than a decade ago except daughter who still
smokes several cigarettes a day.

Pathogenicity Screening
All single nucleotide variants and indels were filtered according
to three different gene panels: (1) genes present in the
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TABLE 1 | Statistics for clinical grade measures of the quality of the variant file.

Sample ID Coverage Genotype

quality

Homozygous/

heterozygous

ratio

Transition/

transversion

ratio

PT00002A (Son) 43.0* 94.3 0.51* 2.81*

PT00007A (Father) 25.0 95.9* 0.51* 2.81*

PT00008A (Mother) 24.0 95.7* 0.51* 2.79*

PT00009A (Daughter) 29.0 97.8* 0.48 2.79*

PT00010A (Aunt) 2.0 4.7 0.11 1.06

Star-marked values (*) indicates the quality is of clinical standards and no-

star values that it is below clinical standards (see Fabric Genomics Clinical

Grade Scoring Rules [http://help.fabricgenomics.com/hc/en-us/articles/206433937-

Appendix-4-Clinical-Grade-Scoring-Rules]). Coverage in values with a star indicates

that the median coverage of coding variants exceeds 40. Genotype quality with a

starred value: more than 95% of the coding variants have a quality above 40. Starred

homozygous/heterozygous ratio: the ratio for the coding variants is between 0.5 and 0.61.

Starred transition/transversion ratio: The ratio for the coding variants is between 2.71 and

3.08. None of the quality measures for clinical grade sampling was met by Aunt, whereas

clinical grade quality measures are reached by other individuals.

TABLE 2 | The total number of variants for all saliva samples and the total number

of coding variants for each family member.

Sample ID Total number of variants Total number of

coding variants

PT00002A (Son) 4,956,742 27,286

PT00007A (Father) 4,650,536 27,504

PT00008A (Mather) 4,695,886 27,329

PT00009A (Daughter) 4,812,818 27,400

PT00010A (Aunt) 970,018 16,182

OMIM morbid list (Amberger et al., 2015), (2) ACMG 59
genes (Kalia et al., 2017), and (3) a Hereditary Cancer
panel of 52 genes (https://info.fabricgenomics.com/ace; accessed
10/February/2020). All three panels required pathogenic or
likely pathogenic alleles matching ClinVar (Landrum et al.,
2014) evidence. The variant prioritization was based on their
ClinVar evidence, their frequency in gnomAD (Karczewski
et al., 2019), the 1000 Genomes Project (The 1000 Genomes
Project Consortium, 2015) and their predicted variant effect (i.e.,
loss of function, non-synonymous or other). Our selection of
frequency threshold is based on the gnomAD database (https://
gnomad.broadinstitute.org/faq) criteria of common variant sites,
defined as frequency >0.01. For each of the variants that
passed the filtering, we classified them following the guidelines
proposed by the ACMG (Richards et al., 2015) into 5
categories; from most to least pathogenic these categories
are: pathogenic, likely pathogenic, uncertain significance, likely
benign, benign. Relevant scientific literature as well as a number
of algorithms were also used to assess each prioritized variant
[i.e., OMICIA (Coonrod et al., 2013), VAAST (Hu et al.,
2013), VVP (Flygare et al., 2018), and CADD (Rentzsch et al.,
2019)].

Genetic Risk Scores
Genetic risk scores, also called genetic predisposition scores,
aim to quantify the cumulative effects of a number of variants
affecting multiple genes, which may individually confer only
small risk susceptibility. Genetic risk scores are not diagnostic,
as a high-risk score does not necessarily mean that a person will
develop a condition, and a low score does not mean that they will
not develop it. Nevertheless, genetic risk scores may be pointers
for further exploration when looking for potential preventative
interventions, particularly for multigenic conditions like diabetes
type 2, hypertension or many mental illnesses. They can be
useful when other independent sources of risk information are
also concordant [e.g., genotype/phenotype additional knowledge
(Fahed et al., 2020), family history, imaging data]. A database
of 4,688 published GWAS SNPs was generated encompassing 49
common diseases (we call these common diseases “phenotypes”
from now onwards; Supplementary Table 1), their risk alleles
and weighted contributions (odds ratio or beta scores). These
phenotypes were selected according to GWAS Catalog criteria
(https://www.ebi.ac.uk/gwas) as having studies including a
primary GWAS analysis, defined as array-based genotyping and
analysis of 100,000+ pre-QC SNPs selected to tag variation across
the genome and without regard to gene content. Individual SNP-
trait associations were collected with a statistical significance
(SNP-trait p-value <1.0 x 10−5) in the overall (initial GWAS
and replication) population. To create genetic risk scores, each
collected SNP marker was required to possess (a) the risk allele
and (b) the measurement or effect size that this risk allele confers
to the individual that carries this mutation. A genetic risk score
was calculated as the sum of the weights of all the phenotype’s risk
alleles observed in the individual divided by the total number of
alleles reported for that phenotype. We used the final (Phase 3)
dataset of the 1000 Genomes Project containing data for 2,504
individuals from 26 populations to calculate their genetic risk
scores for each of the 49 phenotypes. The 1000 Genomes Project
individuals became our background distribution of genetic risks
against which to measure how far from the mean each of the
family participant lies. We required that the identified GWAS
SNPs are also present in the 1000 Genomes Project since
individuals from the 1000 Genomes Project were used as a
background population to which compare the participant’s score.
In order to control for potential differences in results due to the
ethnic diversity of the background population, we also performed
the analysis using a background population of only the 503
European (CEU) participants in the 1000 Genomes Project, given
that all family members are of European origin.

We plotted the genetic risk score of each family member
to establish whether he or she lies on the higher tail of the
distribution of scores in relation to the calculated risk scores
of 1000 Genomes Project individuals. In order to evaluate
whether a member of the family had a reportable genetic risk,
we applied a two standard deviations (2SD) threshold from
the mean genetic risk score of the background 1000 Genomes
individual distribution for a particular phenotype (equivalent to
the top 5 percentile normal distribution of a predicted risk).
We use a threshold of 2SD to give confidence that results
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are not attributable to chance. Furthermore, scores from both
1000 Genome individuals and family members are calculated
independently. Multiple testing correction is not performed
since the objective here is to identify family members in the
extreme risk tail of the 1000 Genomes background distribution
of calculated scores. For completeness, we also noted those
phenotypes for which a greater than one standard deviation
(1SD) from the mean background genetic risk is reached by the
tested family individual.

Pharmacogenomics
We analyzed three well-known genes influencing
pharmacogenomic responses, all of them forming part of
the Cytochrome P450 family: CYP2D6, CYP2C9, CYP2C19. In
order to extract relevant pharmacogenomic data, we rely on
Food and Drug Administration (FDA) and European Medicines
Agency (EMA) guidance sourced via the PharmGKB database
(https://www.pharmgkb.org). We also take guidance from the
Clinical Pharmacogenetics Implementation Consortium (CPIC;
https://cpicpgx.org), the Association for Molecular Pathology
and College of American Pathologists (https://www.amp.org),
and the American College of Medical Genetics and Genomics
(https://www.acmg.net). In order to perform the genotyping of
pharmacological genes we allow the extraction of non-variant
positions if required.

The testing of specific positions within a gene provides an
accurate representation of the metaboliser status of an individual
for that particular gene. For instance, if we were to assume that
an individual has a nucleotide change 1846G>A in CYP2D6,
this polymorphism is determinant for allele ∗4. If there are no
other variants, it is presumed that the other allele this person
harbors is a wild haplotype, being denoted as ∗4/∗1 [see (Nofziger
et al., 2020) for more detail]. Once both haplotypes for an
individual are identified, a lookup table is referenced where the
pharmacological effect of the observed haplotypes are indexed.

Pharmacological analysis also depends on whether analyzed
genes have their copy number altered. We performed a
consensus-based algorithm prediction using the short-read
sequencing data for Father, Mother, Daughter and Son
(Supplementary Materials). This analysis did not yield
significant evidence for presence of copy number alterations in
all Cytochrome P450 genes analyzed here.

Fitness and Nutrition
Besides pathogenicity screening, genetic risk scoring, and
pharmacogenomics, there is further useful information that can
be extracted fromwhole genomes using genotyping. In particular,
we identify two areas of interest that provide further information
about a person’s genetic load: fitness and nutrition. We recognize
that these areas of genetic analysis are less developed than
pathogenicity screening, and so we add rigor to the analysis
by first evaluating the quality of supporting evidence before
testing for the presence of variants in the family. To evaluate
the scientific validity and evidence for genotype-based dietary or
fitness advice, we first performed a literature search to identify
an initial list of potential genetic markers, and then adopted the
proposed recommendations of Grimaldi et al. (2017) for specific

gene x interactions and their relation to a health outcome. This
framework allows us to establish levels of confidence for each of
the SNPs or groups of SNPs we analyse for fitness and nutrition,
according to a set of peer-reviewed guidelines. These guidelines
differentiate four levels of scientific evidence assessment:

• “Convincing”: gene x interaction is based on at least 3
studies with high subject numbers, showing the relation and
mechanistic knowledge.

• “Probable” is based on several studies showing the relation
and/or some mechanistic understanding.

• “Possible”: based on a few studies showing the relation.
• “Not demonstrated” is any level of evidence below the

established above.

The levels of assessment above rely on the following criteria:

• “Study quality rating”: either A, B, C or D, based on whether a
study is (a) interventional or observational; (b) prospective or
retrospective, (c) whether it is randomized, placebo controlled
and blinded; (d) the number of subjects with effect alleles
(where possible); (e) the effect magnitude; (f) P-values, false
discovery rate and multiple testing and; (g) replications in
other populations and meta-analyses.

• “Type of gene x interaction”: direct phenotype, intermediate
phenotype, or indirect phenotype.

• “Nature of genetic variant”: causal, in linkage disequilibrium
with functional variant or associated but unknown function.

• “Biological plausibility,” rated as high, medium, low, or
unknown, based on our critical assessment of current
understanding of the physiological effect of identified SNPs.

Our initial selection and classification of genotyping markers for
fitness and nutrition are shown in Tables 3, 4. We then assess
each marker according to the above criteria of scientific evidence,
carrying forwards for analysis in the family participants those
classified as convincing (fitness n = 2; nutrition n = 13) and
probable (fitness n= 5; nutrition n= 1).

Having made the selection of relevant SNPs according to
the above framework, we proceed to analyse the family. The
trait analysis is performed as follows. First, a list of all the
positions of the SNPs to be tested is created. All those positions
are queried in the VCF files for each of the family members
and all observed alleles are then recorded. The observed alleles
are then interpreted via lookup tables collected from the
scientific literature.

An exception to the above approach concerns the phenotype
susceptibility to VO2max trainability, where we use a specific
study. To calculate the VO2Max trainability genetic score, we
follow the methodology outlined in Bouchard et al. (2011), that
identifies SNPs associated with improvements in VO2Max. This
study provides a panel of 21 SNPs that accounted for 49% of the
variance in VO2Max trainability.

RESULTS

Pathogenicity Screening
Figure 2 shows a summary of the pedigree and filtered variants
found listed within each individual. For Son, when searching for
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TABLE 3 | Summary of fitness trait analysis candidates assessed according to the scientific validity score as proposed by Grimaldi et al. (2017).

Category Trait RSID Gene Study

quality

rating

Type of gene x

trait interaction

Nature

of

genetic

variant

Biological

plausibility

Number of

independent

studies

Total

number

subjects

studied

Knowledge

of

biological

mechanism

involved

Scientific

validity

score

References

Fitness VO2max 21 SNPs Multiple A Direct phenotype Causal High 35 >1000 Medium Convincing Rice et al., 2012; Ghosh et al.,

2013; Williams et al., 2017

Fitness Muscle

performance

rs1815739 ACTN3 A Indirect phenotype Causal High 24 >1000 High Convincing Kikuchi et al., 2014, 2015, 2017b;

Schadock et al., 2015; Yvert

et al., 2015, 2016; Baumert et al.,

2016; Itaka et al., 2016; Min et al.,

2016; Del Coso et al., 2017,

2019a,b; Galeandro et al., 2017;

Houweling et al., 2018; Zhang

et al., 2019; Baltazar-Martins

et al., 2020; Calvano Küchler

et al., 2020; Murtagh et al., 2020;

Płóciennik et al., 2020

Fitness Caffeine

sensitivity/Increased

exercise

performance with

caffeine

rs762551 CYP1A2 C Direct phenotype Causal High 7 250 High Probable Pataky et al., 2016; Salinero et al.,

2017; Guest et al., 2018; Puente

et al., 2018; Carswell et al., 2020;

Grgic et al., 2020; Muñoz et al.,

2020

Fitness Endurance rs4253778 PPARA B Indirect phenotype Causal Medium 6 3267 High Probable Ahmetov et al., 2009; Ahmetov

and Fedotovskaya, 2015;

Lopez-Leon et al., 2016; Petr

et al., 2019; Johansen et al.,

2020; Murtagh et al., 2020

Fitness Lactate blood levels rs1049434 MCT1 B Direct phenotype Causal High 4 2048 High Probable Cupeiro et al., 2012;

Fedotovskaya et al., 2014;

Ben-Zaken et al., 2015; Kikuchi

et al., 2017a

Fitness Osmotic balance

by water support

rs1049305 AQP1 B Indirect phenotype Causal High 3 2613 Medium Probable Saunders et al., 2015; Rivera and

Fahey, 2019; Rivera et al., 2020

Fitness Performance rs12594956 NRF-2 C Indirect phenotype Causal High 4 1598 Medium Probable He et al., 2007; Eynon et al.,

2010, 2013; Peplonska et al.,

2017

Fitness Glucose

transportation and

lipid and glucose

oxidation

rs8192678 PPARGC1A C Indirect phenotype Causal High 5 409 Medium Possible Petr et al., 2018

Fitness Endurance rs12722 COL5A1 C Indirect phenotype Causal High 3 952 Medium Possible O’Connell et al., 2013; Bertuzzi

et al., 2014; Murtagh et al., 2020

Fitness Elite endurance rs4994 ADRB3 D Indirect phenotype Causal High 2 453 Low Not

demonstrated

Gómez-Gallego et al., 2010;

Santiago et al., 2011

A total of 10 fitness traits were identified for their gene x interaction assessment. We classified as “Convincing” those traits whose gene x interaction is based on at least 3 studies with high subject numbers, showing the relation

and mechanistic knowledge. A trait classified as “Probable” is based on several studies showing the relation and/or some mechanistic understanding. A trait is deemed “Possible” if based on a few studies showing the relation. “Not

demonstrated” are those traits for which any level of evidence is below the established criteria above.
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TABLE 4 | Summary of nutrition trait analysis candidates assessed according to the scientific validity score as proposed by Grimaldi et al. (2017).

Category Trait RSID Gene Study

quality

rating

Type of gene x

trait interaction

Nature

of

genetic

variant

Biological

plausibility

Number of

independent

studies

Total

number

subjects

studied

Knowledge

of

biological

mechanism

involved

Scientific

validity

score

References

Nutrition Homocystine levels rs1801133 MTHFR A Direct phenotype Causal High 70 >100000 High Convincing Boccia et al., 2008, 2009; Clarke

et al., 2011; Liew and Gupta,

2015

Mental

health /

Nutrition

Alzheimer’s rs429358,

rs7412

APOE A Direct phenotype Causal High 146 >100000 High Convincing Martins et al., 2006; Zhang et al.,

2015; Rasmussen et al., 2018

Nutrition Alcohol

dependence

rs1229984 ADH1B A Direct phenotype Causal High 59 >100000 High Convincing Jorgenson et al., 2017; Katsarou

et al., 2017; Masaoka et al.,

2017; Wolf et al., 2017; Hubacek

et al., 2018; Justice et al., 2018;

Polimanti and Gelernter, 2018;

Walters et al., 2018; Yokoyama

et al., 2018, 2019, 2020a,b,c;

Howe et al., 2019; Johnson

et al., 2019; Lai et al., 2019; Sun

et al., 2019;

Szentkereszty-Kovács et al.,

2019; Thompson et al., 2020

Nutrition Greater total body

adiposity

rs9939609 FTO A Direct phenotype Causal High 25 >100000 Medium Convincing Bollepalli et al., 2010; Dedoussis

et al., 2011; Mangge et al.,

2011; Dwivedi et al., 2012;

Lauria et al., 2012; Meng et al.,

2014; Zhang et al., 2014; Zhao

et al., 2014a; Qi et al., 2015a;

Quan et al., 2015; Duicu et al.,

2016; García-Solís et al., 2016;

Livingstone et al., 2016; Bordoni

et al., 2017; Almeida et al., 2018;

Ferreira Todendi et al., 2019;

Ranzenhofer et al., 2019;

Todendi et al., 2020

Nutrition Vitamin D

Metabolism

rs4588 GC B Direct phenotype Causal High 21 >100000 High Convincing Robien et al., 2013; Nissen et al.,

2014, 2015; Pekkinen et al.,

2014; Braithwaite et al., 2015;

Madden et al., 2015; Touvier

et al., 2015; Petersen et al.,

2017; Yao et al., 2017;

Chuaychoo et al., 2018;

Karuwanarint et al., 2018;

Al-Daghri et al., 2019; Bahrami

et al., 2019; Enlund-Cerullo et al.,

2019; Mehramiz et al., 2019;

Rahimi et al., 2019; Zhou et al.,

2019; Gibbs et al., 2020a,b

(Continued)
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TABLE 4 | Continued

Category Trait RSID Gene Study

quality

rating

Type of gene x

trait interaction

Nature

of

genetic

variant

Biological

plausibility

Number of

independent

studies

Total

number

subjects

studied

Knowledge

of

biological

mechanism

involved

Scientific

validity

score

References

Nutrition Vitamin B12 level rs602662 FUT2 A Direct phenotype Causal High 6 >9000 High Convincing Hazra et al., 2009; Tanaka et al.,

2009; Tanwar et al., 2013; Allin

et al., 2017; Nongmaithem et al.,

2017; Zhao and Schooling, 2017

Nutrition Vitamin C level rs33972313 SLC23A1 A Direct phenotype Causal High 12 >100000 High Convincing Timpson et al., 2010; Duell et al.,

2013; Amir Shaghaghi et al.,

2014; Kobylecki et al., 2015,

2018; Wade et al., 2015;

Ravindran et al., 2019

Nutrition Vitamin E level rs964184 BUD13/ZNF259 B Direct phenotype Causal High 4 >10000 High Convincing Major et al., 2011, 2012, 2014;

Wang and Xu, 2019

Nutrition Iron Overload

/Hemochromatosis

rs1800562 HFE B Direct phenotype Causal High 4 >5000 High Convincing McLaren et al., 2011; Katsarou

et al., 2016; Barton et al., 2018;

Wilman et al., 2019

Nutrition Saturated fat / risk

of T2D

rs1137101 LEPR C Indirect phenotype Causal High 12 >10000 Medium Convincing Domínguez-Reyes et al., 2015;

Yang et al., 2016

Nutrition Polyunsaturated

Fatty Acids

rs174547 FADS1 C Direct phenotype Causal High 11 3713 Medium Convincing Huang et al., 2017; Ching et al.,

2019; Wang et al., 2020

Nutrition Lactose

persistence

rs4988235 MCM6-LCT A Direct phenotype Causal High >10 >100000 High Convincing Baffour-Awuah et al., 2015

Nutrition Celiac disease rs2187668 HLA-DQA1 A Direct phenotype Causal High Many 7249 High Convincing van Heel et al., 2007; Hunt et al.,

2008

Nutrition Saturated fat rs5082 APOA2 B Direct phenotype Causal High 3 2856 Medium Probable Yabuta et al., 2016; Moran et al.,

2019; Amengual et al., 2020;

Graßmann et al., 2020

Nutrition Vitamin A level rs6564851 BCO1 C Direct phenotype Causal High 4 328 Medium Possible Delgado-Lista et al., 2007; Smith

et al., 2013; Noorshahi et al.,

2016

Nutrition Total

Carbohydrates

rs7578326 IRS1 B Indirect phenotype Causal High 2 ∼2000 Medium Possible Zheng et al., 2013; Mahmutovic

et al., 2019

Nutrition Total

Carbohydrates

rs2943641 IRS1 B Indirect phenotype Causal High 2 ∼2000 Medium Possible Zheng et al., 2013; Mahmutovic

et al., 2019

Nutrition Sugar rs7903146 TCF7L2 A Indirect phenotype Causal High 2 26905 Medium Possible Hindy et al., 2012, 2016

Nutrition Alcohol metabolism rs698 ADH1C C Direct phenotype Causal High Many >100000 High Possible Bierut et al., 2010; Martínez

et al., 2010; Olfson and Bierut,

2012; Kranzler et al., 2019

Nutrition Sweet Foods /

Sweet Tooth

rs838133 FGF21 A Direct phenotype Causal Medium 1 6514 High Not

demonstrated

Søberg et al., 2017

(Continued)
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TABLE 4 | Continued

Category Trait RSID Gene Study

quality

rating

Type of gene x

trait interaction

Nature

of

genetic

variant

Biological

plausibility

Number of

independent

studies

Total

number

subjects

studied

Knowledge

of

biological

mechanism

involved

Scientific

validity

score

References

Nutrition Vitamin B6 level rs4654748 ALPL B Direct phenotype Causal High 1 ∼3000 High Not

demonstrated

Tanaka et al., 2009

Nutrition Total

Carbohydrates

rs2241201 MMAB C Indirect phenotype Causal High 1 920 Low Not

demonstrated

Junyent et al., 2009

Nutrition Fiber rs4457053 ZBED3 B Indirect phenotype Causal High 1 26905 Medium Not

demonstrated

Hindy et al., 2016

Nutrition Fiber rs10923931 NOTCH2 B Indirect phenotype Causal High 1 26905 Medium Not

demonstrated

Hindy et al., 2016

Nutrition Sugar rs12255372 TCF7L2 B Indirect phenotype Causal High 2 26979 Medium Not

demonstrated

Hindy et al., 2016; López-Ortiz

et al., 2016

Nutrition Total fat rs324420 FAAH C Direct phenotype Causal High 5 >5000 Medium Not

demonstrated

Jensen et al., 2007; de Luis

et al., 2011; Knoll et al., 2012;

Balsevich et al., 2018; Doris

et al., 2019

Nutrition Saturated fat rs12449157 GFOD2 D Direct phenotype Causal High 1 41 Medium Not

demonstrated

Guevara-Cruz et al., 2013

Nutrition Omega-3 Fatty

Acids

rs17300539 ADIPOQ C Direct phenotype Causal High 1 310 Medium Not

demonstrated

Alsaleh et al., 2013

Nutrition Saturated Fatty

Acids

rs1800629 TNF C Indirect phenotype Causal High 2 472 Medium Not

demonstrated

Cormier et al., 2016; Oki et al.,

2017

Nutrition Protein rs12785878 DHCR7 D Indirect phenotype Causal High 1 732 Medium Not

demonstrated

Qi et al., 2015b

Nutrition Calcium rs2228570 VDR C Direct phenotype Causal High 3 >5000 Medium Not

demonstrated

Jenab et al., 2009; Slattery et al.,

2010; Zhou et al., 2015

Nutrition Zinc rs73924411 SLC30A3 D Direct phenotype Causal High 2 350 Low Not

demonstrated

da Rocha et al., 2014a,b

A total of 32 nutrition traits were identified for their gene x interaction assessment. We classified as “Convincing” those traits whose gene x interaction is based on at least 3 studies with high subject numbers, showing the relation

and mechanistic knowledge. A trait classified as “Probable” is based on several studies showing the relation and/or some mechanistic understanding. A trait is deemed “Possible” if based on a few studies showing the relation. “Not

demonstrated” are those traits for which any level of evidence is below the established criteria above.
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Corpas et al. Family Whole Genome Interpretation

FIGURE 2 | Family pedigree showing the relationship, gender (square: male, circle: female), and variants found listed within each individual. Green variants are inferred

as benign, blue are variants of unknown significance and yellow pathogenic variants according to ACMG scoring. The crossed circle indicates a deceased individual.

pathogenic or likely pathogenic mutations within a panel of 4,100
OMIM morbid genes, we found that only two mutations passed
our prioritization and filtering criteria (see Methods section).
No other mutations passed the threshold criteria within the
ACMG59 and Hereditary Cancer panels. The first mutation
is a heterozygous missense change of C → T; c.200C>T;
p.Thr67Ile within the CTH gene. This change has been associated
to cystathioninuria, a disorder observed in 1 out of 20,000
individuals (ORPHANET, Pavan et al., 2017). However, the ExAC
(Lek et al., 2016) frequency in non-Finnish European is (∼1 in
100), so much higher than the prevalence of the disorder.We also
observe that this missense variant is not excessively constrained:
its missense z-score is −0.127428 (excessively constrained genes
are those with a missense z-score > 3.09, corresponding to
a p-value < 0.001). Multiple lines of computational evidence
suggest no impact on the gene. Our current assessment is that
this variant is benign according to the ACMG scoring and
inferred classification and is therefore not considered any further.
The second mutation for Son corresponds to chr11:111764842
(rs1805076) producing C → T; c.269G>A; p.Gly90Asp in
PPP2R1B. This gene encodes a regulatory subunit of protein
phosphatase 2. Protein phosphatase 2 is one of the four major
Ser/Thr phosphatases, and it is implicated in the negative control
of cell growth and division. While ClinVar evidence suggests a
matching allele to cause lung cancer, the computational and other
sources of evidence are inconclusive, hence we infer this variant
to be of uncertain significance (VUS).

For Father two variants pass the filters. The first variant is
selected from the 4100 genes OMIM panel and corresponds
to the heterozygous missense change of C → T; c.200C>T;

p.Thr67Ile within the CTH gene, which is the same one Son has.
We set the same classification as above and conclude it to be a
benign variant as well. The second variant is located in the MET
gene, part or our Hereditary Cancer panel, on chr7:116771936
(rs56391007) and produces C → T; c.3029C>T; p.Thr1010Ile.
This gene encodes a member of the receptor tyrosine kinase
family of proteins and the product of the proto-oncogene MET.
TheMET gene is associated with autosomal dominant hereditary
papillary renal cell carcinoma (Takahashi et al., 2002). According
to ORPHANET (Pavan et al., 2017), the prevalence of this cancer
is less than 1 in 1,500,000, while the allele frequency of this variant
is 1 in ∼89 in non-Finnish European, higher than expected for
the disorder. There are seven pathogenic and 15 likely pathogenic
ClinVar missense variants in this gene while there are two benign
and 25 likely benign ClinVar missense variants in this gene.
Evidence thus indicates that missense variants are not a common
mechanism of disease. In addition, there are multiple sources that
point to this mutation being both pathogenic and likely benign.
We conclude that this variant is of uncertain significance.

The first selected mutation for Mother comes from the
OMIM disease gene panel and is the same as the one previously
reported for Son corresponding to chr11:111764842 (rs1805076)
producing C → T; c.269G>A; p.Gly90Asp in PPP2R1B. We
apply the same criteria as above, inferring this variant effect
being of uncertain significance. The second variant selected for
interpretation in Mother corresponds to a heterozygous stop
gained mutation in chr13:32339267 (rs886040553) producing the
change A → T; c.4912A>T; p.Lys1638Ter in the BRCA2 gene.
The gene is included both in the ACMG 59 and our Hereditary
Cancer gene panel. The impact of this mutation is stop-gained
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in a splice site. ClinVar evidence contains several entries in its
classification history all matching the allele and all pathogenic.
This variant is absent from gnomAD or the 1000 genomes
project. We thus classify this entry as pathogenic according to
the ACMG scoring and inferred classification and as associated to
hereditary breast and ovarian cancer syndrome. However, since
the gene is autosomal recessive, both alleles need to be affected in
order to cause the disorder.

For Daughter we did not find any mutation in the panels
OMIM disease genes and ACMG 59 after our filtering criteria.
One mutation passes our criteria for the Hereditary Cancer
panel, corresponding to the variant located in chr7:116771936
(rs56391007) producing C → T; c.3029C>T; p.Thr1010Ile,
located in the MET gene, identified for Father as well. As above,
we conclude that this variant is of uncertain significance.

We prioritize the filtered variants from Aunt’s variant file.
After performing the selection of variants above the VCF
threshold quality of 20, we identify three variants. Among
these three variants, we decided to discard a homozygous
variant corresponding to chr1:25563142 (rs121908326) in the
LDLRAP1 gene, as this one did not qualify to have a
sufficient genotype quality (minimum acceptable threshold
= 40). Among the remaining two variants, the first one
corresponds to chr11:111764842 (rs1805076), producing C →

T; c.269G>A; p.Gly90Asp in PPP2R1B, already observed
in Son and Mother. We apply the same criteria as above,
inferring this variant effect being of uncertain significance. The
remaining heterozygous variant, chr11:108272812 (rs587776549)
in the ATM gene, produces a frameshift mutation CATC
→ CTGATc.3245_3247delinsTGAT p.His1082LeufsTer14. The
ATM protein plays a critical role assisting cells in recognizing
damaged or broken DNA strands, enabling them to repair
broken strands and work on maintenance of the stability of
the cell’s genetic information. The mutation identified here has
been described as pathogenic, involved in ataxia-telangiectasia
syndrome and has also been linked to a hereditary cancer
predisposition (Laake et al., 2000). Mutations to the ATM gene
have a 20% to 30% lifetime risk of lymphoid, gastric, breast,
central nervous system and skin, including melanoma (Choi
et al., 2016). We conclude this variant as being pathogenic.

Given the limitations of the VCF file produced for Aunt,
for the reminder of the results section, we are only able to
perform further analyses for Father, Mother, Daughter and Son;
analyses which include genetic risk scores, pharmacogenomics
and nutrition/fitness traits.

Genetic Risk Scores
From our initial list of 49 GWAS phenotypes
(Supplementary Table 1), we identified members of the
family who have a risk score (or predisposition) of one or two
standard deviations (SD) from the average risk score of the 1000
genomes population for the same condition. Table 5 shows the
phenotypes whose genetic score from the initial list is more than
2SD (yellow) and those with more than 1SD (green). The GWAS
studies from which the genetic risk SNPs originated are sourced
in the “Reference Studies” column.

First, we find that no one phenotype in yellow (>2SD) occurs
in isolation. There is either another member of the family in
yellow or green (>1SD). This occurs for the predicted higher
risks of ulcerative colitis and nicotine withdrawal symptoms.
Second, we observe that related phenotypes with high risk
overlap (although not always) in the same family individual.
For instance, ulcerative colitis is a subtype of inflammatory
bowel disease (Ronald et al., 2006; Wu et al., 2009a; Uhlig
and Muise, 2017). We find that Mother and Daughter have
risks overlapping both phenotypes whereas Son only ulcerative
colitis. Father has a risk for three of the four phenotypes for
the mental health category. For the disorders where we observe
this overlapping phenotype risk, there is scientific literature
(Ronald et al., 2006; Wu et al., 2009a; Uhlig and Muise, 2017)
supporting this pattern. Third, there are high risk phenotypes
in a parent also observed in their offspring. For instance,
ulcerative colitis is not present in Father but it is predicted
high risk in Mother together with both children displaying
inherited risk.

If we describe results according to categories, for general
health, we thus find that ulcerative colitis constitutes
a phenotype where the risk of the condition is shared
among several family members (Mother, Daughter, Son;
Supplementary Figures 1A,B). The high risk for ulcerative
colitis also overlaps with the higher than average (>1SD) risk
of inflammatory bowel disease in two same family members
(Mother, Daughter). For cancer there is a more elevated
than normal (>1SD) predicted risk of breast cancer among
Mother and Daughter, with some isolated moderately high
(>1SD) predicted risks of bladder carcinoma for Daughter,
glaucoma for Son and prostate cancer for Father. For mental
health, Father has higher than normal (>1SD) predicted
risk on bipolar disorder, depression, and posttraumatic
disorder. Mental health diseases share similar markers thus
influencing the greater number of potentially deleterious yet
related phenotypes observed in Father. For dependence and
withdrawal symptoms phenotypes we find that the paternal
line has a higher than average alcohol (>1SD) dependence
predicted risk whereas the maternal line passes on to Son a
high predicted risk (>2SD) of nicotine withdrawal symptoms.
Phenotypes in green (>1SD) that are not shared with other
family members are not considered any further. Graphical
representation of the ulcerative colitis results using both
the whole 1000 Genomes background population (2,504
individuals) and only the Europeans (503) may be found in
Supplementary Figure 1.

Pharmacogenomics
We analyzed the metaboliser status of three cytochrome
P450 genes (CYP2C9, CYP2C19, CYP2D6) affecting
pharmacological responses in Father, Mother, Daughter,
and Son. We also look at some pharmacology-related SNPs in
additional genes.

CYP2C9 is responsible for themetabolic clearance of up to 15–
20% of all drugs undergoing Phase 1 metabolisation, including
warfarin, phenytoin, and oral hypoglycaemics (source: Get to
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TABLE 5 | Phenotypes for family members with <1SD genetic risk score.

Category Phenotype Father Mother Daughter Son Reference Studies

General health Inflammatory bowel disease Liu et al., 2015

Ulcerative colitis Berndt et al., 2013

Obesity Berndt et al., 2013

Lipids Triglycerides Willer et al., 2013

Cancer Bladder carcinoma Kiemeney et al., 2008, 2010; Wu et al., 2009b; Rothman et al.,

2010; Rafnar et al., 2011, 2014; Figueroa et al., 2014; Matsuda

et al., 2015; Wang et al., 2016

Breast cancer Howard et al., 2018

Glaucoma Choquet et al., 2018

Prostate cancer Schumacher et al., 2018

Mental health Bipolar disorder Ferreira et al., 2008; Smith et al., 2009; Cichon et al., 2011;

Psychiatric and Consortium Bipolar Disorder Working Group,

2011; Mühleisen et al., 2014; Hou et al., 2016; Ikeda et al.,

2018

Depression Howard et al., 2018

Posttraumatic stress disorder Nievergelt et al., 2015; Stein et al., 2016

Schizophrenia Schizophrenia Working Group of the Psychiatric Genomics

Consortium, 2014

Dependence /withdrawal Alcohol dependence Gelernter et al., 2014; Mbarek et al., 2015

Nicotine withdrawal Hällfors et al., 2019

Fitness Heart rate recovery Ramírez et al., 2018

Nutrition Caffeine metabolism Cornelis et al., 2016

Appearance Male pattern baldness Pirastu et al., 2017

We then calculate their average score and standard deviation (SD). For each family participant we calculate their genetic risk score in the same way as individuals from the 1000

Genomes Project and mark as yellow if his/her risk score is >2SD of the 1000 Genomes Project average and green if his/her risk score is >1SD of the average in 1000 Genomes Project

individuals. Both Son and Mother have a >2SD risk score for nicotine withdrawal symptoms. For ulcerative colitis, Mother and Son have a >2SD score (yellow) and Daughter a >1SD

score (green). The increased risk of inflammatory bowel disease for both Mother and Daughter overlaps with their predicted ulcerative colitis susceptibility. Father has a >2SD risk of

autism spectrum disorder. Autism spectrum disorder genetic risk appears also for the two children (>1SD; Daughter, Son). The alcohol dependence genetic risk score reflects another

paternal line predicted predisposition inherited by both children. Since no one in the family to date has been predicted to suffer from autism spectrum disorder or alcohol dependence,

it is not possible to confirm this result. A slightly increased risk of obesity in Father and Son is also predicted by this multigenic risk score calculation.

Know an Enzyme: CYP2C91). Some of the more potent CYP2C9
inhibitors include amiodarone, fluorouracil, metronidazole, and
sulphaphenazole. Dangerous drug-drug interaction can arise
when an inhibitor is added to a therapeutic regime that includes
drugs with a low therapeutic index, such as s-warfarin. Inducers,
such as rifampicin, can substantially increase CYP2C9 activity
(source: Get to Know an Enzyme: CYP2C9). For CYP2C9,
Father, Mother and Son have a predicted metaboliser status of
intermediate (∗1/∗2). For Daughter, the predicted metaboliser
status for CYP2C9 is poor (∗2/∗2).

Warfarin is an anticoagulant used in the prevention and
treatment of venous thrombosis, pulmonary embolism, and
the complications associated with atrial fibrillation and/or
cardiac valve replacement (Dean, 2018). Warfarin metabolism is
influenced by genetic polymorphisms in CYP2C9 and VKORC1
(Biss et al., 2012). Carriers of the common allelic variants (∗2
or ∗3) of the CYP2C9 are associated with a lower warfarin dose
requirement accompanied by a greater tendency to experience

haemorrhagic complications. In addition, adults with VKORC1

1Get to Know an Enzyme: CYP2C9 Pharmacy Times. Available at: https://www.

pharmacytimes.com/publications/issue/2008/2008-03/2008-03-8462 [accessed

October 15, 2019].

(rs9923231) CC alleles require higher warfarin doses than TC or
TT. Based on these alleles, we found that Son and Father have
a ∗1/∗2 CYP2C9 variant and a TT for rs9923231. Mother has a
∗1/∗2 CYP2C9 variant and a CT for rs9923231. Daughter has a
∗2/∗2 CYP2C9 variant and a TT for rs9923231. This makes Son,
Father and Mother intermediate metabolisers and Daughter a
poor metaboliser of warfarin.

CYP2C19 is a liver enzyme that acts on at least 10% of drugs
in current clinical use (source: Genetics Home Reference2; see
references), most notably the antiplatelet treatment clopidogrel
(Plavix) but also drugs that treat pain associated with ulcers,
such as omeprazole, antiseizure drugs such as mephenytoin, the
antimalarial proguanil, and the anxiolytic diazepam. For this
gene we found Son, Mother and Daughter to be predicted normal
metabolisers (∗1/∗1) whereas Father is predicted an intermediate
metaboliser (∗17/∗4A).

For CYP2D6, the final cytochrome we analyse here, we are
able to estimate themetabolism and elimination of approximately

25% of clinically used drugs including the opiate codeine
(Wang et al., 2009). CYP2D6 is highly polymorphic in the

2Genetics Home Reference CYP2C19 gene. Genetics Home Reference. Available

at: https://ghr.nlm.nih.gov/gene/CYP2C19 [accessed October 15, 2019].
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human population, with marked inter-racial variation observed.
Individuals are identified as ultra-rapid (UM), extensive (EM),
intermediate (IM) or poor metaboliser (PM), according to the
number of functional alleles.

For members of this family we find that there is considerable
variation in the alleles detected. For Son and Father, we find
them to be predicted extensive metabolisers (∗2/∗41 and ∗1/∗2,
respectively). Mother has the following star alleles ∗10/∗2/∗41/∗4
[activity score: 0.5–1 (Gaedigk et al., 2018)] which make
her predicted range between an intermediate and extensive
metaboliser. Daughter has ∗10/∗4/∗20, which makes her a poor
or intermediate predicted metaboliser (activity score 0–0.5).

rs12979860 is a SNP near the IL28B gene, encoding
interferon-lambda-3 (IFN-lambda-3). This SNP influences
hepatitis C treatment-induced viral clearance. It is associated
with an approximately twofold change in response to pegylated
interferon-alpha (PEG-IFN-alpha) plus ribavirin (RBV)
treatment, both among patients of European ancestry (p = 1.06
x 10e-25). Research indicates that the virus was eradicated in
∼80% of CC patients, compared to only about 25% of those with
TT, while CT response was intermediate (Elkader and Sproule,
2005). We found that Son and Father carry a CC genotype,
whereas Mother and Daughter carry a CT genotype.

Fitness Trait Analysis
Filtering
First, we performed a filtering of the SNPs associated with fitness
traits in order to determine which of them should be applied
to our family cohort. The full results of our filtering can be
found in Table 3. From a total of 10 markers initially selected
for genotyping, we classified two as “Convincing” (VO2max,
and rs1815739 for ACTN3), five as “Probable,” two as “Possible”
and one “Not demonstrated.” As an example of the application
of this framework, in Table 3, the best studied SNP marker is
rs1815739 for ACTN3. We identified 24 studies for rs1815739 in
fitness, most of which suggested a significant decrease in muscle
performance by the effect allele (also known as X allele). Based
on these studies, we classify the biological plausibility of this
marker as high. Our scientific evidence assessment for rs1815739
is “Convincing.”. For “increased performance with caffeine,” we
assess existing scientific evidence as “Probable” because despite
finding 7 studies, the total number of participants summed by all
seven studies is only 250. Within those, there is also one study
not showing significant differences in performance with coffee
intervention (Pataky et al., 2016; Salinero et al., 2017; Guest et al.,
2018; Puente et al., 2018; Carswell et al., 2020; Grgic et al., 2020;
Muñoz et al., 2020).

For family trait analysis, we only apply those markers that
are either classified as “Convincing” or “Probable”. In the next
section we describe in detail our selected fitness analysis results.

Fitness Trait Analysis Performed on the Family Cohort
Table 6 summarizes the fitness traits analyzed for 4 family
members. Concerning VO2Max trainability, training response
markers within the 21 SNP panel show Son scoring 13/21
favorable alleles, Father and Mother 16/21 favorable alleles and
Daughter scores 15/21 favorable alleles. This contrasts with ≥19

of these alleles associated with elite athletes (Bouchard et al., 2011;
Rice et al., 2012; Ghosh et al., 2013; Williams et al., 2017).

TheACTN3 R577X (rs1815739) C>T base substitution results
in the transformation of an arginine amino acid (R) to a
premature stop codon (X). X allele homozygotes are deficient in
the alpha-actinin-3 protein, which is associated with a lower fast-
twitch fiber percentage and potentially increased injury risk (Yang
et al., 2003; Massidda et al., 2019). We found that Father, Mother
and Daughter have a CT genotype (XR); whereas Son, harbors a
homozygote X allele genotype (XX).

A polymorphism in the CYP1A2 gene (rs762551; AA
genotype) has been associated with improved exercise
performance when combined with caffeine intake, with no effect
for those with the AC genotype and diminished performance in
those with the CC genotype (Guest et al., 2018). We found that
most family members (Son, Father, and Daughter) had an AA
genotype for this SNP, whereas Mother had a CA genotype.

The role of the peroxisome proliferator activated receptor
alpha (PPARA) gene intron 7 G/C polymorphism (rs4253778) is
also tested in the family. Athletes with high ability in endurance
sports have a higher frequency of the G allele (Lopez-Leon et al.,
2016). We found that Son and Mother did not have any of the G
allele, whereas Father and Daughter had a G allele each.

For the MCT1 gene’s rs1049434, we find all family members
to have the TT genotype, associated with lower lactate levels
(Cupeiro et al., 2012; Fedotovskaya et al., 2014; Ben-Zaken
et al., 2015; Kikuchi et al., 2017a). For the AQP1 gene, which is
associated with osmotic balance and fluid loss when exercising,
possession of the C allele has been associated with faster
cardiorespiratory endurance (Rivera and Fahey, 2019). For this
gene, we found C (favorable) alleles in Son, Father, and Daughter,
while no C alleles were found in Mother. Finally, for rs12594956
in NRF-2, we find that the genotypes observed (CA/CC) in all
family members are not associated with the effect allele (He et al.,
2007; Eynon et al., 2010, 2013; Peplonska et al., 2017).

Nutrition Trait Analysis
Our analysis includes markers involved in the metabolism of
main components of diet: carbohydrates, fats, and proteins. We
also look at metabolization of essential nutritional components
such as vitamins, minerals, and specific dietary substances
like lactose, whose metabolism is strongly linked to a genetic
marker according to our suggested framework. Table 7

provides a summary of the nutrition markers explained in
this section.

Filtering
We performed a filtering of the SNPs associated with nutrition
traits to select SNPS to be applied to our family cohort. The full
results of our filtering can be found in Table 5. From a total
of 32 markers initially selected for analysis, we classified 13 as
“Convincing,” one as “Probable,” five as “Possible”, and 12 “Not
demonstrated.” An example of convincing scientific evidence for
nutrition interventions in Table 4 includesMTHFR (rs1801133).
This SNP is said to affect homocysteine concentrations, which are
influenced by dietary folate (Boccia et al., 2008, 2009; Clarke et al.,
2011; Liew and Gupta, 2015). A large number of studies (n= 70)
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TABLE 6 | Summary of fitness trait analysis for 4 family members.

Trait RSID Gene Scientific validity score Father Mother Daughter Son

VO2Max 21 Multiple Convincing 16/21 16/21 15/21 13/21

Muscle performance rs1815739 ACTN3 Convincing XR XR XR XX

Caffeine sensitivity/Increased

exercise performance with caffeine

rs762551 CYP1A2 Probable AA CA AA AA

Endurance rs4253778 PPARA Probable GC CC GC CC

Lactate blood levels rs1049434 MCT1 Probable TT TT TT TT

Osmotic balance by water support rs1049305 AQP1 Probable GC GG GC GC

Performance rs12594956 NRF-2 Probable CA CC CC CA

The table shows the observed genotype or (for VO2max) favorable alleles for those traits whose scientific evidence assessment was judged as “Convincing” or “Probable”.

TABLE 7 | Summary of nutrition trait analysis for the 4 family members.

Trait RSID Gene Scientific validity score Father Mother Daughter Son

Homocystine levels rs1801133 MTHFR Convincing GA GA AA GG

Vitamin B12 level rs602662 FUT2 Convincing GA GG GA GG

Vitamin C level rs33972313 SLC23A1 Convincing CC CC CC CC

Vitamin D Metabolism rs4588 GC Convincing GT GT GT GG

Vitamin E level rs964184 BUD13 / ZNF259 Convincing CC GG GC GC

Greater total body adiposity rs9939609 FTO Convincing AA TT TA TA

Saturated fat rs5082 APOA2 Probable AA GA AA AA

Polyunsaturated Fatty Acids rs174547 FADS1 Convincing TT TT TT TT

Saturated fat/risk of T2D rs1137101 LEPR Convincing AG AG GG AG

Iron Overload /Hemochromatosis rs1800562 HFE Convincing GG GG GG GG

Celiac disease rs2187668 HLA-DQA1 Convincing CC CC CC CC

Lactose persistence rs4988235 MCM6-LCT Convincing GG AA GA GA

Alzheimer’s rs429358, rs7412 APOE Convincing ε3/ε3 ε3/ε3 ε3/ε3 ε3/ε3

Alcohol dependence rs1229984 ADH1B Convincing CC TC CC CC

The table follows the scientific validity score presented in Methods and the observed genotype for the specific trait. We only analyse those traits for which there is a convincing or probable

genotype x diet intervention scientific evidence. From among these, here we only show those with a predicted effect, except in the case of Alzheimer’s and Coronary Artery Disease.

have been performed to date about this interaction, including
randomized trials. We evaluate this interaction as having a high
biological plausibility. An example of nutritionmarker we classify
as possible is BCO1 (rs6564851). According to our research
(Table 4), there are 4 studies with a number of total subjects
analyzed of 328 (Yabuta et al., 2016; Moran et al., 2019; Amengual
et al., 2020; Graßmann et al., 2020). Our judgement of the
underlying knowledge of the biological mechanism involved is
medium and there are some cases where a potential intervention
may not have the desired effect. We do not include this marker in
our subsequent analyses.

Same as in the fitness category, for family trait analysis we only
apply those markers that are either classified as “Convincing” or
“Probable.” In the next section we describe in detail our selected
nutrition trait analysis results.

Nutrition Trait Analysis Performed on the Family

Cohort
The B vitamins contribute to DNA synthesis and methylation,
with homocysteine as a by-product of their metabolism
associated with coronary heart disease, stroke, and neurological

disease (Tanaka et al., 2009). “A” alleles in the rs1801133 SNP
within the MTHFR gene have been associated with higher
homocysteine levels and reduced folic acid processing (Tanaka
et al., 2009). We note that Father and Mother have one A
allele whereas Daughter has the two A (“detrimental”) alleles.
Son has the two G alleles genotype. Next, the presence of the
A allele in rs602662 SNP in FUT2, has been associated with
higher B12 concentrations (Tanaka et al., 2009). We found
the presence of an A allele in Father and Daughter, and no
A allele presence in the other individuals. With regards to
circulating concentrations of vitamin C (L-ascorbic acid), a
variation at rs33972313 (SLC23A1 gene) has been associated
with a reduction in circulating concentrations of L-ascorbic acid
(Timpson et al., 2010). None of the family members have the
predicted detrimental allele. With regards to vitamin D, rs4588
was genotyped. Son was found homozygous for the major allele
(GG) and the rest of the family heterozygous for the minor allele
(GT). The effect allele for higher a-tocopherol concentration in
plasma (G) is found in both alleles in Mother (GG) and one allele
in Son and Daughter (Major et al., 2011, 2012, 2014; Wang and
Xu, 2019).
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With regards to dietary fat, we analyse a number of SNPs in
genes involved in nutrition: FTO, APOA2, FADS1, and LEPR.
With regards to rs9939609 FTO variant alleles (homozygous
= AA and heterozygous = AT), both Son and Daughter are
heterozygous for the risk allele and Father is homozygous for the
risk allele. Each additional copy of the rs9939609A allele has been
associated with a BMI increase of a mean of 0.10 Z-score units,
equivalent to ∼0.4 kg/m2 (Sonestedt et al., 2009; Tanofsky-Kraff
et al., 2009; Zhao et al., 2014b). For the observed genotypes in
APOA2 and FADS1, there is no associated effect (Yabuta et al.,
2016; Huang et al., 2017; Ching et al., 2019; Moran et al., 2019;
Amengual et al., 2020; Graßmann et al., 2020; Wang et al., 2020).
For LEPR, a study found that rs1137101 AG and GG carriers with
a high fat total intake had 3.0 times higher risk of obesity and
4.1 times higher risk of high cholesterol levels than those with a
low intake of total fat (Domínguez-Reyes et al., 2015). All family
members are carriers of the risk allele (G) of rs1137101.

The HFE protein interacts with other proteins on the cell
surface to detect the amount of iron in the body (Katsarou
et al., 2019). For rs1800562, a SNP in HFE, an A allele was
not observed in any of the individuals analyzed here. This A
allele causes ∼85% of all cases of hemochromatosis (Katsarou
et al., 2019). The rs2187668 SNP’s CC alleles in all family
members have not been associated with Celiac disease (van Heel
et al., 2007; Hunt et al., 2008). MCM6-LCT regulates lactose
persistence. According to a recent study (Mattar et al., 2012),
both genotypes of rs4988235 GA and AA were associated with
the lactase-persistence phenotype, indicating that the presence
of one single lactase-persistence allele in the heterozygous state
has a dominant effect, rendering the person a lactose digester,
whereas the genotype CC, when the lactase-persistence allele T is
absent, is consistent with lactose maldigestion. Father’s genotype
was found to be CC associated with an increased likelihood of
being lactose intolerant.

DISCUSSION

Our main objective is to provide insight into the current
development status of personal genomics, using whole genome
sequencing, illustrated by a use case of a family of five. To that
end, we provide pathogenicity screening, genetic risk scoring,
pharmacogenomics and fitness and nutrition trait analysis of
the family. This approach is tailored for the situation where
knowledge of the disease and lifestyle history of the family is
used to “validate” some of the findings. A main limitation of this
approach is the post-hoc reasoning that only allows to find true
positive predictions based on the family observations. In contrast,
those risks and phenotypes that are not reflected in the family so
far can neither be confirmed nor rejected as it is unclear whether
those predictions are “wrong” or whether the conditions have not
had their time of onset yet. In addition, there are other limitations
stemming from the different methodologies and resources used
for analysis and interpretation, which we summarize in Table 8.

For instance, short read whole genome sequencing provides
a limited capacity for detecting copy number and structural
variants, which are particularly relevant for Pharmacogenomic

analysis. To mitigate this shortcoming, we run prediction
algorithms (Supplementary Materials) and find no significant
prediction of copy number changes in pharmacologically
important genes.

For pathogenicity screening, current standards and literature
focus on genes (e.g., American College of Medical Genetics
and Genomics), and therefore pathogenicity screening does
not typically cover intergenic regions. Knowledge bases used
for variant annotation may contain inconsistent or incomplete
information, and therefore we only report variants where there
is consensus among both literature, database and bioinformatic
algorithm prediction, within a set of established guidelines.
Moreover, while the field of genetics is evolving constantly, it
is also a well-known limitation that many variants are currently
classified as unknown significance. We do not report variants
of unknown significance, but ensure that we use databases that
remain current so that we can deploy the latest variant research
in the analysis.

Concerning trait analysis in fitness and nutrition, we set a
framework for selection and validation of fitness and nutrition
markers to mitigate the limitations specific to phenotypes in
these areas (smaller study sizes, weaker phenotype – genotype
relationships). Application of this framework results in a
reduction in the number of markers we were able to test in
our family members. Although this filtering has restricted the
number of resulting inferences, it has increased the robustness
of the analysis.

Finally, the genetic risk analysis we provide here has not
been tested in an independent population, and as such serves
as an illustration of a potential approach and a template for
further work.

Patterns of Inheritance in Pathogenicity
Screening
When screening for pathogenicity we find that Son and Father
have C → T; c.200C>T; p.Thr67Ile within the CTH gene.
Father and Daughter share the mutation C → T; c.3029C>T;
p.Thr1010Ile, located in the MET gene. Son and Mother share
C → T; c.269G>A; p.Gly90Asp in PPP2R1B. All of these
mutations are not deemed reportable due to the unknown
significance nature of the inferences. The reportable variant is
the A → T; c.4912A>T; p.Lys1638Ter in the BRCA2 gene for
Mother in a recessive context. Mother had a benign breast tumor
removed in her forties but it was never analyzed. Therefore, it
is not possible to ascertain whether her BRCA2 gene mutation
had any role in her benign tumor formation. Fortunately, this
mutation is heterozygous and Father does not carry a known
pathogenic mutation in this gene. Both children did not inherit
Mother’s pathogenic BRCA2 mutation and therefore are unable
to pass it on to their offspring.

Aunt passed away in 2013, aged 79, due to a metastasised
melanoma. For this participant, we transform our screening into
a quasi-diagnostic setting given that we would like to identify
a potential genetic cause for her demise. We were able to
retrieve 36 hairs 4 years after her death from one of her combs.
The DNA was carefully handled (see Supplementary Materials).
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TABLE 8 | List of known limitations of the methodologies we have performed for our analysis and the countermeasures we have adopted to contain them.

Methodology Limitations Countermeasures

Short read whole

genome sequencing

• There may be errors in the variant calls

• The whole genome is not wholly sequenceable

• Structural and copy number variants are challenging to identify

• We performed a quality filter for each variant

• Assume regions not sequenced to be gene deserts or unable to provide

useful functional annotation

• We run a consensus set of algorithms for prediction of copy

number regions

Genome screening • Screened only regions covered by genes and nearby regions

• Incomplete, inconsistent annotations

• Use of knowledge databases with conflicting results

• Selected those genes curated by OMIM where there are known

mutations

• Assumed that the vast majority of pathogenic mutations occur within or

near coding regions

• Employed a third-party protocol to interpret pathogenicity (Fabric

Protocol; see Methods)

• Inference only by overlapping evidence in OMIM and ClinVar,

supplemented by literature search, computational algorithms and allele

frequency information from established international datasets (e.g.,

gnomAD)

• Classification of pathogenicity performed by two independent experts

Genetic risk scores • GWAS only capture highly significant markers, missing less strongly

associated markers with the trait

• There may be different studies for a trait and there are challenges

when integrating them into a single genetic risk score

• GWAS is overwhelmingly European

• Genetic risk scores may capture only a small amount of genetic risk

• We choose those studies that are of greatest number of participants,

preferably from recognizable consortia, to allow the greatest possible

number of markers when defining a contribution to susceptibility

• We make use of the curation effort of the GWAS Catalog to select

studies and markers

• We compare GWAS scores with a background population (1000

Genomes Project) and check that our family participants are matched

with the same background population when looking for significant

differences with the average risk score

• We report genetic risks only for patients whose risk is in the extreme

tail of risk prediction

Pharmacogenomics • There is a large amount of variation in pharmacological genes, not all

of which can be detected

• There may be cases where it is unclear the metaboliser status of a

patient

• Short read sequencing has limited ability to assess Copy Number

Variants and therefore functional duplication or deletions of genes

may be missed

• We strictly follow FDA, CPIC, ACMG guidelines when assigning

metaboliser status

• We make sure that when the metaboliser status is unclear we provide a

range of possible eligible options

• We run a consensus approach prediction algorithm

(Supplementary Materials) to mitigate the risk that we might have

failed to detect deletions or duplications within pharmacogenomic

genes that may alter their functionality

Fitness • Small sample sizes; perhaps not so much funding available as for

global health conditions

• Skewed populations (e.g., mostly European background)

• Results often rely on self reporting of adherence to an exercise

regimen

• Focus in some studies on elite athletes, not necessarily generalisable

to the wider population

• Traits difficult to phenotype; sensors may only allow indirect

measurement (e.g., VO2max)

• Adopted an establised framework for trait analysis, so as to exclude

studies with a weaker evidentiary basis

• Systematically reviewed and assessed the literature choosing only those

markers where there is ample evidence of their effect

• No inferences of phenotype made based only on fitness

marker predictions

Nutrition • Small sample sizes; perhaps not so much funding available as for

global health conditions

• Skewed populations (e.g., mostly European background)

• Difficult to replicate results; experimental design would use extreme

fitness traits (e.g., athletes, which would contribute to

difficult replication)

• Adopted an established framework for trait analysis to so as to exclude

studies with a weaker evidentiary basis

• Systematically reviewed and assessed the literature choosing only those

markers where there is ample evidence of their effect

• No inferences of phenotype made based only on fitness

marker predictions

Validity of inference • We can only confidently assign true positives • Performed an in-depth query of the disease and lifestyle history of the

family, in order to maximize our ability to confirm positive results

• We use overlapping information about family members to

explain predictions

We were able to assess pathogenicity among those variants
that passed our strict quality filters. A heterozygous frameshift
mutation, chr11:108272812 (rs587776549) in the ATM gene was
identified. Recently, the Pan-Cancer Analysis of Whole Genomes
Consortium confirmed that many cancer driver mutations are

two-hit inactivation events (ICGC/TCGA Pan-Cancer Analysis
of Whole Genomes Consortium, 2020), with 17% of patients
having rare germline protein-truncating variants (PTVs) in
cancer-predisposition genes, DNA-damage response genes and
somatic driver genes. Biallelic inactivation due to somatic
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alteration on top of a germline PTV was observed in 4.5%
of patients overall, with 81% of these affecting known cancer-
predisposition genes (such as ATM). We thus hypothesize that
the loss of function of one copy of the ATM gene could have
contributed to her melanoma. Although Aunt’s genome only
provides information about her germline genetics and not the
actual somatic mutations that led to the disease that ended
her life, a more targeted cancer therapy (than the general
chemotherapy she was administrated with) targeting defects in
the DNA repair caused by ATM was already available while she
was still alive (Kelley et al., 2014) and was never used.

Genetic Risk Scores
We observe there is a conserved family risk of ulcerative colitis,
running in Son, Mother, and Daughter. Ulcerative colitis is a
long-term condition that results in inflammation and ulcers of
the colon and rectum. It has also been found that both Mother
and Daughter have a >1SD risk of inflammatory bowel disease,
of which ulcerative colitis is a type. The primary symptoms
of active disease are abdominal pain and diarrhea mixed with
blood. Mother has reported suffering from a recurrent abdominal
pain associated with inflammation of her colon. Her symptoms
have appeared intermittently but are more recurrent in older
age, affecting her quality of life. Given that ulcerative colitis
begins most commonly between the ages of 15 and 25 with a
second peak of onset in the 6th decade of life, Mother’s reported
symptoms are concordant with her ulcerative colitis / bowel
disease susceptibility. We also note that according to Sen and
Stark (2019), CYP2D6∗4 polymorphisms may be risk factors for
ulcerative colitis. Both Mother and Daughter display CYP2D6∗4.

Pharmacological Management
We have noted that for warfarin, the genotyping analysis has
shown that members of the family are either intermediate or
poor metabolisers. According to FDA guidance (Dean, 2012),
Daughter requires 20% of the standard initial recommended dose
and would take a more prolonged time to achieve the maximum
anticoagulant effect. Son, Father, and Mother require a 60%
of the standard initial recommended dose. This information is
particularly relevant to Father, who was recently diagnosed with
atrial fibrillation. Atrial fibrillation is a heart condition that causes
an irregular and often abnormally fast heart rate. People with
atrial fibrillation who have a high or moderate risk of having
a stroke are usually prescribed warfarin. This was the case of
Father, who was recommended to take warfarin to stop the risk
of blood clotting. It has been reported by Father, that as soon
as he started taking warfarin, he began to experience sores in
legs, changes in the skin color, and severe pain in his lower half
of the body. We note that his predicted response to warfarin is
concordant with warfarin sensitivity (Vu and Gooderham, 2017).
Hence, knowledge of this genetic predisposition would have been
helpful to the clinician when making an initial prescription.

We also note that for both Mother and Daughter their
predicted metaboliser status for CYP2D6 is either intermediate
or poor. This has important implications in the specific dosage
required by these individuals to receive the appropriate effects
for pain relievers such as codeine and tramadol (Smith et al.,

2019). So far there is some anecdotal evidence that Mother and
Daughter are not able to cope well opiates, but nothing that
was confirmed medically. Of note, the three most susceptible
individuals to ulcerative colitis, Mother, Son, and Daughter are
predicted to be normal metabolisers of drugs that treat pain
associated with ulcers, such as omeprazole (Dickinson, 1994).

Fitness
We performed an investigation of the literature to identify
candidate fitness gene x interactions and their relation to a health
outcome (see Methods section). Several limitations were noted
throughout these studies, including the robustness of significance
for identified variants, small sample sizes, limited cohorts
focused primarily on Caucasian populations, and minimal
baseline data (Williams et al., 2017). These factors are combined
with differences in exercise training programs, diet and other
environmental gene expression mediators between studies. As a
result, we are able to classify as “Convincing” (2 of 10 candidates)
or “Probable” (5 of 10). Overall, we found that fitness studies
were made with a smaller sample size compared to nutrition.
For instance,ACTN3’s rs1815739, one of the most studied fitness-
related SNPs, there are>1000 participants studied in total, which
would put this SNP among the lowest sample sizes if included in
nutrition markers, where we found seven markers with>100,000
study participants.

For all family members, the predicted genetic VO2max
trainability was predicted average or less than average,
contrasting with their lower predicted levels of blood lactate
accumulation. With the exception of Mother, the family harbor
variants in AQP1 alleles associated with endurance and fluid
balance. Their genotype also predicts a predisposition to
improved exercise performance if done with caffeine [with the
exception of Mother; (Guest et al., 2018)]. Son is unique in the
family in having the XX genotype for rs1815739 in ACTN3.
Deficiency in α-actinin-3 can be accompanied by higher body
fatness, lower muscle strength and higher muscle flexibility
and range of motion (Yang et al., 2003; Massidda et al., 2019).
A study suggested that recreational marathon runners who
have the ACTN3 XX genotype could benefit from personalized
strength training to improve their performance more than their
counterparts with other ACTN3 genotypes (Del Coso et al.,
2019b).

Nutrition
Compared to fitness studies, we found a greater number of
candidate nutrition phenotypes passed our filtering (14 out of 32
initially selected phenotypes; Table 5). Larger sample sizes and a
greater number of studies with concordant results were the main
reasons for a larger number of nutrition phenotypes passing our
filtering. As with fitness, we choose to analyse those traits whose
scientific validity score is convincing or probable and report those
that are likely to display pointers for further action or deemed
reportable given the family disease and lifestyle history.

Congruent with the general lower likelihood of predicted
alcohol dependence by rs1229984 in ADH1B, there is no history
of alcohol addiction in the family. For all members of the
family except Mother, there is a predicted increase in total
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body adiposity as suggested by FTO rs9939609. With regards
to vitamin-related traits, all family members with the exception
of Son are predicted to be less likely to respond to vitamin
D supplements. For vitamin B12 levels, Mother and Son are
predicted to harbor lower B12 levels and higher for Father
and Daughter. All family members are predicted lower serum
L-ascorbic acid.

For homocysteine levels, we found that all family members
except Son are predicted to be higher. Reduction of plasma
homocysteine levels has been observed with supplementation
of vitamin B12 and folic acid (Boccia et al., 2008; Clarke
et al., 2011; Liew and Gupta, 2015). Several other studies
have observed associations between lower circulating vitamin
B12 levels and adverse metabolic health profiles, with insulin
resistance, cardiovascular disorders, and adiposity as important
features (Hazra et al., 2009; Tanwar et al., 2013; Allin et al., 2017;
Nongmaithem et al., 2017; Zhao and Schooling, 2017).

With regards to lactose consumption, we were able to confirm
that Father, suspected to be lactose intolerant, has the lactose
intolerant genotype.

Negative Findings
When performing a screening study in an individual, for some
variants which can confer significant disease risk, it is important
to report not just positive findings, but also negative ones if
there is family history of the disease. The ApoE2, E3, and E4
isoforms, which are encoded by the ε2, ε3, and ε4 alleles of
the APOE gene, respectively, differ from one another at amino
acid residues 112 and/or 158. There is a significant association
between the ε4 allele of APOE and Alzheimer’s disease. APOE
ε4 increases the risk of Alzheimer’s disease and lowers the age
of disease onset in a gene-dose-dependent manner (Liu et al.,
2013). A small proportion of apo ε2 homozygotes, develop type
III hyperlipoproteinemia, a highly atherogenic form disorder of
lipoprotein metabolism characterized by the accumulation of
remnant particles derived from the incomplete catabolism of
triglyceride-rich lipoproteins (März et al., 2000). All the family
members whose genomes were analyzed for this study exhibit
the wild type ε3/ε3, meaning that no association to Alzheimer’s
disease is conferred. This is also further supported by analysis we
performed for family members using genetic risks of Alzheimer’s
disease (Supplementary Table 1). The fact that there is history
of Alzheimer’s disease in the maternal line, makes it interesting
to ascertain whether genetic risk for this disease is present in the
family. It was thus of special interest for the family to research this
trait, with the positive outcome that all family members display
the less risky ε3/ε3 alleles. We were also in search of negative
findings for classified pathogenic mutations that fall within any
of the ACMG 59 genes and were able to find only one positive
finding for Mother in BRCA2. Our variant analysis did not find
any other mutation within the 59 genes. As always, the fact that
no mutation was found does not necessarily mean a particular
disease might not develop.

Integration of Results
Part of the novelty of the present study revolves around the
integration of genetic screening, genetic risk scores and trait

analysis. A further layer of integration is constituted by the
familial context our participant dataset provides. As stated in
Methods, each family individual is tested independently for each
of the genetic screening panels, genetic score phenotypes and trait
analysis. Although the overlap between each of these methods
can only be partial, we now explore the degree of consistency and
support that each of the results conveys.

For obesity, the family history indicates a persistent tendency
toward this phenotype. At the level of genotyping, the rs9939609
FTO marker analysis, shown to be the most contributing to
obesity (Sonestedt et al., 2009; Tanofsky-Kraff et al., 2009; Zhao
et al., 2014b), yields all genotyped individuals except Mother
to carry the risk allele. We acknowledge that the specific
contribution of this SNP can only be small. When integrating this
genotypic result with GWAS-based genetic risk score, we observe
that the obesity risk slightly increased (>1SD) for Father and Son.

Both analysis of specific SNPs in the APOE gene (see Table 7),
and genetic risk scores do not suggest an increased risk for all
family members of Alzheimer’s disease. This is also congruent
with the observed disease history of the analyzed family, where
both parents are highly advanced in years of age (mid-eighties)
and no signs for the disease have been observed yet. This does
not rule out the possibility that any member of the family could
develop Alzheimer’s disease at any point in the future. It does
rule out, however, both parents having developed early onset
Alzheimer’s disease. For alcohol dependency, there has not been
observed any tendency of addictive behavior in the family. The
rs1229984 ADH1B marker supports this phenotype. However,
the >1SD predicted genetic risk for alcohol dependency in
Father, Daughter and Son does not. A way to reconciling this
result is that the genetic risk is moderately higher than average
and therefore it does not strongly rule out the possibility of a
false positive or random fluctuation, since the observed genetic
risk for alcohol dependence may be the result of fluctuations
in the score that are not significant. Another integration of
different analysis sources is the pathogenic heterozygous variant
for BRCA2 p.Lys1638Ter observed in Mother and her >1SD
genetic risk observed for breast cancer. An interpretation of this
finding is that she only carries one defective allele for the gene,
increasing her risk but not high enough to make it to our >2SD
average score threshold.

With regards to integrating the results of similar (yet
independent) tests performed in different individuals of the
family, we note the coincidence of phenotypic history of irritable
colon of Mother with her >2SD increased risk of ulcerative
colitis. As mentioned earlier, this >2SD phenotype risk is also
observed in Son and not so strongly in Daughter (>1SD),
suggesting a pointer for preventative action on the part of Son.

Communication and Attitudes Regarding
Actionable Results
Results for members of the family were communicated either
in person or via phone call. For Son, his results have had an
impact in his training exercise program, which has a lot more
stretching and warming up, with less emphasis on speed and
more on building up his endurance. The predicted ulcerative
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colitis risk for three members of the family was communicated
to Mother, who is already displaying some symptoms of the
disease, and to Son, who is already taking steps to bring these
results forward to his general practitioner as part of his future
health management plans. Father’s possible explanation of his
adverse reaction to warfarin has also been discussed and he has
currently discontinued taking the medicine, having discussed it
first with his cardiologist. The communication of Aunt’s result of
her mutation in the ATM gene has not led to any concrete actions
by her partner.

The family has been exposed to genetic testing for a decade
(Corpas, 2012), and as such were generally comfortable knowing
results of genetic analysis. Even so, attention was paid in
particular to make sure they were aware of the ramifications of
knowing their results of tests related to more serious and harder
to treat conditions (such as ulcerative colitis).

As was the case when the same family was analyzed with
direct-to-consumer genotyping methods (Corpas, 2012), the
tendency to discuss “whose genome is best” is a recurrent pattern
that could affect other families when communicating genetic test
results. We stress the importance of discussing such results with
qualified professionals such as genetic counselors.

Compared to the communication of the results in 2012, we
also note the change in attitude toward sharing of personal
genomic data. Individuals are less keen to share their genetic
data now, arguing that their perceptions regarding the privacy of
their data have been changed by their increased awareness of the
importance of protecting individual’s personal data.

CONCLUSION

By looking at the genome from various methodological angles
and applying distinct analytical frameworks as appropriate, we
were able to build a “genetic story” of each individual. We built
this story in part through having whole genomes as the basis for
the analysis. The approach is applied here for a family, but we
believe it is also valid for individuals. Our most notable findings
for the family were around susceptibility to ulcerative colitis, and
in the areas of fitness, nutrition, and pharmacogenomics.

Concerning ulcerative colitis, when analyzing genetic risk
scores, we noted that the recurrent intestinal pain Mother
has been affected from for years is concordant with her
substantially increased risk of suffering from ulcerative colitis.
Moreover, this high risk is predicted in three out of the
five members of the family, two of them overlapping with
increased risk of inflammatory bowel disease, ulcerative colitis
being one type of this disease. We report this susceptibility to
ulcerative colitis/inflammatory bowel disease as a potential lead
for preventative intervention in at least one family member (Son)
who is currently asymptomatic.

We observed some associations for fitness and nutrition
variants which passed our quality control framework and as
such we believe are valuable for relevant nutritional and exercise
science specialists to help the family in making plans in
those areas.

We were also able to hypothesize a genetic contribution to
the development of melanoma leading to the passing of Aunt.

A pathogenic heterozygous germline mutation was reported in
her ATM gene. This gene has been described as being involved in
DNA repair and the information gathered here could have been
exploited for targeted cancer therapy if caught on time.

Concordance between an adverse reaction to warfarin and
a prediction for low dosing requirement was observed in
Father, which he has already acted on, in consultation with
his cardiologist. There were also informative results for Mother
and Daughter regarding their likely metaboliser status for
certain drugs. While not relevant to them at the moment, this
information could be shared with their physician in the event
that these drugs become necessary in the future, with the hope
of reducing trial and error in prescribing and so cutting down the
possibility of adverse reactions.

We believe that, taken together, these results represent
relevant information which the family can use, when working
with the appropriate healthcare professionals, to proactively
promote their health and well-being. Any one element of the
analysis would not allow this genetic “story” to be compellingly
told, but when all them are put together, the narrative becomes
more actionable, increasing the applicability of whole genome
screening to pre-emptive healthcare andwell-beingmanagement.
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Children with rare and common diseases now undergo whole genome sequencing

(WGS) in clinical and research contexts. Parents sometimes request access to their

child’s raw genomic data, to pursue their own analyses or for onward sharing with

health professionals and researchers. These requests raise legal, ethical, and practical

issues for professionals and parents alike. The advent of widespread WGS in pediatrics

occurs in a context where privacy and data protection law remains focused on giving

individuals control-oriented rights with respect to their personal information. Acting

in their child’s stead and in their best interests, parents are generally the ones who

will be exercising these informational rights on behalf of the child. In this paper, we

map the contours of parental authority to access their child’s raw genomic data. We

consider three use cases: hospital-based researchers, healthcare professionals acting in

a clinical-diagnostic capacity, and “pure” academic researchers at a public institution. Our

research seeks to answer two principal questions: Do parents have a right of access to

their child’s rawWGS data? If so, what are the limits of this right? Primarily focused on the

laws of Ontario, Canada’s most populous province, with a secondary focus on Canada’s

three other most populous provinces (Quebec, British Columbia, and Alberta) and the

European Union, our principal findings include (1) parents have a general right of access

to information about their children, but that the access right is more capacious in the

clinical context than in the research context; (2) the right of access extends to personal

data in raw form; (3) a consideration of the best interests of the child may materially

limit the legal rights of parents to access data about their child; (4) the ability to exercise

rights of access are transferred from parents to children when they gain decision-making

capacity in both the clinical and research contexts, but with more nuance in the former.

With these findings in mind, we argue that professional guidelines, which are concerned

with obligations to interpret and return results, may assist in furthering a child’s best
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interests in the context of legal access rights. We conclude by crafting recommendations

for healthcare professionals in the clinical and research contexts when faced with a

parental request for a child’s raw genomic data.

Keywords: whole genome sequencing, personal genomics, pediatrics, privacy, individual access, ethics, consent

INTRODUCTION

Children with rare and common diseases now undergo whole
genome sequencing (WGS) in clinical and research contexts.
Parents sometimes request access to their child’s raw genomic
data, to pursue their own analyses or for onward sharing
with health professionals and researchers. These requests raise
legal, ethical, and practical issues for both professionals and
parents. In general, WGS provides a complete catalog of each
nucleotide within an individual’s genome. When analyzed with
the appropriate tools and expertise, WGS potentially reveals
inherited predispositions to a multiplicity of traits and disorders.
WGS may also reveal information about a child’s future health,
which raises the issue of safeguarding the child’s ethical right
to an open future (Feinberg, 1980), viz. their ability to decide
for themselves as adults whether or not to be tested for certain
conditions. In turn, this raises the following questions: Should
children be tested for adult-onset conditions? Should secondary

or incidental findings fromWGS be reported to children?
Parental access appears to be an increasingly pressing question

for healthcare institutions, clinicians and researchers. The
prevalence of parental access requests has not been well-studied,
though there is some preliminary empirical evidence of the
prevalence of individual access requests generally (Narayanasamy
et al., 2020). Patients and caregivers at pediatric institutions
occasionally ask for their raw genomic data following WGS
tests. Indeed, geneticists at a large pediatric hospital in Ontario
report that these requests occur (personal communication) and
one of the authors of this article (MS) has been contacted by
clinicians and researchers asking for guidance on how to respond
to requests for raw genomic data by parents.

Parents may seek access to their child’s genomic data for a
number of reasons: to seek a second medical opinion about the
child’s condition, to inform the parents’ health or reproductive
choices, to share data with a health research project or
repository, or to analyze the data themselves to better understand
health conditions affecting their child or entire family (though,
importantly, their motivation may be unknown in the context of
legal access requests). We expect parental access to become more
pressing in coming years as a result of three trends: (1) patients
are taking a greater role in directing their care andmanaging their
data1, (2) sequencing of children is expanding, particularly to
new clinical and newborn screening contexts2, and (3) a growing

1Genetic Alliance Promise for Engaging Everyone

Responsibly|GeneticAlliance.org. Available at: http://www.geneticalliance.

org/programs/biotrust/peer (Accessed February 1, 2021).
2Department of Health and Social Care (England) Health minister: NHS must

lead the world in genomic healthcare. GOV.UK. Available at: https://www.gov.

uk/government/news/health-minister-nhs-must-lead-the-world-in-genomic-

healthcare (Accessed February 15, 2020).

ecosystem of third party interpretation services and data sharing
platforms are emerging directed toward patients (Capaci et al.,
2020; Guerrini et al., 2020).

For health professionals and researchers, parental access
raises concerns that children’s data will be misinterpreted or
misused by parents or third party services, thus putting at risk
the child’s current and future health interests, development,
autonomy, and privacy. Parentsmay pursue unnecessary analyses
discouraged or prohibited by professional organizations, such
as analyzing genomes for predispositions for untreatable, adult-
onset conditions or predictive adult-onset disease (Borry et al.,
2009; Knoppers et al., 2014; Botkin et al., 2015). This may lead to
psychosocial harms for the child (e.g., anxiety, low self-esteem)
or affect familial relationships (Kesserwan et al., 2016). Parents
might publish a child’s genome on an open-access recreational
genomic database, share it with various researchers and service
providers, or unintentionally allow it to be leaked (Bala, 2020).
This poses potential risks of genetic discrimination by employers
or insurers, and unfettered searches from law enforcement
seeking to identify criminal suspects. Parental access to their
child’s genetic data adds a new molecular dimension to the larger
policy debate over the ethics and regulation of “sharenting,”
where parents post photos, videos or comments about their
children on social media. “Sharenting” can expose children to
risks including discrimination, identity theft, reputational harm,
and intimidation (Steinberg, 2016).

Previous literature has addressed issues for adults seeking
access to raw WGS data. Individuals in many countries have
a general right to access their health information3 (Ries, 2010;
Ogbogu et al., 2014; European Union, 2016; Guerrini et al.,
2019). When WGS is adopted in clinical contexts, this right
presumably extends to raw WGS data (Thorogood et al., 2018).
It remains to be determined whether access to raw data extends
to the research context. Many countries exempt researchers
from obligations to provide participants access to their personal
information (Thorogood et al., 2018). Genomics, however,
often blurs clinic and research contexts, raising uncertainty
as to the applicability of these exceptions (Schickhardt et al.,
2020). Ethically, some commentators express concern that raw
genomic data is incomprehensible to most people, offering
limited benefit while presenting health and privacy risks to
sequenced individuals or their family members stemming from
misinterpretation or mismanagement of data (Bredenoord et al.,
2011). These concerns are counteracted by principled arguments,
including that such data belongs to the individual, who should
be free to decide what to do with the data (Schickhardt et al.,
2020), arguments of beneficence that individuals can improve

3McInerney v.MacDonald, 1992 CanLII 57 (SCC).
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their health through sharing data with clinicians or via self-
analysis, and finally, utilitarian arguments that providing access
may attract research participants as well as provide them with
opportunities to accelerate research by sharing their data with
other research projects (Kish and Topol, 2015). There are
also practical questions about who will provide individuals
requesting access with interpretive support and who will pay for
this support.

These legal and ethical debates have largely overlooked the
rights of children themselves. The legal access rights of parents
and the duties of health professionals toward children must be
considered in light of their human rights. The United Nations
Convention on the Rights of the Child (CRC) mandates that
the best interests of children are to be a primary consideration
in all matters concerning children (United Nations General
Assembly, 2007). Parents are authorized by law to act on behalf
of their children, while children have a right to be heard and
a right to participate in decisions concerning their health (to
the extent possible). At the same time, children have a right
to appropriate guidance from their parents, amounting to a
zone of deference to parental decision-making (Kamchedzera,
2012). Parental authority, however, has a fiduciary character
and must be exercised in the child’s best interests, not in the
parents’ personal interests or those of other family members
(Tobin and Varadan, 2019). Health professionals are obliged
not only to promote the health of children but also to protect
children from parental decisions that are contrary to children’s
actual and future health and well-being (Schwarz et al., 2015).
Medical “neglect” under child protection legislation can include
both over-treatment or the failure to prevent or treat diseases
in children. Parental access therefore raises new legal and
ethical questions. When does parental access to their child’s
information support the child’s best interests? When does it
threaten them? And who is ultimately responsible for making
this determination?

This article examines the legal rights of parents to access
their child’s raw WGS data generated in healthcare and health
research contexts. We begin with legal questions about the
scope of parental authority to request access, the rights of
children themselves, and the scope of professional responsibility
toward minors to justify withholding access. The analysis looks
primarily at the freedom of information and health privacy
laws of Ontario, Canada’s most populous province and the site
of much WGS, but also highlights important similarities and
differences with the laws of other Canadian provinces and the
European Union. While the specific results of our analysis may
be largely jurisdiction-specific, we believe the structure of our
analysis can be generalized. More specifically, we aim to answer
the following questions:

1. Do parents have a legal right to access their child’s health
information upon request in clinical and research contexts?

2. Do access rights, where applicable, extend to raw genomic
sequence data (e.g., BCL, FASTQ, SAM, BAM, or VCF files)?

3. Under what circumstances, if any, can a healthcare institution
or researcher refuse a parental access request (e.g., to protect
the child’s best interests)?

4. Where a minor is sufficiently mature to understand and
appreciate the consequences of access requests, does the legal
right of access ultimately reside with the minor?

We then turn to contextualizing these findings within the
broader, ongoing discussion in ethical and professional
guidelines in pediatric genomics surrounding the reporting of
secondary and incidental findings (Jarvik et al., 2014; Knoppers
et al., 2014; Zawati et al., 2014; Boycott et al., 2015; Sénécal et al.,
2015a; Vears et al., 2018). Professional obligations to report
secondary or incidental findings to patients or participants
are admittedly distinct from the legal obligation to provide
an individual access on request. With secondary or incidental
findings, professionals have obligations to interpret and “push”
information of clinical significance to individuals. In the access
context, patients have informational rights to “pull” information
(e.g., raw WGS data) upon request from data custodians. While
distinct, debates over reporting secondary and incidental findings
suggest that health professionals and researchers responding
to parental access requests are confronted with important
ethical issues surrounding the child’s well-being, privacy, and
developing autonomy.

Ultimately, our legal analysis aims to guide health researchers,
clinicians, and health-care organizations confronted with formal
requests from parents to access their child’s raw genomic
sequence data. In contributing to a better understanding of
the law, our research findings can inform access policy and
communication between health professionals, parents, and
children to ensure the child’s health, privacy, and developing
autonomy are given full consideration.

WHOLE GENOME SEQUENCING IN
CLINICAL AND RESEARCH CONTEXTS

Over the past 35 years, scientists have discovered and studied
genetic variants involved in monogenic diseases, resulting in the
development of genetic tests for the diagnosis or prediction of
monogenic diseases. Advances in molecular biology and other
biotechnological advances have contributed to a rapid increase
in the supply of genetic tests for hereditary diseases. Since
around 2010, next-generation sequencing (NGS) technologies,
of which whole genome sequencing (WGS) is a part, have been
an important addition to existing genetic testing strategies (Hall
et al., 2014). Introduced first in the research realm, they have
also had a tremendous impact in the clinical context (Brown
and Meloche, 2016; Vaxillaire and Froguel, 2016). For example,
the use of WGS presents the possibility of identifying the causes
of variable clinical responses among patients with the same
condition (Eckford et al., 2019).

Pediatrics has seen some of the first clinical applications
of genomics. Genomic sequencing allows for faster diagnosis
of inherited and de novo disease and increases the likelihood of
diagnosing a child with a rare disease, or of excluding, based on
the knowledge at the time of the analysis, the possibility of a
rare genetic disorder (Goh and Choi, 2012). Obtaining a genetic
diagnosis for a child can help clinicians and families identify and
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anticipate future health problems (Wilson et al., 2014), while also
informing the health and reproductive choices of familymembers
(Wright et al., 2018).

In pediatric oncology in particular, WGS can inform
treatment choices via the characterization of cancers and through
the identification of markers relevant for drug metabolism,
i.e., pharmacogenomics (Hawcutt et al., 2013). In this context,
using WGS to its fullest potential involves comparing the tumor
genome to the germline in order to identify cancer-specific
genetic variants, implicating both somatic and germline genomic
data (Bombard et al., 2013). Thus, WGS technologies help to
identify novel genetic alterations contributing to oncogenesis,
cancer progression and metastasis, and assist in studying tumor
complexity, heterogeneity, and evolution (Shyr and Liu, 2013).
The use of genomic sequencing allows for the identification
of more effective personalized targeted therapies that lead to
increased cure rates and decreased treatment-related morbidity
and mortality for the patient affected by relapses or hard-to-treat
cancers. Despite these insights, the available clinical care options
nevertheless remain insufficient in the case of some pediatric
cancers, especially those at advanced stages (Khan et al., 2018).

To overcome these challenges as best as possible, children
with cancer may be enrolled in research study such as Terry
Fox PROFYLE 2 (PRecision Oncology for Young people 2).
PROFYLE 2 targets young patients with difficult-to-treat cancers
by sequencing their tumors and, upon recommendation by a
molecular tumor board, enrolling those patients in relevant
clinical trials. Similar efforts are also underway in other countries
(Chakradhar, 2018). In Canada, 17 pediatric oncology centers,
in conjunction with the Children’s Oncology Group (COG),
conduct clinical research studies with the aim to cure and prevent
childhood and adolescent cancer through scientific discovery and
collaborative research. Some of these studies sequence the child’s
tumor with the hopes of identifying or testing targeted therapies.

In summary, an increasing number of children with rare
diseases and cancer in Canada and around the world are
undergoing WGS in clinical or translational research contexts.
It is therefore timely to consider the legal framework governing
parental requests for access to their child’s raw genomic data, and
the ramifications of such access for the child’s health, privacy, and
overall well-being.

METHODOLOGY

The principal method of research employed was doctrinal
(Hutchinson, 2018). The two principal laws governing
information held by either healthcare institutions4 or public
bodies5 in Ontario were consulted. The statutes were reviewed
comprehensively, with a focus on those provisions applicable to
parental access to information about their child. Where relevant
provisions were found, a search was conducted for related
case law from the Information and Privacy Commissioner of
Ontario (IPC) or Ontario Superior Courts using WestlawNext
Canada and CanLII, two legal databases. IPC and court cases

4Personal Health Information Protection Act, 2004, SO 2004, c 3, Schedule A.
5Freedom of Information and Protection of Privacy Act, RSO 1990, c F.31.

that were responsive to the search were read and analyzed to
grasp both the meaning and application of the provisions. We
also reviewed the laws that govern personal information held
by public- and private-sector organizations of other populous
Canadian provinces (Quebec, Alberta, and British Columbia) as
well as the European Union. With regards to the former group,
a case law search using the legal databases WestlawNext Canada,
CanLII, and SOQUIJ was also conducted. Our goal was not to
conduct a comprehensive comparative analysis, but to at least
hint at the range of potential legal divergence one may expect if
our research questions were posed in other jurisdictions.

Raw WGS data includes any one of the common underlying
files that are generated in the sequencing process (For a more
nuanced introduction to the concept of rawness with regard
to genomic data, see Schickhardt et al., 2020). Specifically, this
refers to either BCL (base call) files, FASTQ files, SAM (sequence
alignment map) files, BAM (binary alignment map) files or
VCF (variant call format) files (Evans, 2017). This definition is
meant to capture sequence data that has not been subject to
any interpretation beyond the data’s bare representation, without
prejudice to the idea that a representation per se implicates an
interpretive process (Gitelman and Jackson, 2013). Data having
undergone processes such as annotation and interpretation are
excluded from this definition (Abril and Castellano, 2019).
Return of results and incidental findings are furthermore
excluded from this definition of rawWGS data as both such types
of information are only generated through the interpretation
of sequence data. Nevertheless, as the objects of professional
ethical obligations, we also examined the professional guidelines
of the American College of Medical Genetics, the Canadian
College of Medical Genetics, and the European Society of Human
Genetics to understand the relationship of access rights to
professional obligations.

RESULTS

Our research revealed the following responses to our four legal
research questions. First, the right to access health information
in Ontario applies generally in healthcare institutions, to both
clinical and research data unless the data is held “solely” for
research purposes (see Table 1). For all intents and purposes,
there is no legal right to access health information associated with
research projects at academic institutions. Other provinces and
countries may provide broader access rights in research contexts.
Regardless, research projects may consider providing access as a
matter of policy and ethics while recognizing the limits of such
data. Second, access rights in Canada extend to rawWGS data. A
patient’s legal right of access incorporates raw data, provided their
clinician would also hypothetically have access to this data. Third,
parents have authority to exercise their child’s right of access to
health information, as long as they exercise that right on behalf
of their child. There may be grounds for a health information
custodian to refuse parental access requests that are manifestly
made to serve the interests of the parent or another party and are
not in the best interests of the child. The best interests, however,
may not always be an effective ground for constraining parental
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access requests. Parents are generally given great deference in
deciding the best interests of their child (at least under privacy
law), as the actions of parents are largely perceived as aligning
with their child’s best interests. Parental access requests do not
necessarily provide sufficient information for health information
custodians to assess if access will serve or undermine the child’s
interests. Finally, children–not their parents–have authority to
request access in healthcare institutions if they are over 16
(unless it is demonstrated that the adolescent lacks the capacity
to consent), or, even if under 16, if they are sufficiently mature
to understand and appreciate the consequences of data access
(the mature-minor exception). Where parents request access
to information from adolescents, health information custodians
may be required to determine if the child is capable of consenting
to access before allowing parents to do so. See Figure 1 for a
flowchart with the summary of findings.

Parental Rights of Access to Information
About Their Children
The question regarding whether parents have a legal right of
access to their child’s raw WGS data must be framed through the
prism of the general law concerning individuals’ abilities to access
information about themselves held by others. As a surrogate for
the child’s interests, parents enjoy a general ability to exercise
legal rights on behalf of their children, including informational
rights6,7. This parental authority is, however, not unfettered,
a point which will be developed later through examining how
considerations for a child’s welfare feature in legal analysis
regarding informational rights. What is more, whether personal
information is generated for a clinical or research purpose has
relevance for the availability of a right to access information
(FIPPA, s65(8.1); General, O Reg 329/04 (PHIPA), s24). To best
elucidate the different contours of parental access rights, our legal
analysis primarily concerns itself with three different contexts:
hospital-based researchers, healthcare professionals acting in a
clinical-diagnostic capacity, and “pure” academic researchers at
a public institution.

For the three envisaged use cases, there are two relevant laws
regarding a parent’s potential ability to receive their child’s raw
WGS data in Ontario: the Personal Health Information Protection
Act (herein “health privacy law”) and the Freedom of Information
and Protection of Privacy Act (herein “FOI law”). While there is
also the federal Personal Information Protection and Electronic
Documents Act, SC 2000, c 5 (PIPEDA), it applies to only private-
sector organizations engaged in commercial activities and who
are not also health information custodians under the health
privacy law (Office of the Privacy Commissioner of Canada,
2015). Given the wide scope of health information custodians
under the health privacy law as well as the public-dominated
research and clinical landscape, the situations in which PIPEDA
applies are limited.

6Freedom of Information and Protection of Privacy Act (FIPPA), RSO 1990, c F.31,

s66(c).
7Personal Health Information Protection Act (PHIPA), 2004, SO 2004, c 3, Schedule

A, s23.

The health privacy law applies only to personal health
information (PHI) held by particular custodians of personal
health information, whichmay be either public or private entities.
The FOI law, on the other hand, is concerned with information
held by public-sector organizations generally. Accordingly,
hospital-based researchers and clinicians will generally be subject
to the health privacy law whereas academic researchers at
universities will be subject to the FOI law.

Research Exemptions: Tempering
Individual Access
Under certain circumstances, both the health privacy law and
FOI law exempt information custodians from their obligations to
provide an individual with access to their personal information.
The health privacy law applies to healthcare institutions and
so covers situations where healthcare professionals are acting
in a clinical-diagnostic capacity, as well as to hospital-based
research. The FOI law applies to public-sector organizations,
and so covers academic institutions (see Table 1). Under the
health privacy law, access rights apply to health information
by hospitals and supporting clinical laboratories. While genetics
laboratories are considered health information custodians,
only those laboratories where tests are “performed to obtain
information for diagnosis, prophylaxis or treatment” are within
the ambit of the health privacy law8 [PHIPA, s3(1)(4)(iv)].
Both laws include exemptions to the access right for research
(see Table 2), defined as “a systematic investigation designed to
develop or establish principles, facts or generalizable knowledge
or any combination of them, and includes the development,
testing and evaluation of research”9(PHIPA, s2). Note, however,
that these research exemptions do not prevent researchers from
voluntarily providing access to data, provided that such access is
compatible with other legal and ethical norms.

Under the FOI law, records “respecting or associated with”
research are exempted from the entirety of the law10,11. This
broad exemption is meant to protect the academic endeavor from
freedom of information requests, but also exempts individual
access rights. Arguably, the research exemption’s justification
loses its persuasiveness where only an individual’s health or
WGS information is requested because there is no risk of

swiping research results or using research data for other improper
purposes (Ries, 2010). Under the health privacy law, the research
exemption is narrower—health information used “solely for the
purposes of research” [our emphasis] is excluded from the
access provisions [General, O Reg 329/04 (PHIPA), s24(1)].
This suggests that research information also used for clinical-
care purposes is subject to the individual’s access right [PHIPA,
s1(b)]. Hospital-based genomics research, especially in pediatric
contexts, often has a translational component, where WGS may
also be used to assist clinical decision-making (Knoppers et al.,
2016; Graaf et al., 2018). Hospital-based research projects that

8Laboratory and Specimen Collection Centre Licensing Act, RSO 1990, c L.1, s5.
9McMaster University (Re), 2008 CanLII 36902 (ON IPC).
10Carleton University v. Information and Privacy Commissioner of Ontario and

John Doe, requester, 2018 ONSC 3696, 2018.
11McMaster University (Re), 2008 CanLII 36902 (ON IPC).
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TABLE 1 | Sources and scope of informational access rights in Ontario.

Name of law and/or

regulation

Scope/applicability of law

and/or regulation

Contexts in which a

parental access right

exists (clinical,

research, or both)

Applicability of access

right to raw genomic

sequence data

Doctrines that may

reduce the scope of

parental access right

Recognition of

“mature minor”

doctrine for

informational rights

Personal Health

Information Protection

Act, 2004, SO 2004, c 3,

Sch A (“health privacy

law”)

Complemented by Ontario

Regulation 329/04.

Private- and public-sector

organizations designed as

“health information custodians”

Use case: hospital-based

researchers and healthcare

professionals acting in a

clinical-diagnostic capacity

Clinical: yes

Research: yes, but with

narrow exceptions

Yes Best interests of the child

(BIC)

Yes

Freedom of Information

and Protection of Privacy

Act, RSO 1990, c F.31

(“FOI law”)

Public-sector organizations

Use case: “pure” academic

research at a public institution

Clinical: yes

Research: yes, but with

broad exceptions

Likely Best interests of the child

(BIC)

No

report incidental or secondary findings are likely to be subject
to access rights, as the data would no longer be used solely for
research purposes. On the other hand, the return of such findings
in university-based research would not likely trigger access rights.

It is important to note that the existence and scope of research
exemptions vary across provinces and internationally. In Quebec,
neither the FOI law nor the law governing public medical records
contain a research exemption for access rights12,13. Individuals
in Quebec thus appear to enjoy a general right of access to
research information about themselves. In British Columbia, one
FOI law governs all public entities, including hospitals, but its
research exemption only applies to post-secondary educational
institutions14. Access rights therefore appear to apply to all
hospital-based researchers. For universities, Alberta’s FOI law
follows the same position as British Columbia’s FOI law15.
Alberta’s health privacy law is restricted to information related
to diagnosis, treatment or care, and so does not have information
generated during research as a general concern16. Although, as is
the case with Ontario’s access laws, the robustness the clinical-
research distinction may be questioned. Under the European
General Data Protection Regulation (GDPR), access rights apply
generally, but Member States are permitted to limit access rights
in the research context “in so far as such rights are likely to render
impossible or seriously impair the achievement of the specific
purposes, and such derogations are necessary for the fulfillment
of those purposes” [European Union, 2016, Arts 9(2)(j) and 89].
Such is the case of Germany’s GDPR implementation; access
rights apply to research data unless the access rights are likely
to render impossible or seriously impair the achievement of the
research (Guerrini et al., 2019; Schickhardt et al., 2020).

12Act respecting Access to documents held by public bodies and the Protection of

personal information, CQLR c A-2.1.
13Act respecting health services and social services, CQLR c S-4.2.
14Freedom of Information and Protection of Privacy Act, RSBC 1996, c 165, s3(1)(e).
15Freedom of Information and Protection of Privacy Act, RSA 2000, c F-25, s4(1)(i).
16Health Information Act, RSA 2000, c H-5, ss1(1)(i) and 1(1)(k).

Identifiability and the Characterization of
Raw Whole Genome Sequence Data
Assuming no barriers to access rights by way of research
exemptions, a legal right to access a child’s rawWGS data further
requires that the data be considered personally identifiable.
For both the health privacy and FOI laws, regardless of
clinical or research context, the standard of identifiability is
the same: identifying information is information that either
directly identifies an individual or information for which it is
reasonably foreseeable that it could be used either alone or
through combining information to identify an individual [FIPPA,
s2(1); PHIPA, s4(1)]. In clinical care and in many genomic
research contexts, genomic and health-related data are either
nominally identifiable or coded (a link is maintained between the
individual’s name and their genomic data), thus maintaining its
personal identifiability and consequently allowing for the data to
be subject to an access right (Thorogood et al., 2018).

Both the health privacy and FOI laws in Ontario have been
found to furnish individuals a legal right of access to raw
data, with the IPC having rejected a distinction between raw
data and information17,18. Central to this position under the
health privacy law is that distinguishing between raw data and
information would bring raw data outside of the data protection
regime entirely. For genomic sequencing, the distinction between
raw data and information would mean that BCL, FASTQ, BAM,
and other such files are not subject to the security safeguards and
other associated obligations created by law and that only a final
lab report or other file resulting from a process of analysis or
interpretation would be.

The information governed by the health privacy and FOI laws
is nevertheless not coextensive with information to which an
individual has a right of access. For example, if a record contains
the information of other individuals or information subject
to other access exemptions {e.g., quality of care information
[PHIPA, s51(1)(a)]}, an individual only has access to information
that can be reasonably severed (separated) from information to

17Ontario (Natural Resources) (Re), 2003 CanLII 53917 (ON IPC).
18St. Michael’s Hospital (Re), 2017 CanLII 70006 (ON IPC).
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FIGURE 1 | Decisional tree for determining whether parents have a legal right of access to their child’s personal information in Ontario.

which an individual does not have a right of access [FIPPA,
s10(2); PHIPA, s51(2)].

As regards the health privacy law, information subject to an
access right has been found to include raw data from diagnostic
equipment from which information in an individual’s health

record had been derived19. A guiding principle in determining
which information an individual has access to under the health
privacy law is informational reciprocity in the clinician-patient

19Family Services of Peel (Re), 2019 CanLII 75908 (ON IPC).
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TABLE 2 | Comparison of research exemptions in Ontario’s health privacy and

FOI laws.

Health Privacy Law FOI Law

Wording and Scope

of Research

Exemption

“Personal health

information that a

researcher uses solely for

the purposes of research”

is not subject to individual

access rights.

“Solely” for purposes of

research suggests a

stringent standard for

information to fall within

the exemption.

Information contained in

records “respecting or

associated with research”

is not subject to the law.

This includes clinical trial

data conducted by a

person employed by or

associated with a hospital.

“Respecting or associated

with” research requires a

substantial connection

between the content of

the record at issue and

specific research being

conducted.

Effect of Research

Exemption

Exempts research data

from the access

provisions of the law.

The other security

safeguards with respect to

personal health

information continue to

apply, however.

Exempts research data

from the law in its entirety.

No rights and obligations

with respect to access,

security safeguards, etc.

Situations Where

Exemption Lacks

Clarity

Individual undergoing

whole genome

sequencing as part of a

research project and

sequence data then

informs clinical care of the

individual, e.g., in cases of

incidental or secondary

findings.

When data at issue does

not implicate academic

freedom, e.g., individuals

undergoing whole

genome sequencing as

part of a research project

and seek access to this

data.

relationship20. Hence, a patient has a legal right of access to
any data, including raw data, to which their clinician would also
reasonably have access. For example, an individual would not
have a right of access to raw data used in machine processing
and that a clinician cannot reasonably use21. Furthermore, an
individual’s access right extends to data that may be extracted
via custom queries using currently available software and
formats, but not if accessing the information would require the
development of novel methods22.

In Alberta, British Columbia, and Quebec, an individual’s
right of access generally extends to raw data about
themself23,24,25. Only in Quebec, however, has it been found
that individuals also have a legal right to access raw clinical
data about themselves, even where an individual has already

20St. Michael’s Hospital (Re), 2017 CanLII 70006 (ON IPC).
21St. Michael’s Hospital (Re), 2017 CanLII 70006 (ON IPC).
22St. Michael’s Hospital (Re), 2017 CanLII 70006 (ON IPC).
23Alberta Innovates – Technology Futures (Re), 2012 CanLII 70603 (AB OIPC),

2012.
24G.F. c. Centre de réadaptation en déficience intellectuelle et en troubles

envahissants du développement du Saguenay-Lac-Saint-Jean, 2015 QCCAI 160

(CanLII).
25Ministry of Forests, Re, 2003 CanLII 49186 (BC IPC).

received a report based on the interpretation or analysis of this
data26. The underlying logic behind this position is that the
governing law does not distinguish between raw data and other
types of information. Consequently, raw data forming part of an
individual’s health record can be the object of an access request.
Information and privacy commissioner decisions in Alberta and
British Columbia have not dealt with raw health-related data
other than in the context of psychological tests. Given that no
distinction exists between raw data and information as a matter
of law, it appears strongly probable that, when faced with an
individual access request to raw health-related data, an access
right to raw data will be recognized. Indeed, in the European
context, it has been argued that under the GDPR, individuals
have a general right to raw data about themselves (Schickhardt
et al., 2020).

As with the case in Ontario, an individual’s right of access
to raw data is not unfettered. For example, Quebec’s FOI
law does not give individuals a right of access to documents
that require “computation or comparison of information”27.
That is, an information custodian does not need to create a
document or file of assembled information solely for the purposes
of providing access28. Extracting data from an information
system does not, however, constitute the creation of a new
document29. In contrast, laws in British Columbia and Alberta
require that the information custodian create a record for
an individual exercising an access right30,31,32. However, and
much as is the position under Ontario’s health privacy law,
individuals in Alberta, British Columbia, and Quebec do not
have a right of access to data to which the information custodian
does not have access through existing software and/or normal
technical expertise33,34,35,36,37. Moreover, it is a commonality
that the information must be reasonably severed if contained
in a record not dedicated primarily to the individual’s personal
information38,39,40,41. Applied to raw WGS data, it then seems
that an individual will have an access right to their raw WGS
data, pending no other potential exclusions, as explored in the
next sections.

26G.F. c. Centre de réadaptation en déficience intellectuelle et en troubles

envahissants du développement du Saguenay-Lac-Saint-Jean, 2015 QCCAI 160

(CanLII).
27Act respecting Access to documents held by public bodies and the Protection of

personal information, CQLR c A-2.1, s15.
28C.S. c. Société de l’assurance automobile du Québec, 2017 QCCAI 251 (CanLII).
29Stratégie 360 inc. c. Laval (Ville de), 2012 QCCAI 238 (CanLII).
30Freedom of Information and Protection of Privacy Act, RSA 2000, c F-25, s10.
31Freedom of Information and Protection of Privacy Act, RSBC 1996, c 165, s6.
32Health Information Act, RSA 2000, c H-5, s10.
33Act respecting Access to documents held by public bodies and the Protection of

personal information, CQLR c A-2.1, s15.
34Freedom of Information and Protection of Privacy Act, RSA 2000, c F-25, s10.
35Freedom of Information and Protection of Privacy Act, RSBC 1996, c 165, s6.
36Health Information Act, RSA 2000, c H-5, s10.
37Stratégie 360 inc. c. Laval (Ville de), 2012 QCCAI 238 (CanLII).
38Act respecting Access to documents held by public bodies and the Protection of

personal information, CQLR c A-2.1, s14.
39Freedom of Information and Protection of Privacy Act, RSA 2000, c F-25, s6(2).
40Freedom of Information and Protection of Privacy Act, RSBC 1996, c 165, s4(2).
41Health Information Act, RSA 2000, c H-5, s7(2).
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Best Interests of the Child: A Limit on
Parental Access?
The best interests of the child (BIC) is a legal standard whose
most important source is the CRC. The BIC is at the forefront of
legal and ethical considerations inmaking decisions concerning a
child (Sénécal et al., 2015b). The CRC itself deems BIC the “basic
concern” of parents (United Nations General Assembly, 2007,
18). In Canada, “the values and principles of the Convention
recognize the importance of being attentive to the rights and best
interests of children when decisions are made that relate to and
affect their future”42.

The multifactorial, context-specific nature of the BIC has been
criticized for its failure to produce clear, bright-line rules (Parker,
1994). It is, however, largely by virtue of the BIC’s context-specific
nature that gives it its potential to be applied using localized
meanings and understandings in a way that serves its overarching
purpose—the treatment of the child in a way that promotes
their welfare while also being responsive to the child’s age and
capacities (Parker, 1994; Lansdown, 2005).

The BIC standard is relevant for the exercise of informational
rights, and in particular the right of access. BIC has been applied
in the context of access requests under both the health privacy
and FOI laws. The approach of applying BIC under both laws
is the same and can act as a limit on parents’ ability to access
information about their children43,44. For example, the Ontario
IPC has found that a father making an information access
request, despite having done so in good faith, was nevertheless
not acting on behalf of the child, but rather for his own collateral
purpose and so access to the information at issue was not
granted45. The adjudicator further found, “based on the sensitive
nature of the materials contained in the records, that the release
of the son’s personal information would not serve the best
interests of the child.”46 The decision’s reasoning that the exercise
of rights on behalf of a child requires a connection to that
child’s best interests finds further support in Ontario’s Children’s
Law Reform Act, which states that incidents of custody of the
child, such as exercising an access to information right, are to
be determined with reference to the BIC47. In this way, the
intersection of BIC and informational rights ensures that the
parent is in fact acting on behalf of the child in a way that coheres
with that child’s best interests.

Beyond Ontario, the BIC remains a primordial consideration
in all decisions concerning a child. As in Ontario, however, each
province had limited case law concerning the intersection of the
BIC standard and informational rights. In Quebec, the Civil Code
requires that all decisions concerning a child take into account
that child’s interests and rights, including the right of the child
to be involved in the decision-making process in a way that is

42Baker v. Canada (Minister of Citizenship and Immigration), 1999 CanLII 699

(SCC), para 71.
43Family Services of Peel (Re), 2019 CanLII 75908 (ON IPC).
44Ontario (Community Safety and Correctional Services) (Re), 2016 CanLII 25549

(ON IPC).
45Ontario (Community and Social Services) (Re), 1994 CanLII 6595 (ON IPC).
46Ontario (Community and Social Services) (Re), 1994 CanLII 6595 (ON IPC), p 3.
47Children’s Law Reform Act, RSO 1990, c C.12, s19(a).

compatible with their maturity48. British Columbia similarly has
found that acting on behalf of a child is synonymous with acting
in the best interests of the child, even where informational rights
are concerned49. The BIC is furthermore relevant in Alberta,
where the disclosure of confidential information may be justified
if it is in the child’s best interests50. Similarly, the BIC and the
child’s right to be involved in decisions affecting themself are
fundamental rights in the European Union (European Union,
2012, Art 24). The intersection of child’s rights and informational
rights has nevertheless garnered criticism on the basis that
the child’s evolving capacities are not adequately taken into
consideration (Buitelaar, 2018).

Mature Minors in Access Contexts
Children are both bearers of rights and in need of protection
owing to their vulnerability. As they age and mature, children
present distinctive rights and needs, in the informational
context and elsewhere. Central for our purposes is the
CRC’s “participatory/emancipatory concept,” whereby rights are
transferred from the parent to the child in recognition of the
child’s developing maturity (Lansdown, 2005). Concern for the
child’s developing autonomy finds its principal expression in
the involvement of the child in decision-making processes,
such as the informed consent process (United Nations General
Assembly, 1989, Art 12). The informed consent process must
mediate between concerns for a child’s developing autonomy,
self-awareness, values, ability to understand, and the overarching
concern for a child’s best interests (Coughlin, 2018). Elucidating
this mediation process, the Supreme Court of Canada has stated
that the BIC “must be interpreted in a way that reflects and
addresses an adolescent’s evolving capacities for autonomous
decision-making.”51 For children who possess a high level of
maturity, the concerns for the child’s welfare (concretized in the
BIC standard) on one hand, and their autonomy on the other,
“will collapse altogether and the child’s wishes will become the
controlling factor.”52

Assuming that an access right exists in relation to the
information, an information custodian must determine who is
capable of exercising the right. In what follows, we examine the
rights of access of children and of parents under both the FOI
and health privacy laws (see Figure 1 for summary). We will
show that the two laws share a common point of departure—
parents may exercise access rights where the child is under 16
years of age. But there is a lack of clarity regarding cases where
the sampling and sequencing procedure serves both clinical
and research purposes or the procedure is undergone solely for
research purposes.

For the purposes of our analysis, we assume that the parent
requesting access is a custodial parent and that the child to

48Civil Code of Québec, CQLR c CCQ-1991, 1991, Arts 32–34.
49British Columbia (Children and Family Development) (Re), 2018 BCIPC 47

(CanLII).
50High Prairie School Division No. 48 (Re), 2012 CanLII 70631 (AB OIPC).
51A.C. v. Manitoba (Director of Child and Family Services), 2009 SCC 30 (CanLII),

para 88.
52A.C. v. Manitoba (Director of Child and Family Services), 2009 SCC 30 (CanLII),

para 87.
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whom the WGS data relates follows a unidirectional, progressive
trajectory with regard to their capacity for autonomous decision-
making, i.e., that capacity is not present at one time but then is
lost at a later time.We use the term “matureminor” in the narrow
sense to refer to the mature minor legal doctrine, as well as in the
broad sense to refer tominors who either have capacity to consent
to treatment or who have informational capacity.

Both the FOI and health privacy laws share a common starting
point: where a child is under 16 years of age, the parent or
other LAR may exercise the right of access on behalf of the child
(FIPPA, s66; PHIPA, s23). Contrary to the health privacy law,
the FOI law does not incorporate the mature minor doctrine
into its access provisions. The FOI law’s bright-line approach,
whereby parents exercise informational rights on behalf of a child
under 16 years of age without regard to the circumstances, may
be understood as fusing the interests of parent and child [FIPPA,
s66(c)]. The only potential for a separation of the interests of the
parent and child is through reference to the BIC standard (infra).

The health privacy law contains two key exceptions to the
general rule that a parent or LAR may exercise the right of access
on behalf of a child under 16 years of age. The first is that
parents and other LARs do not have a right of access where the
information relates to treatment or care to which the child has
consented on their own [PHIPA, s23(2)(i)]. The health privacy
law works in concert with the law governing capacity to consent
to clinical treatment, ensuring that informational rights traces
authority with regard to clinical decision-making (HCCA). The
second exception to the general rule that parents or other LARs
have a right to access information about a child under 16 years
of age concerns minors who are informationally capable. We
explore each in turn.

In Ontario, all individuals, including children, are presumed
to be capable of consenting, unless the individual is unable to
understand information relevant to the treatment53. Capacity to
consent to treatment revolves around the notion that treatment,
“means anything that is done for a therapeutic, preventive,
palliative, diagnostic, cosmetic or other health-related purpose,”
(HCCA, s2). Capacity is determined on a treatment-by-treatment
basis with regard to the capacity of the patient to understand
the information relevant to that decision and to appreciate
the associated reasonably foreseeable consequences (HCCA, s4).
Consequently, a minor may be competent to consent to a low-
risk procedure such as the removal of a mole, while for higher
risk procedures, such as novel chemotherapies, that same minor
would not be competent to consent. Where a mature minor has
consented to a sampling and sequencing procedure for a clinical-
diagnostic purpose, a parent does not have a right of access to any
of the sequence data, raw or otherwise, unless the minor consents
to releasing the information to the parent.

For a procedure whose “primary purpose” is research,
however, the general rules regarding parental access under the
health privacy law apply. Consequently, if the child is under 16
years of age and the primary purpose of the sequencing and
sampling was research, then the parent will have prima facie
a right of access to that information. The breadth of scenarios

53Health Care Consent Act (HCCA), 1996, SO 1996, c 2, Sch A.

covered by the primary purpose criterion is broad. Where a child
undergoes sampling and sequencing as part of participation in a
research study in the hope that the data generated will be relevant
for treatment, the primary purpose appears to remain research as
the research study is the reason for which the data is generated.
Any potential clinical application is merely secondary. This is
significant as the primary purpose criterion implicates both pure
research and research-clinical scenarios. Recall that, as regards
the former, the return of incidental findings should hypothetically
trigger an access right and that the research exemption would not
apply to the latter because such information would no longer be
used exclusively for research purposes.

The effect of the foregoing is that where adolescent children
undergo a sampling and sequencing procedure, a parent will
prima facie have a right to data generated in either the pure
research or research-clinical contexts, but not to data generated
in relation to the clinical-diagnostic context. Informational
rights do not trace decisions by a minor regarding research
participation because there is no legal mature minor doctrine
for research participation. As an ethical process, assent does not
directly affect legal rights with regard to information related
to research.

The second exception to the general rule that parents or other
LARs have a right to access information about a child under 16
years of age concerns minors who are informationally capable.
Where a minor child is able to “understand the information that
is relevant to deciding whether to consent” and to “appreciate
the reasonably foreseeable consequences” of a decision regarding
their information, they are recognized as having capacity for
the purposes of the health privacy law (herein “informational
capacity”) [PHIPA, s21(1)]. Where the decision of a parent or
other substitute decision-maker differs from a capable child
as regards that decision, the child’s decision prevails over the
conflicting decision of the parent54 [PHIPA, s23(3)].

Informational capacity gives the minor a voice, even where
they have not consented to the procedure to which the
information relates. However, it introduces complexities for
information custodians. Examining whether the child consented
to the procedure at issue is only a first step. Even if they did not,
they may still possess informational capacity such that the access
right must be exercised by the child themself. The relevant point
in time for undertaking the analysis is at the time of the access
request. Consequently, an adolescent may be likely to possess
informational capacity for information that relates to a procedure
they underwent in their tender years.

One may still question the significance of informational
capacity in practice. Consider that when a minor’s decision
regarding treatment or care is at issue, the clinician has directly
interacted with the minor-patient and so is in an appropriate
position to judge that minor’s capacity to make a choice for
treatment. Yet in the informational context, an access request
will likely be handled by an administrator without personal
knowledge of the child to whom the information relates. There is
no explicit obligation for an information custodian to determine
whether a child is informationally capable upon receipt of an

54Family Services of Peel (Re), 2019 CanLII 75908 (ON IPC).
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access request from a parent (Perun et al., 2005). It appears
likely that, unless an information custodian knows that a minor
disagrees with a parent’s access request, access is likely to be
granted. The general duty of information custodians to act in “in
good faith and reasonably in the circumstances” may, however,
give rise to an obligation for custodians to take into consideration
the minor’s decision-making capacity at the time of the access
request [PHIPA, s71(1)].

The circumstances under which a parent has access to their
child’s information varies widely by province in Canada. For
consent to clinical care, Quebec follows an age-based criterion
that presumes any individual above 14 years of age may consent
to treatment required for their health unless there is reason to
believe the individual does not have sufficient decision-making
capacity55. Similar to Ontario, informational rights map onto
this age of consent: minors over the age of 14 have access rights
under the statute that governs individuals’ medical files56. Where
a parent requests access to information in a medical record that
relates to a child who is 14 or older, the custodian must first
consult the child and the child’s decision regarding whether or
not to provide access to the parent is binding57.

Other provinces follow the “mature minor” doctrine, initially
developed in England andWales, whereby aminor who is capable
of understanding the proposed course of clinical action and is
capable of expressing their own wishes regarding this course
of action may consent to care, provided that it is in their best
interests and notwithstanding their general lack of legal capacity
due to their age (e.g., British Columbia and Alberta)58,59,60,61

(Dalpé et al., 2019). In British Columbia, a parent may only
exercise a child’s access right where the child is incapable of
exercising it themselves62. In practice, informational competence
tends to be recognized at the age of 12 and so parents require
their child’s authorization to access their health files63 (see,
e.g., Health Information Management, 2020). Likewise, Alberta’s
health privacy law is also consistent with the mature minor
doctrine regarding consent to clinical care. Under Alberta’s health
privacy law, a parent making an access request for information
about their child under the age of 18 bears the onus of proving
that their child “does not understand the nature of the right. . . and
the consequences of exercising the right” at the time that the
request is made64,65. Notably, “the level of understanding that
is required for an individual to understand the nature and
consequences of exercising rights or powers under [Alberta’s
health privacy law] is not a particularly onerous standard,”66.

55Civil Code of Québec, CQLR c CCQ-1991, 1991, Arts 14 and 17.
56Act respecting health services and social services, CQLR c S-4.2, ss17, 20, 21.
57Gagné c. Hôpital Ste-Justine [1999] CAI 261.
58Infants Act, RSBC 1996, c 223, 1996, s17.
59A.C. v. Manitoba (Director of Child and Family Services), 2009 SCC 30 (CanLII).
60Gillick v West Norfolk and Wisbech AHA [1985] UKHL 7.
61J.S.C. v. Wren, 1986 ABCA 249 (CanLII).
62Freedom of Information and Protection of Privacy Regulation, BC Reg 155/2012,

2012, s3(1).
63MyHealthPortal Available at: https://www.interiorhealth.ca/YourHealth/

MyHealthPortal/Pages/default.aspx [Accessed February 14, 2020].
64Calgary Health Region (Re), 2006 CanLII 80851 (AB OIPC).
65Health Information Act, RSA 2000, c H-5, s104(1)(c).
66Calgary Health Region (Re), 2006 CanLII 80851 (AB OIPC), para 74.

The kind of information at issue appears to be irrelevant for
the purpose of determining informational capacity. Thus, there
is no clear support that there is a higher capacity required for
exercising access rights over raw WGS data than other kinds
of health information. Alberta’s FOI law takes a novel approach
in that a parent may exercise the child’s rights provided that
such exercise does not cause “an unreasonable invasion of the
personal privacy of the minor,” which presumably is intended
to be a case-by-case determination with the minor’s evolving
capacities taken into account67. The position under the GDPR
is largely a question for Member State law, as the regulation
only makes specific provision for the age at which children may
consent in relation to information society services, and not to
data processing activities generally (European Union, 2016, Art
8). In view of the wide diversity of approaches and the multiple
considerations at play (e.g., age of consent to clinical treatment,
to research, to data processing, duties to assess a minors’ capacity
before allowing parents to exercise their rights, duties to consult
minors before releasing data, etc.), health professionals should
carefully consider the potential interface of these factors under
local law.

DISCUSSION

Individuals in Ontario have a legal right to access their genomic
data used for clinical and translational research. Ethical and legal
literature in genomics has mainly focused on the obligations
of professionals implicated in the bioinformatics pipeline with
respect to test interpretation and the return of incidental or
secondary findings, with raw data receiving less attention (Borry
et al., 2018). Previous articles in the Canadian context have
focused on access requests in the context of academic health
research (Ries, 2010), or on individual control over genetic
information (Ogbogu et al., 2014).We expand upon these articles
by identifying legal access rights to clinical data and by clarifying
the scope of research exemptions in Ontario. In healthcare
institutions, only data solely used for research is exempted from
the individual right of access. In academic institutions, all data
associated with research is exempted. We also find case law
indicating that access rights should encompass raw WGS data.
Exempt research projects can still decide to offer access as a
matter of ethics and participant engagement.

Our study is the first to trace the contours of parental access
rights where children undergo WGS. We find that parents’
authority to request access must be exercised on behalf of
the child and in that child’s best interests. Health information
custodians would have grounds to refuse an access request
manifestly not in the child’s best interests. Furthermore, we find
that health information custodians likely have a duty to ensure
parents are not granted access to a mature minor’s information,
unless the minor consents or the parent demonstrates that the
minor lacks capacity to make decisions about the disclosure of
their health information. The position concerning access rights

67Freedom of Information and Protection of Privacy Act, RSA 2000, c F-25,

s84(1)(e).
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is most clear in the case of sequencing for exclusively clinical-
diagnostic purposes across jurisdictions, albeit with importance
nuances among them. Parental access to research data typically
is not possible, due to the research exemptions. If it is possible,
however, the provinces also differ greatly in their approaches.

Despite the clear evidence of BIC’s relevance for the exercise
of informational rights, the cases in which BIC has been applied
in the context of parental access requests are limited. Indeed, this
was true across all Canadian provinces under study. The small
number of cases suggests either that information custodians do
not generally deny parental access requests or that such denials
are not appealed to the provincial IPC (Cases only appear in
front of the provincial IPC in circumstances where an individual
is challenging a decision made by an information custodian).
It is moreover difficult to envisage the circumstances in which
an information custodian would be able to easily distinguish
between the BIC and any ulterior motives on the part of a parent.
For example, one of the few cases where BIC was an express
consideration was when a parent had requested information from
a police report on behalf of their children, but the children were
fearful of them and did not desire contact with the parent68. It
thus seems that the BIC standard exists in principle in relation
to information access requests, but the circumstances in which
information custodians may meaningfully invoke it are limited.
Importantly, we note that the vast majority of parents are likely
making decisions that are in keeping with their child’s best
interests. As such, information custodians should not be quick
to second-guess parental motives in most circumstances. To
this end, see section Conclusion and Points to Consider for
recommendations in.

Leveraging Professional Expertise With
Access Rights
While law provides an important framework in this area,
ensuring parental access supports the welfare, privacy, and
developing autonomy of children will primarily depend
on the ethical behavior of both professionals and parents.
One important challenge for information custodians and
professionals is the difficulty of distinguishing beneficial parental
access requests from improper ones. Likewise, it may be difficult
to craft legislation or professional guidelines that effectively
make this distinction. Too much intervention risks depriving
children of their right to receive parental guidance in keeping
with their age and capacities.

The existence of legal access rights, rather than trumping
professional obligations, invites us to reconsider how the child’s
best interests can be furthered. Professional expertise should
be leveraged to further the child’s best interests, which should
include the involvement of the most important individuals in
a child’s life—their parents. Professionals should thus engage
with parents and help them decide if access is the right decision
for their child, and how to responsibly handle the data once
accessed. The potential for parental access may also encourage
professionals to more carefully consider whether or not to

68Ontario (Community Safety and Correctional Services) (Re), 2016 CanLII 25549

(ON IPC).

sequence children in the first place. Ultimately, much of the
responsibility to act on behalf of, and thus safeguard, the
child’s interests will rest with parents. Careful management of a
child’s personal information is an increasingly important parental
responsibility–this responsibility also extends to genomic data.

A fruitful starting point in ensuring that the exercise of access
rights is in keeping with the child’s best interests are professional
guidelines developed to address the return of incidental or
secondary genomic findings in children. These guidelines
highlight the ethical challenges with respect to handling the
genomic data of children, particularly where it reveals health
risks that may only materialize after the child has reached
maturity. On the one hand, returning predictive information to
children and their parents may inform childhood or adulthood
actions that could improve the child’s future health (Johnson
et al., 2017). The return of information may also better inform
the health choices of family members, which can improve the
overall well-being of the child (Hardart and Chung, 2014).
On the other hand, returning predictive information may
threaten the child’s future autonomy and ethical right not to
know (Feinberg, 1980). Return may also lead to psychological
harms (e.g., anxiety, low self-esteem), harms to family
relationships, and potential discrimination (McGuire et al.,
2020). Flowing from these competing concerns, professional
guidelines have made different recommendations about the
reporting of adult-onset genomic findings in pediatrics.

Clinicians using WGS tests may look to their professional
associations for guidance on how to deal with requests to provide
parents access to their child’s raw WGS data. The American
College of Medical Genetics (ACMG), the Canadian College
of Medical Genetics (CCMG), and the European Society of
Human Genetics (ESHG) have not published any policies on
responding to access requests to raw data generally (“pulling”
data). Nevertheless, each organization does have a position on
the return of incidental or secondary findings, i.e., “pushing” data
(Green et al., 2013; van El et al., 2013; Boycott et al., 2015).

Secondary findings describe pathogenic variants that are
identified in the genome of a patient unrelated to the primary
purpose of the testing (Knoppers et al., 2015). Secondary findings
and raw data are undoubtedly distinct from one another: the
former are curated (and, thus, the product of an interpretive
process) and the latter are merely the subject-matter of that
interpretive process. However, both represent different forms
of genomic information that can be returned to individuals if
requested. With this common characteristic considered, and in
the absence of any guidance on the return of raw data, it is worth
briefly exploring positions on the return of secondary findings.

The ACMG has the most permissive policy on returning
secondary findings, recommending that a predetermined list
of variants associated with medically actionable disorders be
returned to patients, provided consent is obtained, in addition
to primary test results (Green et al., 2013). Importantly, while
the majority of these conditions are adult-onset, the ACMG also
recommends returning these variants when found in children as
the results may have immediate implications for family members
and for the child when they are older. The ACMG also highlights
the importance of parental decision-making when it comes to
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genetic testing. Despite its nuances, this approach not been
without detractors (Garrett et al., 2019).

The ESHG and CCMG take a more cautious and classical
approach by suggesting the creation of a bioinformatics pipeline
that minimizes the identification of secondary findings (van
El et al., 2013; Boycott et al., 2015). The CCMG nevertheless
recognizes that labs may want to search for secondary findings
and provide guidance on what results to return. They suggest
that labs searching for secondary findings ought to return results
for highly penetrant conditions that are medically actionable
in childhood. Variants associated with adult-onset medically
actionable conditions should only be returned upon request,
when the data has the potential to prevent serious harm to
the health of a parent or family member. The ESHG highlights
concerns over respecting the emerging autonomy of children,
while the CCMG suggests that there may be psychosocial harms
associated with returning secondary findings as a rationale for
their cautious approach.

While providing secondary findings and returning raw data
both involve returning genomic information that may have
nothing to do with the primary indication for testing, the scale
of data being returned is vastly different. For example, the ACMG
suggests screening for pathogenic variants in only 59 genes (Kalia
et al., 2017). In contrast, raw genomic data contains information
on all genes and intervening sequence in the genome. Returning
raw data could be considered analogous to returning all variants,
depending on what is done with the data. Raw data could be
analyzed to identify variants associated with adult-onset non-
medically actionable diseases, variants of unknown significance,
and the carrier status of the child. To our knowledge, no
professional guideline or policy has even contemplated returning
this type of information to parents.

Despite the silence of professional norms regarding the return
of raw sequence data, many laboratories performing clinical
WGS permit raw data release. A recent study examined the
content of publicly available consent forms to determine whether
they complied with recommendations made by the ACMG
and the Presidential Commission for the Study of Bioethical
Issues (Fowler et al., 2018). Germane to this discussion was
the recommendation made by the Presidential Commission that
patients be informed of what data and information may be
returned (Presidential Commission for the Study of Bioethical
Issues, 2012). Of the 18 consent forms analyzed, 44% provided
for return of the raw data to the clinician, with commercial
laboratories being more likely to permit raw data release
compared to academic labs (Fowler et al., 2018). This study
suggests that a large minority of patients are made aware that raw
data release is possible and that clinicians are the gatekeepers for
this information. Regardless, patients generally have legal rights
to access health information held by laboratories in Ontario
either directly or indirectly through their clinician69.

In this vein, laboratory data retention practices are
noteworthy. Despite health information retention laws, and
professional recommendations for retention of some data files

69General, O Reg 329/04 (Personal Health Information Protection Act,

2004), 24(1)(2).

by clinical genetics laboratories, both policy and practice remain
unclear and variable. For example, the CCMG recommends that
clinical genetics laboratories retain the VCF file for a minimum
of 2 years and possibly even longer for the testing of minors
or for inherited disorders with familial implications (Hume
et al., 2019). Surprisingly, the CCMG’s recommendation of
retaining a VCF file for at least 2 years is markedly shorter
than the periods established by other legal and ethical norms
for retention of health information, e.g., 10 years in the case
of health information and 5–10 years for diagnostic imaging
records70,71. One possible reason for this discrepancy could be
that clinical genetics laboratories do not typically have direct
contact with patients and the VCF file represents an intermediate
step between the act of sequencing and the information relayed
to a patient by their clinician. The existence or accessibility of the
file over time clearly has implications for parental access.

Our analysis of legal rights of parental access is connected
to another debate regarding parents’ ability to have their child
tested through direct to consumer (DTC) genetic testing services.
Usually, children are only sequenced in health care where there
is an important clinical indication, and in research where there
is a need to improve our understanding of serious childhood
conditions.With DTC, parents can seek genetic testing of healthy
children or children with non-serious health conditions. Some
of the health information they may receive, such as information
about adult-onset conditions, raise the ethical issues highlighted
above between access to health information for children and
families, and closing of the child’s future choices not to know
their health status. Furthermore, parents can generally access
their child’s genetic data in the DTC context because PIPEDA sees
the parent effectively exercising the child’s legal informational
rights on behalf of the child and does not expressly consider the
rights of children with regard to access. Parents may then share
the child’s data with third party interpretation services, clinicians,
researchers, and even open-access recreational genomics sites.
While this may offer interesting health, research, and recreational
opportunities for both parents and children, there is also the
potential for important privacy risks and discrimination.

With the increase in sequencing in the research and clinical
contexts, coupled with the advent of DTC genetic testing
services, parents have greater freedom to test their children
for various health risks and to direct the sharing of their
children’s data. A recent study counted as many as 35 raw
genomic data interpretation services available to consumers
online (Capaci et al., 2020). Parents are already attracting more
responsibilities for safeguarding their children’s privacy with
their social media interactions. Such responsibilities are likely to
extend to understanding the health and privacy implications of
genetic testing and data sharing for children.

Our study focused on describing the application of current
law to parental genomic access requests. Future legal studies
could explore if laws should be adapted to be more responsive
to the challenges of genomic and children’s privacy. Future legal
research questions include the following: Are individual access

70General, O Reg 114/94 (Medicine Act, 1991).
71Hospital Management, RRO 1990, Reg 965 (Public Hospitals Act).
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rights an appropriate and effective way to empower patients? For
example, it has been highlighted that proactive approaches of
providing individuals with access to their data would be better
for all parties involved, as formal access requests are clunky
and time-consuming (Kwoka, 2017). Should health privacy laws
incorporate more explicit protection and consideration for the
child’s best interests? (Buitelaar, 2018; Savirimuthu, 2019) Is
direct regulation of parents regarding their children’s genetic data
desirable? Feasible? What about greater regulation of third-party
interpretation services, especially when it comes to children’s
genetic data? (Guerrini et al., 2020)

CONCLUSION AND POINTS TO CONSIDER

Health professionals, researchers, and their organizations
must carefully consider the legal and ethical implications
of parental access when handling requests or designing
personal genomic access policies and processes. They
need to be able to determine when parents have a legal
right to access their child’s health information, the ethical
implications of parental access for the child, and their
corresponding professional duties to protect the best
interests and developing capacity of young patients and
research participants.

While our study has focused on the legal rights of access of
parents to their child, the avenues of inquiry may be generalized
for other jurisdictions. Individuals should identify the controlling
legal framework regarding individual access rights, which will
most often be contained in either privacy and data protection
or freedom of information laws. It is also essential to determine
the existence and ambit of any exemptions in the research
context. Furthermore, individuals should examine if raw data
constitutes personal information under relevant privacy and
data protection and/or freedom of information laws. Where
parents are requesting the personal information of their children,
two additional and interrelated issues are present: the BIC and
provisions for “mature minors”/the need to involve a child
in appropriate manner based on age and competence. Either
of these aspects of children’s rights may temper the parental
access right.

General recommendations for personal genomic access
in healthcare and health research contexts have already
been developed in the German context by the Ethical
and Legal Aspects of Whole Genome Sequencing project
(EURAT) (Winkler et al., 2019). We endorse EURAT’s core
recommendations of pre- and post-access education. Such an
approach sees professional expertise working together with
legal rights to further the health, privacy, and general welfare
of probands and their families. EURAT recommends that an
initial conversation be held with requestors to explain the
access process and assess their capacity and motivation. At this
stage, general information about the nature and implications
of raw genomic data should be provided to help requestors
determine if access will serve their purposes. This information
may include disclaimers about quality and fitness for medical
use, information about the limited meaning of the information,

the need for expert interpretation, and the health and privacy
risks to the individual and family members that can arise from
sharing genomic data. The individual can then be offered an
opportunity for sober reflection and reconsideration after this
initial conversation. If the individual proceeds with the request,
they can be offered general written information about the health
and privacy implications of the raw data should be provided, as
well as an opportunity for personal consultation, while making it
clear this is not individualized genetic counseling. Each of these
steps should be carefully documented.

Overall, EURAT also recommends that healthcare
organizations and research projects should establish a clear
and accessible policy to facilitate handling of requests, describing
the scope of the right to access, the process for requesting access,
and opportunities to receive information and consultation.
Moreover, appropriate quality-control mechanisms for sample
and data tracking and identity authentication processes must
be in place to ensure the right data is returned to the right
person. One final general consideration is that access requests
should be directed through the ordering physician, and not the
laboratory directly.

While a useful source of guidance, EURAT’s
recommendations are neither specific to the pediatric context
nor to the unique contours of legal access rights in Canada. As
such, we propose these additional considerations:

- If possible, professionals in the child’s circle of care should
speak to parents who are requesting access to raw sequence
data to better understand the context of the request. It may
turn out that the parents’ request may be better satisfied
by other avenues, e.g., returning interpreted results. An
explanation of the interpretation processes the sequence data
have already undergone can assist parents in understanding
the nature of their request. For example, if a search has
already been conducted for highly penetrant conditions that
are clinically actionable in childhood, parents may decide that
having the raw sequence data is not needed.

- Pre- and post-access informational materials and
consultations should inform parent requestors about the
implications of raw data for the child’s well-being, privacy,
and developing autonomy. They should also inform parental
requestors of their ethical responsibilities for handling, using
and sharing their child’s genome responsibly.

- Information custodians should withhold access if it is
manifestly clear to the professional that the parent is not
acting on behalf of the child, viz. for an ulterior purpose
such as uploading the child’s sequence data to an online
portal for a reason disconnected from the child’s best interests.
Nevertheless, we recognize that professionals may rarely
have clear evidence about the motivations to justify refusing
parental access. Moreover, parents can always lodge an
appeal to an information custodian’s decision with which
they disagree.

- Steps should be taken to determine that only the individual
who is legally authorized to exercise the child’s access right
is permitted to access data (parent, mature-minor, LAR,
or no one). This will generally be determined by the age
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of consent, but also exceptionally by the child’s level of
maturity in the clinical context. We provide a flow chart
to aid with this determination (see Figure 1). In particular,
health information custodians should consider an older child’s
developing maturity: they should seek to determine if the child
has the capacity to exercise informational rights alone before
granting access to parents, and to ensure the child has been
consulted about the request in an age-appropriate manner.

- In pediatric research contexts where there is no legal right
to access, a governance decision should be made before
recruitment as to whether or not the project will provide
access to parents, considering the consequences for research
integrity, available resources, and expectations of participants.
The specific research context may be important. Parents of
sick children with rare diseases, chronic conditions, or cancer
may deserve greater deference inmanaging their child’s genetic
data in order to drive their care and related research, than
parents of healthy children. If providing access may bias
research outcomes, then access may require the participant
to withdraw from the study. If a research project voluntarily
opts to provide access, the considerations above for doing so
responsibly are applicable.
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