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Abstract

Background Familiar cardiopathies are genetic disorders that affect the heart. Cardiologists face a significant prob-
lem when treating patients suffering from these disorders: most DNA variations are novel (i.e., they have not been
classified before). To facilitate the analysis of novel variations, we present CardioGraph, a platform specially designed
to support the analysis of novel variations and help determine whether they are relevant for diagnosis. To do this,
CardioGraph identifies and annotates the consequence of variations and provides contextual information regard-
ing which heart structures, pathways, and biological processes are potentially affected by those variations.

Methods We conducted our work through three steps. First, we define a data model to support the representation
of the heterogeneous information. Second, we instantiate this data model to integrate and represent all the genomics
knowledge available for familiar cardiopathies. In this step, we consider genomic data sources and the scientific litera-
ture. Third, the design and implementation of the CardioGraph platform. A three-tier structure was used: the database,
the backend, and the frontend.

Results Three main results were obtained: the data model, the knowledge base generated with the instantiation
of the data model, and the platform itself. The platform code has been included as supplemental material in this
manuscript. Besides, an instance is publicly available in the following link: https://genomics-hub.pros.dsic.upv.es:3090.

Conclusion CardioGraph is a platform that supports the analysis of novel variations. Future work will expand
the body of knowledge about familiar cardiopathies and include new information about hotspots, functional studies,
and previously reported variations.
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Background

Introduction

Familiar cardiopathies, also known as inherited cardio-
vascular diseases, are genetic-based disorders that affect
the heart. These disorders are characterized by a het-
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which affect muscle structure and contraction process;
ii) channelopathies, which affect the electrical activity of
the heart; and iii) genetic aortic diseases, which affect the
aorta, the largest artery in the human body.

Due to the genetic heterogeneity associated with famil-
iar cardiopathies, cardiologists face a critical problem
when working with patients suffering from cardiopathies:
Most of the DNA variations they work with are novel
(i.e., newly discovered) [2]. This means that these varia-
tions have not been clinically classified as pathogenic,
uncertain significance (VUS), or benign. This problem
makes it difficult for cardiologists to determine whether
the origin of a cardiopathy is genetic, and they cannot
provide an early diagnosis to patients and their relatives.

In terms of time and effort, variation classification is
an expensive process. As a result, classifying all of the
novel variations from a patient can take days to weeks,
depending on the number of variations to evaluate. This
work presents CardioGraph, a platform designed to pri-
oritize variations clinically associated with familiar car-
diopathies, reducing the number of novel variations
cardiologists must evaluate and study. CardioGraph
uses a complex workflow to annotate the consequences
of the variations, focusing on how severe the effect on
the protein’s structure or function is likely to be. This
information is supplemented with contextual informa-
tion about the heart structure, pathways, and affected
pathways. With all this data, CardioGraph can identify
variations more likely to be relevant in the context of
familiar cardiopathies. Thanks to these capabilities, using
CardioGraph, cardiologists can focus on variations that
are more likely to be relevant for familiar cardiopathies,
reducing workload and helping make well-informed clin-
ical decisions.

To facilitate data retrieval, integration, and analysis, we
have designed and implemented CardioGraph following
a conceptual model-based approach. This allowed us to
take advantage of the benefits associated with managing
genomics data using data models [3, 4]. Currently, Car-
dioGraph consists of three modules. A brief description
is presented below:

+ Data Model: The data model used to retrieve, inte-
grate, and analyze genomics data associated with
familiar cardiopathies is described.

+ Knowledge Graph: The information associated with
genetic aortic disorders, channelopathies, and car-
diomyopathies is displayed in the form of a directed
graph. The graph follows the data model presented in
the previous module.

+ The Platform: A service that annotates Variant Call
Format (VCF) files, enriching the context of their
variations. Each variation is annotated with: i) its
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consequence according to SnpEff [5], ii) the result-
ing amino acid change and its effect, and iii) plenty
of contextual information provided by our knowledge
graph.

CardioGraph has been developed and validated with
the help and support of cardiologists from the Health
Research Institute Hospital La Fe in Valencia, Spain, and
the Institute of Health and Biomedical Research in Ali-
cante, Spain.

Related work

Knowledge graphs have gained popularity in recent years
due to their ability to structure information and make
complex connections explicit. Currently, they are being
used in medicine to structure complex disease informa-
tion, drug repurposing, and the biomedical literature [6].
In the particular context of cardiology disorders, knowl-
edge graphs are useful for improving treatment decisions
and patient management [7]. However, to the best of our
knowledge, no knowledge graphs have been used for
variation prioritization in familiar cardiopathies. Instead,
we have found nine tools (The Atlas of Cardiac Genetic
Variation, CardioClasiffier, CardioGenBase, Marfan Syn-
drome (FBN1), TTN database, Hypertrophic CardioMy-
opath (HCM) risk predictor, ARVC database, PhenoDis,
and CardioVAI) for the prioritization and classification of
variations in the context of familiar cardiopathies. Table 1
provides the general function of each tool and the link.
Below, we provide a more detailed description of the
functionalities of each tool.

The Atlas of Cardiac Genetic Variation The Atlas of
Cardiac Genetic Variation (ACGV) is a database of
variations associated with Hypertrophic Cardiomyo-
pathy (HCM), Dilated Cardiomyopathy (DCM), and
Arrhythmogenic Right Ventricular Cardiomyopathy
(ARVC). This database offers information about the fre-
quency of a variation in a population according to the
Exome Aggregation Consortium (ExAC) [8], the clini-
cal role of variations according to the Oxford Molecular
Genetics Laboratory and the Laboratory of Molecular
Medicine, and variation-specific information such as
position and alleles. There are three ways to explore the
information provided by the ACGV database: i) by study-
ing all the variations associated with HCM, DCM, or
ARVC, ii) by studying all the variations located in a par-
ticular gene, or iii) by studying all the information avail-
able about a particular variation.

CardioClassifier CardioClassifier is a tool that sup-
ports variation interpretation by semi-automating the
American College of Medical Genetics and Genomics



Garcia S. et al. BMC Medical Informatics and Decision Making (2023) 23:303 Page 3 of 24
Table 1 CardioGraph-like tools analyzed

Tool Type Link

ACGV [38] Database https://www.cardiodb.org/acgv/

CardioClassifier [39] Classifier https://www.cardioclassifier.org

CardioGenBase [40] Database http://www.cardiogenbase.com/ (Problematic url)
Marfan Syndrome (FBN1) [41] Database http://www.umd.be/FBN1/

TTN database [42] Database https://www.cardiodb.org/titin/index.php

HCM risk predictor [43] Predictor https://doc2do.com/hcm/webHCM.html

ARVC database [44] Database https://arvc.molgeniscloud.org

PhenoDis [45] Database http://mips.helmholtz-muenchen.de/phenodis/
CardioVAl [46] Classifier http://cardiovai.engenome.com (Not active url)

and the Association for Molecular Pathology (ACMG/
AMP) guidelines The Standards and Guidelines for the
Interpretation of Sequence variations (i.e., ACMG/AMP
guidelines) [9]. These guidelines are proposed by the
American College of Medical Genetics and the Associa-
tion for Molecular Pathology to interpret DNA variations
in the context of inherited disorders. Worldwide, it is
the most followed standard for variation interpretation.
in the context of inherited cardiac conditions. The tool
takes as input either a single variation or a VCF file, and
the users can select the specific set of criteria from the
ACMG/AMP guidelines they want to evaluate. Currently,
it supports variation interpretation in up to 40 genes and
11 cardiac disorders.

CardioGenBase CardioGenBase is a database that pro-
vides gene-disorder associations in the context of major
cardiovascular disorders (e.g., cerebrovascular disorders
and coronary artery disorders). Its knowledge comes
from curating, integrating, and analyzing specialized
literature from PubMed and MEDLINE. Specifically, it
provides the following information: gene’s chromosomal
position, ontology data, gene and protein expression pat-
terns, information about pathways, and DNA variations.
However, the link to CardioGenBase is malfunctioning,
and it is not accessible.

Marfan Syndrome (FBNI) The Marfan Syndrome
(FBN1) database provides information about published
DNA and protein variations affecting the FBN1 gene. Its
objective is to facilitate the establishment of structure-
function and phenotype-genotype relationships. For each
variation available, it provides information at the gene,
protein, and clinical levels. The information representa-
tion follows the HUGO Mutation Database Initiative [10]
and the HGVS nomenclature standards.

TTN database The TTN database describes truncating
variations (i.e., variations that shorten the protein) in the
TTN gene and their association with the Dilated Cardio-
myopathy disorder. Specifically, it provides information
about the TTN gene transcripts, the exons contained in
each transcript, functional data (regions, domains, sym-
metry) about such exons, the DNA variations detected
in each exon, and the cohort studies where the varia-
tions were detected. The Cardiovascular Genetics and
Genomics Group (National Institute for Health Research,
Imperial College London, and the Clinical Sciences Cen-
tre) created the database in conjunction with the Euro-
pean Bioinformatics Institute and TTN locus-specific
database.

HCM risk predictor 'The HCM risk predictor is the first
validated risk predictor for Hypertrophic Cardiomyopa-
thy patients’ risk of sudden cardiac death (SCD). Its pre-
dictions are based on the assessment of specific clinical
parameters following the recommendations of the 2014
ESC Guidelines on Diagnosis and Management of Hyper-
trophic Cardiomyopathy [11]. Additionally, the presence
or absence of such parameters can also be used to deter-
mine whether an implantable cardioverter-defibrillator
(ICD) implantation is necessary.

ARVC database The ARVD database provides infor-
mation about DNA variations in genes associated with
Arrhythmogenic Right Ventricular Cardiomyopathy
(ARVC). They obtain information about the type of vari-
ation and protein level information from curated litera-
ture, clinical studies, and unpublished data referring to
ARVC or their associated genes. All this collected data
was transformed into the Leiden Open Variation Data-
base (LOVD) [12] format. This database is helpful for
experimenters and clinicians that seek to determine if
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a variation has been reported or considered pathogenic
before.

PhenoDis PhenoDis is a manually curated database
containing information about 327 rare cardiac condi-
tions. For each condition, they provide clinical data
(prevalence, inheritance, age of onset, and symptoms,
genetic information), disease-causing variations reported
in ClinVar [13], and additional information of inter-
est about diagnosis, clinical description, and molecular
genetics. All this information will help develop computa-
tional risk predictors, decision support systems, and phe-
notype-driven strategies that intend to identify relevant
genes.

CardioVAI CardioVAl is a web tool that supports varia-
tion interpretation in the context of cardiovascular disor-
ders. For such purpose, they have automated the ACMG/
AMP guidelines [9], and their adaptation to the MYH7
gene variations [14]. The automation is based on the
information available in public databases such as ClinVar
[13], MedGen, ExAC [8], and Disease Ontology. For each
variation, they provide information about the cardiovas-
cular disorders potentially associated and the interpreta-
tion results according to the five-rank system proposed
by the ACMG/AMP guidelines. However, the link to Car-
dioVALI is malfunctioning, and the tool cannot be used at
this moment.

Materials and methods

Data model

Genomics is a very complex domain. The dispersion of
genomics data in thousands of repositories has caused
the data to be highly heterogeneous in its representa-
tion, making considerably complex data integration and
knowledge extraction. For instance, the Nucleic Acids
Research (NAR) online Molecular Biology Database Col-
lection contains 1.764 database after its last update this
year [15].

Technological advancements have enabled the acqui-
sition of various data types, such as whole genomes,
epigenetic modifications, transcriptomic regulations,
and protein-protein interactions, which promise to
improve the quality of data analysis and knowledge gen-
eration. However, in addition to the problems mentioned
above, genomics faces unique challenges related to the
semantics of their data. One of these challenges is map-
ping identifiers between different omics platforms. For
example, how to map and integrate a set of transcript
identifiers with a set of protein identifiers, and it is not
uncommon to come across molecules that cannot be
mapped between two types of datasets [15].
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In this context, following a conceptual modeling-based
approach would help represent this heterogeneous infor-
mation, achieving the needed semantic interoperability
and facilitating knowledge extraction.

Consequently, we decided to introduce the conceptual
modeling perspective in CardioGraph and represent all
the information the platform will manage according to
a well-known conceptual schema of the human genome:
The Conceptual Schema of the Human Genome (CSHG)
[3]. The CSHG covers several dimensions of genom-
ics knowledge with a very detailed perspective. How-
ever, only some of the information represented in these
dimensions is relevant for CardioGraph.

To simplify the CSHG and select only the relevant
pieces of information, we used the ISGE method [16]
that, given a conceptual schema, allows us to obtain a
simplified version of such schema tailored to the user’s
needs (note that the name of the method is an acronym
based on the names of its phases, namely, Identify, Select,
and GEnerate). The first phase of ISGE is identifying
the essential components of the use case, which are the
basic building units required to construct the simplified
schema. The requirements for this first phase of ISGE (I
phase) are expressed as a set of competency questions.
A competency question (CQ) is a natural language sen-
tence that describes a requirement to be answered. The
competency questions arose from our collaboration with
domain experts based on how they work with data and
generate knowledge.

Q1 How is a gene affected by a variation?

Q2 How is a protein affected by a variation?

Q3 How is a biological pathway affected by a
variation?

Q4 How is a particular heart biological element
affected by a variation?

The other two phases of ISGE involve selecting relevant
parts of the original conceptual schema (S phase) and
generating the new, simplified conceptual schema while
resolving any inconsistencies (GE phase). After apply-
ing the ISGE method to the CSHG, we obtained the data
model supporting CardioGraph.

Knowledge graph
Once the data model was defined, we instantiated it to
represent the genomics knowledge associated with car-
diomyopathies, channelopathies, and genetic aortic dis-
orders. Such knowledge was obtained using two kinds of
resources: i) well-known genomic databases and ii) scien-
tific literature.

First, the following genomic databases were consulted:
NCBI Gene, Uniprot [17], Reactome [18], and KEGG
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[19]. NCBI Gene [20] is a database from the National
Center for Biotechnology Information containing infor-
mation about genes. The database’s web search function
was used to look for information about a each gene. The
query employed follows the structure “Homo Sapiens
[gene symbol]”, where Homo Sapiens represents the spe-
cies of interest (e.g., human), and the gene symbol symbol
(e.g., TTN) represents the common symbol of the gene
we want to learn about. This query was run manually
each time information about a gene was needed.

Uniprot [17] is a comprehensive database of sequence
and functional data about proteins. Following the same
approach as in the NCBI Gene database, a query was per-
formed in the database’s web search function to obtain
information about a protein of interest. The queries per-
formed follow the structure “(taxonomy_id:9606) AND
(gene:[gene symbol])”, where taxonomy_id:9606 speci-
fies we are interested in the human species, and the gene
symbol represents the symbol of the gene that codifies
for the protein of interest. Again, the query was manu-
ally executed each time information about a protein was
required.
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Finally, both Reactome [18] and KEGG [19] are data-
bases containing information about pathways and the
proteins and entities participating in them. In reac-
tome, we used the web search service to obtain all the
pathways in which a certain protein participates. Spe-
cifically, each search was performed using the Uniprot
protein identifier (e.g., Q8WZ42 for the TTN gene),
which can be obtained directly from the Uniprot data-
base when obtaining the information about the protein
of interest. In the KEGG case, we perform a search by
gene symbol. Then, in the search results we identified
the entry in the KEGG GENES section referring to the
gene of interest. In each gene page, the pathways asso-
ciated are specified.

The information that can be obtained from these
databases was not enough to obtain all the knowledge
that is behind familiar cardiopathies. Consequently, we
curated specialized scientific literature to complete the
information obtained from the databases mentioned
above. Table 2 presents the literature consulted for
cardiomyopathies, channelopathies, and genetic aortic
diseases.

Table 2 The list of consulted literature for generating the knowledge bases

Title Reference
Cardiomyopathy Disorders
Cardiac Titin and Heart Disease [47]
Cardiac myosin-binding protein C (MYBPC3) in cardiac pathophysiology (48]
Sarcomeric proteins and inherited cardiomyopathies [49]
Sarcomere Imaging by Quantum Dots for the Study of Cardiac Muscle Physiology [50]
Sarcomeric Protein Isoform Transitions in Cardiac Muscle: A Journey to Heart Failure [51]
Overview of the Muscle Cytoskeleton (52]
The Sarcomeric Z-Disc and Z-Discopathies [53]
The M-band: The underestimated part of the sarcomere [54]
Cardiac Disorders and Pathophysiology of Sarcomeric Proteins [55]
Contemporary Definitions and Classification of the Cardiomyopathies [56]
Guyton and Hall Textbook of Medical Physiology [24]
The sliding filament theory of muscle contraction (57]
Channelopathy Disorders
Cardiac lon Channels (31]
The Physiology and Pathophysiology of T-Tubules in the Heart (58]
lon Channels in the Heart [59]
The Cardiac Conduction System (60]
Channelopathies [61]
Genetics and cardiac channelopathies [62]
Aortic Disorders
Micromechanics of elastic lamellae: unravelling the role of structural inhomogeneity in multi-scale arterial mechanics [27]
Fascia: The Tensional Network of the Human Body [29]
Fibrillin microfibrils and elastic fibre proteins: Functional interactions and extracellular regulation of growth factors [30]
Extracellular matrix, regional heterogeneity of the aorta, and aortic aneurysm [63]
The role of TGF-B signaling in myocardial infarction and cardiac remodeling (64]
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The platform

The CardioGraph platform has been developed follow-
ing a three-tier architecture. In web application develop-
ment, a three-tier architecture is a typical design pattern.
It divides the application into three logical layers, each
with a distinct role and set of responsibilities. These
layers are as follows: database layer, backend layer, and
frontend layer. The database layer is responsible for data
storage and retrieval. This layer has been constructed as a
graph database using Neo4J. The backend layer contains
the application’s core logic, which processes user requests
from the frontend layer and performs the required tasks.
Specifically, this module is responsible of processing and
filtering VCFs, annotating VCFs using the SnpEff tool
and selecting the most relevant variations following a set
of pre-defined rules. We considered a variation to be rel-
evant when: i) it is predicted to have a HIGH impact on
the transcript according to SnpEff, ii) it causes a disrup-
tive change in the protein sequence, iii) it causes LOF or
NMD, or iv) it causes a disruptive change in the protein
sequence, or it introduces a critical amino acid change,
i.e., there is a change in both hydropathy and polarity
compared to the original amino acid (see excerpt 2 in
Fig. 1)

The SnpEff annotation tool was choosen ahead other
well-known tools such as VEP [21] or Annovar [22]
because is the only one that provides information about
whether the variation causes a loss-of-function (LOF) or
nonsense mediated decay (NMD) [21], which is one of
the rules evaluated to identify the relevant variations. The
backend layer has been developed in JavaScipt with the
Node.js runtime environment. Finally, The frontend layer
handles user interface interactions, displays information
to users, and receives input from them. This layer has
been developed in JavaScript with the React.js library.

Results

CardioGraph data model

The ISGE method was applied to the CSHG to obtain a

simplified conceptual schema tailored to CardioGraph’s

information needs, as described in Data model section.

Figure 2 shows the resulting conceptual schema, which

we called the Conceptual Schema of Cardiopathies (CSC).
The classes that compose the CSC are grouped into five

dimensions:

1 The Location dimension describes body locations
and will allow the representation of the heart’s mor-
phology during the instantiation process. The Loca-
TIONS have been defined as a hierarchical compo-
sition that goes from the more general to the more
specific. First, there are SysTEMs, which cluster
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ORraGaANs that provide specific functionality. Every
ORGAN is composed of different types of TISSUEs,
which are made of millions of CeLLs. CELLS, in turn,
are constituted by biomolecules and structures called
CELLULAR COMPONENTS.

The Entity dimension describes the biological enti-
ties of our body and will allow the representation of
proteins, complexes, and other components relevant
to the familiar cardiopathies’ understanding. A bio-
logical ENTITY is considered CoMPLEX when it can
be decomposed into smaller pieces that act as Com-
PONENTS. Otherwise, it is considered SIMPLE. There
are different types of SIMPLE entities, but one of the
most important is the PROTEINS because they play
essential roles in our body’s function, regulation, and
structure. Usually, PROTEINS are grouped into Fami-
LIES by functionality. Other examples of SIMPLE enti-
ties include ions and molecules such as ATP or ADP
(e.g., lons trigger some processes of the heart’s mus-
cle contraction while ATP and ADP are used by cells
to obtain energy).

The Structural dimension describes the functional
regions of DNA and will allow the representation of
the genes that codify proteins with a structural or
functional role in the heart. Our DNA is arranged
in CHROMOSOMES, that contain different CHROMO-
SOME ELEMENT with specific functionalities. One of
these elements is the GENE, which is of high impor-
tance due to its function: codifying proteins.

The Pathway dimension describes the interactions
of biological ENTITIES and will allow the representa-
tion of the events and pathways that can be poten-
tially affected by familiar cardiopathies. Compliant
with the bio notation, these EVENTS can be either a
PATHWAY or a PROCESS, depending on whether they
can be decomposed in simpler EVENTSs. We defined
non-rigid specializations [23] of the ENTITY, called
AcTING ENTITY. These ACTING ENTITIES must
TAKE PART in at least one specific PROCESS as either
an INPUT, an OUTPUT, or a REGULATOR. This char-
acterization allows us to differentiate between enti-
ties that exist and entities that participate in pro-
cesses.

The Variation dimension describes the VARIATIONS
that occur in the DNA and their consequence in
GENEs and PROTEINS by means of ANNOTATIONS.
Those ANNOTATIONS that predict the impact of a
VARIATION at the GENE level are called GENE ANNO-
TATION, and those that predict the impact at the
protein level are called PROTEIN ANNOTATION. This
dimension will allow the representation of the DNA
variations relevant for diagnosing or treating familiar
cardiopathies.



Garcia S. et al. BMC Medical Informatics and Decision Making (2023) 23:303 Page 7 of 24
Summary Relevant Insights
Type Variations Variation Reason
Variations 130 chr1-116310967-T-C The variant i an amil id with different and polarity.
Chromosomes 10 chr2-179393859-A-G The variant i an amit id with different and polarity.
Genes 17 chr2-179432185-A-G The variant i an amil id with different and polarity.
3 -CT-! The variant causes a high impact in the protein. It is predicted to produce a complete loss of function of the protein .
chr2-179554305-C-T The variant i an amil id with different and polarity.
chr2-179620951-C-T The variant i an amil id with different and polarity.
- -C- The variant i an amit id with different and polarity.
chr2-179644035-G-A The variant i an amit id with different and polarity.
5 -G-) The variant i an amit id with different and polarity.
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Fig. 1 User interface displayed after analyzing the VCF file. 1: a summary containing the list of variations. 2: A list of variations considered
to be relevant by CargioGraph. 3: two charts representing the consequences of the identified DNA variations. 4: the distribution of variations
among the different regions of the genome. 5: a grid containing all the variations with their associated information. 6: a button to download

the generated insights
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Fig. 2 Conceptual schema for cardiopathies obtained using the ISGE method. Red: structural-related classes. Orange: entity-related classes. Green:

Location-related classes. Lilac: pathway-related classes

CardioGraph knowledge graph
The CardioGraph data model was instantiated to rep-
resent the genomics knowledge gathered about car-
diomyopathies, channelopathies, and genetic aortic
diseases. Such knowledge was obtained from the data-
bases and literature described in Knowledge graph sec-
tion, following the processes summarized in Fig. 3.
First, we performed a general literature review to
collect relevant articles describing the heart muscle
structure and its contraction process, the electrical
conduction system of the heart, and the aorta structure
and relevant biological processes. Second, we identi-
fied in the selected literature (see Table 2) the proteins
that are relevant in the context of cardiomyopathies,
channelopathies and aortic diseases, which are those
proteins that have a relevant role in the structure or
normal function of the heart or the aorta. Then, we
obtain the information about the relevant proteins and
the genes that codify them using Uniprot and NCBI
Gene, respectively. Finally, using KEGG and Reactome,

we identify the cardiac pathways and biological reac-
tions in which these proteins participate.

All this information was used to populate each of the
dimensions of the CardioGraph data model, as Fig. 4 rep-
resents. For the instantiation of the Location dimension,
none of the databases considered provided information
about the heart or the aorta, the central body loca-
tions associated with familiar cardiopathies. Therefore,
this dimension was instantiated only using the knowl-
edge obtained from the literature. For the instantiation
of the Structural dimension, we focused on the NCBI
Gene database, as it provides all the required informa-
tion about genes. Regarding the Entity dimension, the
relevant proteins and other components were identified
using literature, while the detailed information about
each identified element was obtained mainly from Uni-
prot and complemented with literature when neces-
sary. The pathway dimension was instantiated using the
information provided by both Reactome and KEGG, and
it was complemented with literature when necessary.
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Fig. 3 Processed followed to carry out the instantiation of cardiograph data model

Finally, the Variation dimension is a particular case. Here
the information is not obtained from a database or litera-
ture. Instead, this dimension is instantiated each time a
VCF variation is detected and analyzed by CardioGraph.
On the one hand, the information about the variations
(Variation class) is obtained from the VCF file itself. On
the other hand, the information about the gene and pro-
tein consequences (Gene Annotation and Protein Anno-
tation classes, respectively) is obtained with the SnpEff
tool.

This instantiation process resulted in one knowledge
graph per type of familiar cardiopathy. Table 3 summa-
rizes the number of class instances performed in each
knowledge graph grouped by the dimensions of the Car-
dioGraph data model.

The resulting knowledge graphs are too extensive to
be presented in detail here. Instead, to illustrate the
knowledge generated, we present one specific example
of instantiation per each dimension of the CardioGraph
data model in the following subsections.

The location dimension

Figure 5 represents the instantiation of the Location
dimension of the CardioGraph data model to rep-
resent the most essential components of the heart,

the body structure affected in cardiomyopathies and
channelopathies.

The instantiation begins with the representation of the
heart. Then, we focused on the morphological structure
of the heart by representing its chambers (atria and ven-
tricles [24]), and its tissue layers (epicardium, the myo-
cardium, and the endocardium).

The myocardium is the most affected tissue layer. It
is organized in fascicles, a bundle of cells enveloped
together [25]. The cells that constitute the fascicles
are specialized cardiac muscle cells called cardiomyo-
cytes, which are responsible for the contractile capabili-
ties of the heart [26]. The most interesting components
of the cardiomyocytes are the sarcolemma (e.g., cellular
membrane) and the sarcoplasm (e.g., cytoplasm). Two
important structures constitute the sarcoplasm: the sar-
coplasmatic reticulum, responsible for providing the cal-
cium that is needed in the heart’s contraction process
[24, 25], and the myofibrils, the main actors of the heart’s
contraction process.

The entity dimension

Figure 6 represents the instantiation of the Entity dimen-
sion of the CardioGraph data model to represent the
Elastic Lamella, a protein complex with high relevance in
genetic aortic disorders.



Garcia S. et al. BMC Medical Informatics and Decision Making

EE Literature

LOCATION
+ name: string part of

+ description: string €—

(2023) 23:303

[ I T I
SYSTEM ORGAN TISSUE CELL

-

CHROMOSOME COMPONENT
ELEMENT
CHROMOSOME
®—————— + name: String
+ name: String B
+ description: String

+name: string

COMPLEX

)Gene 1.0 SELEN 1 ;
> + name: String ‘ + iption: string

+ byotype: String
+ start_37: String
+end_37: String 1 PROTEIN
+ start_38: String + name: string
Jocated in +end_38: String 1 A

1.2

+ name: string

+ description: string

1

Lannotates-

+effect: string
+impact: string

SnpEff & SnpSift

@ VCF file
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The Elastic Lamella aggregates in concentric layers
Elastic fibers, the main responsible for the stretching
capabilities of the aorta [27]. The Elastic fibers are pri-
marily constituted by the Elastin protein, which provides
resilience and elasticity to the aorta [28]. Finally, Elastin
is surrounded by elastic microfibrils, responsible for the
Elastic fiber orientation [29].

Table 3 The Number of nodes per group in Cardiomyopathies,
Channelopathies and Aortic disorders in the Neo4J database

Model Cardiomyopathies Channelopathies Aortic
dimension disorders
Structural 24 31 33
dimension

Entity dimension 35 30 20
Location dimen- 13 13 9

sion

Pathway dimen- 26 46 42

sion
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On the other hand, the main component of microfi-
brils is the Fibrillin protein. Other proteins, such as
EGF-containing fibulin-like extracellular matrix protein
2, Protein-lysine 6-oxidase, and Microfibrillar-associ-
ated protein 5 bind or interact with Fibrillin [30].

The structural dimension

Figure 7 represents the instantiation of the Structural
dimension of the CardioGraph data model to repre-
sent the genes that codify for proteins involved in Car-
diomyopathies as well as the chromosomes where those
genes are located.

The chromosome 1 contains the TNNT2 and CAPZAI
genes. The chromosome 2 contains the MYLI1, DES,
and TTN. The chromosome 14 contains the ACTNI,
MYH?7, and MYH6 genes. The chromosome 15 contains
the TPM1 and ACTCI genes. Finally, the chromosome
3, chromosme 11, and chromosome 12, contain the
TNNCI1, MYBPC3, and MYL2 genes, respectively.
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The pathway dimension

Figure 8 represents the instantiation of the Pathway
dimension of the CardioGraph data model to represent
the processes and entities participating in the phase
0 pathway. This pathway is responsible for the rapid
depolarization of the cardiomyocyte cells, a process
vital for the correct propagation of the electrical signal
in the heart’s contraction process [31]. As this pathway

is directly related to the heart’s electrical activity, its
malfunctioning is associated with channelopathies.

The pathway comprises two main reactions: i) Na+
transport, and ii) Ca2+ transport. On the one hand, in
the Na+ transport process, the Sodium channel protein
type 5 subunit alfa protein transports Na+ ions from
the extracellular medium to the cytosol. On the other
hand, in the Ca+ transport process, the Ca2+ channel,
L type protein transports Ca2+ ions from the extracel-
lular medium to the cytosol.
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The variation dimension

CardioGraph instantiates the Variation dimension
every time a variation from a VCF file is annotated in
the server. However, this instantiation is not persistent,
meaning that the variations are not permanently stored
in the database. Instead, this temporary instantiation is
used to present the VCF analysis results in figures and
tables to the user.

CardioGraph platform

CardioGraph follows a three-tier architecture composed
of a database, a backend, and a frontend. The following
subsections explain each tier in detail.

The database

The first tier is CardioGraph’s database. As mentioned in
The platform section, Neo4] was selected as the database
management system. There are three main reasons why

we chose Neo4] as our database management system. The
first reason is that Neo4j enabled us to represent complex
and highly interconnected biological data in a natural and
intuitive manner. The biological entities we are interested
in, such as genes, proteins, or processes, can be efficiently
represented as nodes, and their relationships can be
described as edges connecting these nodes. For example,
we represent biological pathways associated with heart
contraction processes and the proteins that participate
in those processes as a directed cyclic graph network,
which is very intuitive and straightforward. The second
reason is associated with the data querying capabilities
of Neo4]. Here, graph-based databases have an inherent
advantage over their relational counterpart, where the
complex queries required to generate our insights would
have required complex join operations that are much
simpler using a graph data model. The ability of Cypher,
a declarative query language used in neo4] databases,
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for seamless traversal and pattern matching in the graph
allowed us to navigate over a non-defined number of
edges, thus simplifying the queries over our biological
data.

One of the most common visualizations in genom-
ics is graph visualization. Because the data is complex
and interconnected, several tools focus on this paradigm
(e.g., Blast2GO [32], PhyD3 [33], Pangenome Graphs
[34], or DisGeNET [35]). The structure of a graph intui-
tively represents complex relationships and dependencies
between biological entities, making it easier to identify
the most relevant components and their connections.
Furthermore, graph visualizations aid in understanding
the context and significance of individual entities within
a larger network. One of CardioGraph’s primary goals is
to provide valuable insights into the underlying biologi-
cal processes associated with cardiopathies through this
context-rich representation.

The information generated with the data model instan-
tiation step (see CardioGraph knowledge graph section)
was transformed into a graph schema equivalent to the
CardioGraph data model by using a set of python scripts.

The backend

The second tier is CardioGraph’s backend. As mentioned
in The platform section, it has been developed in JavaS-
cript with the Node.js runtime environment. The back-
end consists of the following modules:

+ The transport module: This module is responsible for
communicating with the frontend. It implements the
Application Programming Interface (API) and trig-
gers the orchestrator module when a new request
arrives.

« The orchestrator module: This module manages the
other modules when an incoming request arrives,
including the JavaScript and bash processes.

+ The spawn module: This module is responsible for
spawning new processes, including JavaScript and
bash. It spawns new processes based on the orches-
trator module requests.

+ The queue module: This module handles the different
incoming requests from the transport module.

+ The file system module: This module uploads the
input VCEF file into the system and handles the dif-
ferent temporary files generated during the discovery
process.

+ The discovery module: This module encapsulates the
logic of the discovery process (i.e., the annotation
and filtering of variations and the generation of the
results). This module implements the following func-
tionalities:

(2023) 23:303
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— Initializer: It creates the required external connec-
tions and initializes the data objects used in the
process.

— DParser: It parses the VCF files into a model passed
as an additional parameter.

— Filter: It filters the DNA variations of the VCEF file.
Only those variations located in the genes associ-
ated with cardiopathy disorders are considered.

— Annotate: It annotates the DNA variations of the
VCEF file. The annotation is made using the SnpEff
tool with the following commands:-Xmx8g,
-nolog, -noStats, and
-nextProt.

— Insights: It generates the results of the VCF file’s
DNA variations. This information is divided into
three parts: aggregated, variation-specific, and
additional information for relevant variations.
Aggregated information includes the number of
variations grouped by chromosome, gene, pre-
dicted impact, and predicted effect. Variation-spe-
cific information includes, for each variation, its
chromosome, position, ref and alt alleles, affected
gene and transcript(s), predicted effect of the vari-
ation, sequencing quality information, and patient-
level information. Finally, those variations that are
considered relevant include the specific criteria that
they meet in order to be considered relevant.

—-canon,

+ The auxiliary module: This module contains auxiliary
functions required for the other modules’ correct
functioning.

Figure 9 shows a simplified view of the backend’s work-
flow. First, the transport module processes the incoming
request and initiates the entire process (see steps 1 and
2). The orchestrator interrogates the queue module to
check for any available core to spawn the other processes
(see step 3). The queue alerts the orchestrator to launch
a file system process that saves the received VCF file to
the server file system (steps 4, 5, 6, and 7). The discov-
ery module is then run by another process in order to
generate the insights associated with the VCF file using
the Neo4] database (steps 8, 9, and 10). Finally, when the
discovery module completes, the orchestrator is notified,
allowing the transport module to send the response to
the frontend (steps 11, 12, and 13).

The frontend

The third tier is CardioGraph’s fronted. As mentioned
in The platform section, it has been developed in JavaS-
cript with React.js library. The frontend of the platform is
divided into four sections:
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Fig. 9 A simplified representation of the backend's workflow of CardioGraph

Home: This is the main section. It contains basic
information about the platform and our work.

Data Model: The data model we based our data
transformation processes on is presented in this
section.

Knowledge Graph: For each type of familiar cardi-
opathy (i.e., genetic aortic diseases, channelopathies,
and cardiomyopathies), it shows an interactive graph
displaying the results of the data model instantiation
for that type. Users can zoom in and out, move, and
click on each graph node to show additional informa-
tion.

Discover: The user can upload a VCF file to analyze
in this section. The results are displayed in six sec-
tions:

A summary containing the list of variations (see
excerpt 1 in Fig. 1).

A list of relevant variations according to the set of
predefined rules.

Two charts representing the consequences of the
identified variations (see excerpt 3 in Fig. 1).

The distribution of variations among the different
regions of the genome (see excerpt 4 in Fig. 1).

A grid containing all the variations with their asso-
ciated information (see excerpt 5 in Fig. 1).

A button to download the generated insights (see
excerpt 6 in Fig. 1).

From the Discover page, users can navigate to the specific
details of a variation or a gene. For each variation, we
show the following information:

1 Basic information of the variation, including its posi-
tion and alleles (see excerpt 1 in Fig. 10).

2 The consequence of the variation, including the
affected gene, the affected transcript, and the specific
effect (see excerpt 2 in Fig. 10).

3 The specific amino acid change (if any) that the varia-
tion caused (see excerpt 3 in Fig. 10).

4 The structural elements of the heart that are altered
because of the variation, i.e., structural context (see
excerpt 4 in Fig. 10).

5 The pathway and its specific processes that are
altered because of the variation, i.e., functional con-
text (see excerpt 5 in Fig. 10).

Finally, users can navigate to a section containing infor-
mation of the affected gene from both the discover and
variation page. This page displays the gene’s location in
the chromosome (see excerpt 1 in Fig. 11) and a descrip-
tion of the gene (see excerpt 2 in Fig. 11).

Use case

In this section, we evaluate the knowledge that can be
obtained using CardioGraph. To carry out this evalua-
tion, we defined two use cases. In the first use case, we
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used the ClinVar open dataset to validate the results
provided by Cardiograph analyzing variations with a
reported clinical significance. In the second use case, we
used CardioGraph to identify relevant variations in 23
patients diagnosed with a familiar cardiopathy disorder
and discuss the consistency of the results.

Use case 1: evaluation using ClinVar

We first used CardioGraph to analyze the ClinVar dataset
[13], a well-known data source that provides information
about variations and their role in disease development.
This dataset, in particular, contains information about

the classification of variations for a disease obtained from
various laboratories and clinical experts.

The most recent VCF version of ClinVar available was
used for the evaluation. In particular, it was published
on 2023-08-20 in the following link: https://ftp.ncbi.
nlm.nih.gov/pub/clinvar/vcf_GRCh37/clinvar.vcf.gz.
To keep the focus on familiar cardiopathies, ClinVar’s
VCEF was filtered to include only variations with classi-
fications for either cardiomyopathy, long QT syndrome,
or Marfan syndrome. Furthermore, only variations
with a known effect on disease development were cho-
sen (i.e., those classified as benign, likely benign, likely


https://ftp.ncbi.nlm.nih.gov/pub/clinvar/vcf_GRCh37/clinvar.vcf.gz
https://ftp.ncbi.nlm.nih.gov/pub/clinvar/vcf_GRCh37/clinvar.vcf.gz
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Fig. 12 Confusion matrix

pathogenic, or pathogenic), avoiding VUS and varia-
tions with conflicting classifications.

CardioGraph was used to analyze the filtered VCF
from ClinVar, and the concordance between the Car-
dioGraph results and the ClinVar classifications was
examined. If ClinVar classifies the variation as benign
or likely benign and CardioGraph considers the varia-
tion irrelevant, or if ClinVar classifies the variation as
pathogenic or likely pathogenic and CardioGraph con-
siders the variation relevant, we considered the results
concordant. The results obtained are summarized in
the confusion matrix shown in Fig. 12.

For the relevant variations, the results are concordant
in 1,057 out of 1,093 cases. In the case of no relevant

variations, the results are concordant in 2,630 of 2,816
cases. Assuming that the ClinVar classifications, per-
formed by clinical experts, are the correct ones, we can
draw the following conclusions:

+ CardioGraph has a sensitivity of 85.5%, meaning
it correctly identifies 85.5% of pathogenic or likely
pathogenic variations in the filtered ClinVar VCE.

+ CardioGraph has a specificity of 98.65%, meaning it
correctly identifies 98.65% of benign or likely benign
variations in the filtered ClinVar VCE.

+ Overall, the accuracy of CardioGraph is 94.32%.

CardioGraph misclassified 222 variations. We investi-
gated these variations further to determine what was
causing this discrepancy. We concentrated on variations
that were classified using specific assertion criteria. Note
that, in ClinVar, users can submit a variation-phenotype
association without specifying the assertion criteria
they used. This led to a total of 21 variations classified as
pathogenic or likely pathogenic and 34 as benign or likely
benign.

The discordance is primarily focused on cardiomyopa-
thy disorders (54.55%), which may be due to the broader
spectrum of phenotypes that this term encompasses
when compared to the other phenotypes analyzed. Fur-
thermore, we discovered that most variations with dis-
cordant results are missense variations (see Fig. 13).
Three intronic variations produce discordant results.
However, since CardioGraph’s primary focus is on vari-
ations that significantly impact proteins and their related
pathways, these three intronic variations will not be
investigated further.

We first focused on variations identified as relevant
by CardioGraph and classified as benign/likely benign
by ClinVar. CardioGraph deemed all of these missense
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variations (see blue bar on the left-hand chart in
Fig. 13) to be relevant due to the critical amino acid
change they produce. Another discordant variation
results in a stop gained (see yellow bar on the left-hand
chart in Fig. 13), which has been deemed significant
because it is predicted to result in a complete LOF and
an NMD process in the protein. The remaining, disrup-
tive inframe deletion (see purple bar on the left-hand
chart in Fig. 13), has been considered to be relevant
because is predicted to completely change the protein
sequence and potentially affect is functionality.
Surprisingly, a stop-gained variation causing LOF and
NMD was classified as benign or likely benign. Thus,
we decided to classify all of the discordant variations
using Varsome [36] an online tool that allows auto-
matic classification of variations based on the ACMG-
AMP guidelines 2015 [9], the gold standard in variation
interpretation. Varsome classified 15 of the above-
mentioned variations as benign/likely benign, four as
likely pathogenic (including the stop gain variation),
and 15 as variations of uncertain significance. As a
result, four variations are potentially better classified by

Table 4 Patients studied per group of disorder
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CardioGraph than by ClinVar, while the other 15 have
reasonable doubt about their relevance.

We repeated the analysis for the 21 variations deemed
irrelevant by CardioGraph and pathogenic by ClinVar.
In this case, most of the discordance is caused by mis-
sense variations classified as irrelevant because they do
not result in a critical amino acid change (see blue bar of
the right-hand chart of Fig. 13). Varsome classifies those
variations as likely pathogenic but not pathogenic, with
uncertain significance in one case. The initiator codon
variation (see red bar of the right-hand chart of Fig. 13)
was classified as Pathogenic by Varsome. We investigated
further and found that Varsome, ClinVar, and other anno-
tation tools like VEP consider this variation to produce
a start loss rather than an initiator codon variation. The
source of this discordance is SnpEff because it predicted
a different consequence. CardioGraph would have classi-
fied this variation as relevant because a start loss signifi-
cantly impacts the protein sequence.

Use case 2: clinical evaluation
This section reports the results of analyzing the
genetic information of 23 patients that suffer from a

Group of disorder Disorder

Patient IDs

Cardiomyopathy Dilated Cardiomyopathy
Hypertrophic Cardiomyopathy
Channelopathy Long QT Syndrome

03-002, 03-003, 03-009, 03-012, 03-014, 03-018, 03-019
03-005, 03-006, 03-008, 03-013, 03-016, 03-020

03-001, 03-004, 03-011, 03-015, 03-017, 03-029,
03-030, 04-032, 04-033, 04-034
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familiar cardiopathy using Cardiograph. These patients
are enrolled in the OGMIOS project (INNEST/2021/57,
Valencian Innovation Agency), which intends to achieve
a better understanding of the genetics of familiar cardi-
opathies and providing clinical experts with the tools to
transfer genetic knowledge to real clinical practice. As
Table 4 shows, 13 patients suffered from a cardiomyopa-
thy, while 10 suffered from a channelopathy. No patients
with a genetic aortic disorder were available for this
study.

Figure 14 shows the distribution of variations per gene
for all the patients with a cardiomyopathy. Relevant vari-
ations are depicted in red, while those not considered rel-
evant are depicted in blue.

Most of the variations and relevant variations are
located in the TTN gene, which codes for protein that has
a structural role in the cardiomyocyte cells of the heart
muscle (see Fig. 5). The remaining relevant variations
are associated with genes with a vital role in the heart’s
muscle contraction (i.e., MYBPC3, MYH6, MYH?7, and
TNNT2).

The genes associated with the heart’s electrical activ-
ity are also affected in some of the patients that suffer
from cardiomyopathy. On the one hand, the CACNB2,
CASQ2, and CACNAI1C genes have an essential role in
Ca2+ ion transport, which is important for the rapid
depolarization that occurs in the first pathway (phase
0). This pathway is involved in the action potential of
the heart’s cells that regulates the heart’s contraction
rhythm. On the other hand, the KCNH2 gene partici-
pates in the K+ transport, which is part of the rapid
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repolarization pathway (phase 3) of the heart’s action
potential. These reactions are usually associated with
channelopathies instead of cardiomyopathies. How-
ever, CardioGraph identified that some patients suf-
fering from cardiomyopathy may have altered not only
the structure of the heart but also some of its electrical
processes.

Figure 15 shows the distribution of variations per gene
for all the patients suffering from a channelopathy disor-
der. Again, relevant variations are depicted in red, while
those not considered relevant are depicted in blue.

Like with cardiomypathies, the TTN gene is the most
affected one by relevant variations, followed by the
MYH6 gene. Both genes have important roles on the
heart’s structure and contraction process, which is not
expected to be affected in channelopathies. Again, Cardi-
oGraph has detected these somewhat unexpected poten-
tial alterations. Besides, the CASQ2, CACNAIC, and
KCNH2 genes are affected by relevant variations, which
means that the channelopathy patients present altera-
tions in the phase 0 or the phase 3 pathways of the heart’s
electrical activity. The KCNQ1 gene, which is involved in
the K+ transport in the phase 3 pathway, is also affected.

CardioGraph allowed us to efficiently interpret the
genetic information stored in the VCF files of patients
and identified unexpected associations. We could deter-
mine the parts of the heart affected and the exact func-
tionalities probably altered or damaged in all the patients
we studied. Thus, CardioGraph has the potential to pro-
vide valuable information for diagnosing patients with
familiar cardiopathies.
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Fig. 14 Distribution of variations per gene in patients with cardiomyopathy disorders. In blue, all variations detected by CardioGraph. In red, those

variations that considered relevant by CardioGraph
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Fig. 15 Distribution of variations per gene in patients with channelopathy disorders

Discussion

Cardiograph

CardioGraph is a tool specifically designed for varia-
tion prioritization in the context of familiar cardiopa-
thies. In our evaluation using a benchmark dataset,
CardioGraph was able to distinguish between those
variations that are potentially pathogenic for famil-
iar cardiopathies and those that do not cause disease
with an accuracy of 94.32% (see Use case 1: evaluation
using ClinVar section). However, we also identified
some issues that could improve the accuracy of Cardio-
Graph when addressed. First, most prioritization errors
occur when analyzing missense variations that do not
result in a critical amino acid change. To improve the
analysis of such variations, checking whether the vari-
ation is located in a mutational hotspot or a relevant
protein domain could improve the evaluation of these
variations.

Table 5 The list of general characteristics of the tools analyzed

The second issue we discovered is that up to 50% of the
incorrectly considered relevant variations are found in a
TTN gene. The TTN gene is notable for its length, as it is
the longest gene in humans that codes for a protein. This
gene has 364 exons and produces an RNA that is more
than 100 kb long. As a result, this gene is expected to
contain a more significant number of variations, poten-
tially increasing the number of false positive results. Con-
sequently, during the variation prioritization process, it
is required to consider the particularities of each gene.
For instance, truncating variations in the TTN gene are
known to be the most frequent type of variations causing
dilated cardiomyopathy rather than missense variations.

Other relevant tools

From a more technological perspective, Related work sec-
tion describes nine widely known tools that offer some
functionality that matches that offered by CardioGraph.

Tool VCF input Data model

Disease information

Aorthopaties Channelopathies Cardiomyopathies

ACGV

CardioClassifier

Marfan Syndrome (FBN1)
TTN database

HCM risk predictor

ARVC database
PhenoDis

CardioGraph

U X X X X X <X

X X X X X X X

<X X X X <X X
<UX X X X X X X
LU X X X L
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We now analyze similarities and differences between
CardioGraph and these tools regarding their capabilities.
More specifically, we focused on three categories: infor-
mation representation, output, and variation-specific
output for those offering such functionality.

Table 5 summarizes the results of our analysis in terms
of what information is represented and how. Cardio-
Graph and CardioClassifier are the only platforms allows
for uploading and analyzing a VCEF file. CardioGraph is
the only platform that describes the underlying model
used to structure, describe, and manage the informa-
tion. Having a well-defined data model can help in terms
of scalability, maintainability, and knowledge generation
[37]. An important feature in which CardioGraph sur-
passes the others is that it analyzes the three known types
of familiar cardiopathies (genetic aortic disorders, chan-
nelopathies and cardiomyopathies), while the other plat-
forms only consider one.

Table 6 summarizes the results of our analysis in terms
of the output they provide. The following four character-
istics have been analyzed:

1 Highlight the relevant information: CardioGraph,
ACGQGY, CardioClassifier, and the TTN database can
prioritize information and highlight what they con-
sider relevant. All the platforms but CardioGraph

Table 6 Output generated by the tools analyzed

Tool Relevant Variation- Gene Download
results  specific information results

ACGV v v v v
CardioClassifier v v v X
Marfan Syndrome X 4 X X
(FBNT)

TTN database v v TTN X

HCM risk predictor ~ x X X X
ARVC database X v X X
PhenoDis X X X v
CardioGraph v v v v
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offer such information by means of tables, whereas
CardioGraph displays different charts.

2 Provide variation-specific information: All of the
analyzed platforms provide variation-specific infor-
mation except for the HCM risk predictor and Phe-
noDis. Instead, they provide a general summary of
the variations without delving into specific details
about any of them.

3 Provide gene-specific information: Only four plat-
forms show information associated with genes. On
the one hand, CardioGraph, ACGV, and CardioClas-
sifier consider several genes associated with familiar
cardiopathies. On the other hand, the TTN database
only considers the TTN gene.

4 Download the output: Only CardioGraph, ACGV,
and PhenoDis allow for downloading the generated
output.

Table 7 summarizes the results of our analysis in
terms of variation-specific information they provide.
There are six platforms that retrieve variation-specific
information: ACGYV, CardioGraph, CardioClassifier,
Marfan Syndrome (FBN1), TTN database, and ARCV.
We considered the following three characteristics:

1 The consequence of the variation: Only Cardio-
Graph, ACGV, and CardioClassifier provide informa-
tion about the consequence of variations by report-
ing a high-level impact. However, CardioGraph
describes the specific consequence on the transcript
and the protein.

2 The amino acid change: CardioGraph, ACGV, and
Marfan Syndrome (FBN1) are the only tools that pro-
vide information about the amino acid change pro-
duced by the variation. However, CardioGraph dis-
plays this change in a visual manner that shows the
amino acid structure, its polarity, and its hydropathy.
This facilitates the interpretation of the amino acid

Table 7 Output generated by those tools reporting variation-specific information

Tool Variation Amino acid Context LOF NMD
consequences change
Structural Functional
ACGV Effect v X X X X
CardioClassifier Effect X v v X X
Marfan Syndrome (FBN1) X v v X X X
TTN database X X v v X X
ARVC database X X X X X X
CardioGraph v v v v v v
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change produced by the variation compared to the
ACGY, and Marfan Syndrome (FBN1) platforms.

3 The structural and functional context: The Marfan
Syndrome (FBN1) platform only provides structural
context while CardioGraph, the TTN database, and
CardioClassifier describes both contexts. However,
only CardioGraph represents these features visu-
ally using graphs, which facilitates the information
understanding.

4 Loss-of function (LOF) and Nonsense-mediated
decay (NMD): Only CardioGraph provides informa-
tion about LOF and NMD effects of variations.

Privacy concerns

There are several privacy concerns when sharing VCF
files. Some of the most significant issues with VCF file
exchange are outlined here. The first issue is personal
identification as, despite the possibility of anonymizing
VCF data, reidentification is still theoretically feasible.
Data ownership and control pose a second challenge,
as stringent controls are needed to determine who is
the data’s owner and who can access and utilize it. Data
encryption is the third and final concern. To protect sen-
sitive data while moving it over networks, secure and
encrypted data transmission and storage are necessary.
CardioGraph must address these concerns in order to
protect the confidential information included in these
files.

The concerns have been addressed in CardioGraph by
providing two options for use: a publicly accessible web
application and a local installation. While the publicly
available web application is intended for testing with
small, non-critical subsets of data, the local installation
allows for the tool to be used in a local, secure envi-
ronment with no privacy concerns associated with the
exchange of VCF files. Furthermore, the platform imple-
ments a server with HTTPS for secure and encrypted
transport protocols, and the publicly accessible version of
our platform regularly deletes all data uploaded.

Competency questions

We started by facing a problem of variation identification
in the context of cardiac diseases. Our first step was to
learn about the domain. We used conceptual modeling
to create a comprehensive representation based on four
competency questions (see Data model section). Because
Cardiograph is a model-based tool that strictly adheres to
the data formats and connections defined in the model,
we ensured that competency questions are explicitly
linked to the model and that users can answer them using
Cardiograph.
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CardioGraph’s interface was created based on our spe-
cific model so clinical experts can quickly answer these
competency questions for each variation. The model is
an essential component of our solution because it is the
foundation for the underlying queries and the user inter-
face (UI). To be more specific:

Q1 How is a gene affected by a variation? Cardio-
graph identifies the specific gene that is affected by
a variation, pinpoints the specific change, and pro-
vides detailed information about its impact (see
Fig. 10, number 2).

Q2 How is a protein affected by a variation? Car-
diograph describes the particular change caused
by the variation and the structural and functional
consequences of the variation on proteins (see
Fig. 10, numbers 2 and 3).

Q3 How is a biological pathway affected by a varia-
tion? Cardiograph depicts a knowledge graph that
depicts the biological pathways and processes that
are affected by a variation in the heart structures.
This enables users to gain insights into the disrup-
tion or modulation of cardiac-associated pathways
(see Fig. 10, number 4.)

Q4 How is a particular heart biological element
affected by a variation? Cardiograph depicts a
knowledge graph that connects a variation to the
affected heart structures, which include cells, tis-
sues, and more complex structures (see Fig. 10,
number 5.)

Cardiograph streamlines data analysis and interpreta-
tion with a combination of an intuitive Ul and automated
discovery processes. The tool reduces user workload
by providing a user-friendly platform that allows for
simple navigation through complex data. In addition,
Cardiograph automates the discovery of potentially clini-
cally relevant variations, thereby saving time for data
interpretation.

Conclusions

We have presented CardioGraph, a platform that sup-
ports the analysis of novel variations associated with
familiar cardiopathies. This platform annotates the
variations of a VCF file and can prioritize them. It also
provides information about the variations’ effect at the
transcript and protein levels, providing each variation’s
functional and structural context.

Since most of the studied variations in familiar cardi-
opathies novel, CardioGraph has the potential to help cli-
nicians deliver more accurate genomic-based diagnoses
to their patients.
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Future work is oriented in four directions. First, to
expand CardioGraph’s Knwoledge Graph by including
new genes and pathways associated with cardiology dis-
orders that have not been considered in this first version.
Here, one of our focus will be connecting our data with
existing ontologies. Genomics Ontologies are highly rel-
evant and widely used in the community, consisting of
structured representations of knowledge consisting of
concepts, relationships, and attributes. They are stand-
ardized vocabularies that allow for data standardization,
integration, interoperability, and semantic understand-
ing across different systems and communities. We have
already identified ontologies of interest, as well as the
model dimensions and data sources associated with each
of them:

o The location dimension: Cell Ontology (https://www.
ebi.ac.uk/ols4/ontologies/cl, BRENDA Tissue Ontol-
ogy https://www.ebi.ac.uk/ols4/ontologies/bto, Gene
Ontology https://www.ebi.ac.uk/ols4/ontologies/go,
and Uberon https://www.ebi.ac.uk/ols4/ontologies/
uberon.

« The Entity dimension: Gene Ontology and Protein
Ontology https://www.ebi.ac.uk/ols4/ontologies/pr.

o The Structural dimension: Gene Ontology and
Sequence Ontology https://www.ebi.ac.uk/ols4/ontol
ogies/so.

+ The Pathway dimension: Pathway Ontology https://
www.ebi.ac.uk/ols4/ontologies/pw  and  Protein
Ontology.

o The Variation dimension: Sequence Ontology and
Variation Ontology https://www.ebi.ac.uk/ols/ontol
ogies/vario.

Finally, the two remaining dimensions of our future
work will include both additional information of inter-
est to assess the relevance of variations (e.g., functional
studies or hotspots) and new data sources with informa-
tion about previously reported variations to complement
novel variations with those already reported.

Abbreviations

ACGV Atlas of cardiac genetic variation

ACMG/AMP American college of medical genomics / association for
molecular pathology

ACTC1 Cardiac muscle alpha actin

ACTN1 Alpha actinin 1

ADP Adenosine diphosphate

API Application programming interface

ARVC Arrhythmogenic right ventricular cardiomyopathy

ATP Adenosine triphosphate

Ca Calcium

CACNATC Calcium voltage-gated channel subunit alpha 1 C

CACNB2 Calcium voltage-gated channel auxiliary subunit beta 2

CAPZA1 Capping actin protein of muscle z-line subunit alpha 1

CASQ2 Calsequestrin 2

cQ Competency question
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csc Conceptual schema of cardiopathies

CSHG Conceptual schema of the human genome
DCM Dilated cardiomyopathy

DES Desmin

DNA Deoxyribonucleic acid

EGF Epidermal growth factor

EXAC Exome aggregation consortium

FBN1 Fibrilin 1

HCM Hypertrophic cardiocyopathy

HTTPS Hypertext transfer protocol secure

HUGO Database
ICD

Human genome organization database
Implantable cardioverter-defibrilator

ISGE Method Identify, select, generate method

K Potasium

KCNH2 Potassium voltage-gated channel subfamily H member 2
KEGG Kyoto encyclopedia of genes and genomes
LOF Loss of functionality

LOVD Leiden open variation database

MYBPC3 Myosin binding protein C3

MYH6 Myosin heavy chain 6

MYH7 Myosin heavy chain 7

MYL1 Myosin light chain 1

MYL2 Myosin light chain 2

Na Sodium

NAR Nucleic acid research

NCBI National center for biotechnology information
NMD Nonsense-mediated mRNA decay

RNA Ribunocleic acid

SCD Sudden cardiac death

TNNC1 Troponin C1, slow skeletal and cardiac type
TNNT2 Troponin C2, fast skeletal type

TPM1 Tropomyosin 1

TTN Titin

TTNT2 Troponin T2, cardiac type

Ul User interface

VCF Variant call format

VEP Variant effect predictor

VUS Variant of unknown significance
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