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Introduction

Since the completion of the Human Genome Project in 20031,2, Next Generation Sequencing (NGS) technologies have begun 
to revolutionize medical practice.3 NGS proved to be accurate and cost-effective and compensated for some of the technical 
weaknesses of older sequencing and genotyping approaches in elucidating a cause for Mendelian (monogenic) diseases.4 The 
identification of the genetic basis of these diseases has been challenging and labor-intensive, until a few years ago.
Many disorders have a genetic component and besides monogenic diseases caused by the mutation of a single gene, an increasing 
number of genetic variants and polymorphisms are being identified as risk factors for complex pathologies.5,6 The global prevalence 
of all monogenic diseases at birth is approximately 10/1000, affecting millions of people worldwide.7 Typical inherited monogenic 
disorders include Huntington’s disease and thalassemia, in addition to approximately 1,000 other inherited rare disorders.8 
Although the human genome contains 3 billon base pairs (bp), only 1% of these correspond to the exome coding for proteins.9,10        
As such, 85% of disease-causing mutations reside in the exome.11,12,13 Since the diagnostic rate of rare diseases is estimated at 25%, 
exome sequencing is becoming increasingly popular. 
In recent years, exome sequencing has become a widely used method for identifying the molecular basis of genetic disorders across 
various medical specialties, when other alternative methods fail to detect causal gene mutations for diseases of Mendelian inheritance.14,15
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Exome sequencing versus whole genome sequencing

The translation of whole human genome sequencing to clinical 
practice has been enabled, thanks to the Genome in a Bottle 
initiative developed by the National Institute of Standards 
and Technology (NIST).19 Although whole genome sequencing 
is becoming more and more affordable, it comes associated 
with bigger challenges when compared to exome sequencing. 
The greater amount of data generated from whole genome 
sequencing makes the identification of driver genes more 
difficult and requires a higher capacity of computational analysis 
and data storage. 

However, genome sequencing provides a comprehensive view 
of the genetic alterations present in the patient, including 
large genome reorganizations such as deletions, inversions, 

Exome sequencing is being widely adopted for variant detection 
related to disease-causing protein structural and functional 
changes.16 Indeed, Copy Number Variations (CNVs), Single 
Nucleotide Variants (SNVs) and small Insertions or deletions 
(Indels) are detected with this approach.17

In order to identify causative alterations with a Mendelian 
pattern of inheritance among the huge amount of data generated, 
sequenced data is filtered.5,16,18 Although most of these genetic 
variants are “passenger changes”, few are considered to be 
“driver changes”, directly correlated with the disease.18

Exome sequencing is used as an alternative approach in 
diagnostics when multigene panels fail to identify causal genes 
for rare diseases. Nonetheless, its applications are facing 3 main 
challenges.21,22

1) Data analysis

Data analysis forms a core component of NGS-based testing. It 
involves several steps to quality control raw sequence data and 

Human exome: variant detection and data analysis

Comparison of exome sequencing to genome sequencing 
and targeted gene sequencing

Challenges facing exome sequencing

To identify relevant variants, a comparison between affected 
and unaffected individuals is needed. It is also essential to 
predict the importance of these variants and their impact on 
protein function.

Today, more studies are being conducted, and more variants 
are being identified as causative of inherited diseases. These 
mutated genes can be found in specialized databases such as 
the Online Mendelian Inheritance in Man database (http://
www.omim.org).

align it to the human genome reference sequence, from which 
variant calls are generated.23 

Data analysis remains the most challenging part of exome 
sequencing. Overcoming technological limitations, caused 
by DNA enrichment methods and sequencing platforms, is 
necessary for a rapid and precise variant detection. Most of the 
technologies used for exome sequencing and other NGS tests 
introduce biases, making data analysis very complicated, thus 

or translocations.20 Such alterations cannot be detected 
by exome sequencing since they do not affect encoded 
proteins. Therefore, whole genome sequencing provides more 
information than exome sequencing at the expense of increased 
complexity and economic costs.

Exome sequencing versus whole genome sequencing

Targeted gene sequencing is a direct approach used when most 
of the genes involved in the disease are already known, or when 
only actionable genes are considered. This is for instance the 
case of some cancer types due to mutations in a reduced number 
of genes.6 The main limitation of this sequencing technique is 
that it does not allow for the detection of gene mutations not 
previously related to the disease being investigated.
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affecting the sensitivity, specificity, reproducibility and other 
analytical performance. 

Overcoming such sources of bias starts by adopting a 
standardized approach of the analytical workflow from sample 
preparation to data generation and analysis. It is necessary to 
develop optimal techniques for DNA library preparation to 
ensure full coverage of all the exons. 

Furthermore, given the large number of variants that exome 
sequencing  produces, it is challenging to select the most relevant 
variants directly related to the disease being investigated. 
Filtering based on population frequencies or prediction scores 
leaves users with too many variants. Therefore, it is essential to 
develop filtering options to render the analysis more efficient. 

Moreover, to pinpoint a small subset of functional variants, 
many annotation tools have been developed. Reporting CNVs, 
Indels and SNPs depends on the algorithms used, which can 
lead to a substantial discordance in the description of variants 
between the various annotation tools and databases. Thereby, 
a lot of information can be missed when the same variants are 
represented differently in different databases and resources. 
These issues highlight the urgent need to unify standards in 
variant annotation, with consistent reporting within the genomic 
context, to enable accurate data-driven care medicine.24

2) Incidental findings

A major concern of exome sequencing is related to the 
reporting of incidental findings, defined as results that are not 
related to the indication/disease being investigated, but may be 
of medical utility to the patient. 

The American College of Medical Genetics and Genomics 
(ACMG) Working Group specified a set of disorders, the 

The Clinical Exome Solution (CES) by SOPHiA GENETICS 
bundles the analytical power of SOPHiATM, the collective 
Artificial Intelligence (AI) for Data-Driven Medicine, with 
a capture-based target enrichment kit and full access to      
SOPHiA DDM® platform. It consists of 116,355 individually 
designed probes and spans 11 megabytes (Mb) of target region 
covering more than 4,900 genes with known inherited disease-
causing mutations. 

Most of the technologies used in clinical exome sequencing 
do not provide full coverage of all the exons. Therefore, in 
order to generate high quality raw genomic data, SOPHiA 
GENETICS used a knowledge-driven kit design that leads to a 

relevant associated genes and certain categories of variants that 
should be reported, based on a consensus-driven assessment 
of clinical validity and utility. They prioritized disorders where 
preventative measures and/or treatments were available and 
disorders in which individuals with pathogenic mutations might 
be asymptomatic for long periods of time. Typical examples are 
Hereditary Breast and Ovarian Cancer, Li-Fraumeni Syndrome, 
Arythmogenic Right Ventricular Cardiomyopathy, and more.25 

According to the European Society of Human Genetics (ESHG), 
it should be decided, at the laboratory, institute or national 
level, whether patients are offered opt-in, opt-out options to 
get additional information besides the initial diagnostic result.26

3) Data privacy and storage

Given the increasing number of requests for access to patients’ 
genomic data, privacy has developed into a vital challenge. 
Therefore, to prevent unsolicited use of personal information, 
genomic data confidentiality should be preserved. Privacy 
safeguards include data encryption, password protection, 
secure data transmission, audits of data transfer methods, and 
strategies against breeches and abuse of the data.27

Today, it is of high priority to develop a privacy-protecting 
technology for the storage and access to patients’ genomic 
information worldwide.

As the costs of NGS decrease the data volumes increase, 
especially when dealing with large sequencing panels, requiring 
more storage space. But data storage costs can be prohibitive. 
It requires hardware maintenance and physical space and 
sometimes, older data must be moved or deleted to make some 
additional space for the newly generated ones. 

Clinical Exome SolutionTM (CES) by SOPHiA GENETICS

high percentage of on-target reads and uniform coverage even 
through difficult templates (GC-rich regions), thus improving 
sensitivity with minimal impact on specificity. As a result, the 
first exons of all genes included in the clinical exome panel by 
SOPHiA GENETICS are always optimally covered.
Although clinical exome sequencing applications are facing 
some technical and ethical challenges, numerous hurdles are 
overcome by the CES solution: 

1) Data analysis is eased by SOPHiA AI

SOPHiA has been exposed to over half a million of total variants 
that have been curated or confirmed by experts. This enabled 
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SOPHiA to learn how to solve complex patterns and reach 
unmatched levels of specificity and sensitivity in targeted and 
large panels such as that for the clinical exome.

SOPHiA overcomes biases, caused by DNA enrichment 
methods and sequencing platforms, and accurately detects, 
annotates and pre-classifies all types of genomic variants (SNPs, 
Indels and CNVs) generated by clinical exome sequencing, to 
help clinicians better diagnose their patients. 

SOPHiA is particularly important for efficient variant annotation 
since it resolves the representation discordance between 
individual variant sources such as public databases (ClinVar, 
ExAC, dbSNP and more) literature and patient variants. This 
discordance prevents variants to be reliably matched and can 
therefore lead to a loss of information. SOPHiA features a 
database search engine (MOKATM) that ensures the identification 
and retrieval of matching variants regardless of their particular 
representations, such as Indels aligned differently or complex 
variants. Indeed, SOPHiA annotates variants in a robust way 
to help clinicians better interpret genomic data and achieve 
accurate and precise clinical care.

Given the large number of variants that exome sequencing 
produces, it is also challenging and time-consuming to select 
the most promising variant candidates that best explain the 
patient’s phenotypes.  To make the analysis more manageable, 
SOPHiA DDM offers features that allow to define and edit 
custom filters for efficient and dynamic analysis of exomes. 

Additionally, SOPHiA promises a more effective and 
complementary strategy to identify relevant variants. This 
strategy compares variants of an affected individual with 
those of his/her mother and father and then uses Mendelian-
consistent and Mendelian-inconsistent inheritance patterns 
as criteria to filter the variants. This approach may require 
testing different modes of inheritance (recessive, dominant, or 
de novo) successively or in combination, to discover the true 
disease-causing variants. And in certain cases, the analysis can 
be extended to other members of a family (more than two 
generations, siblings…). 

2) Incidental findings are reduced

Reporting incidental findings is a major concern when large 
panels such as clinical exome are sequenced. They may be of 

high medical utility to the patient who can choose to restrict the 
interpretation of her/his analysis. 

Therefore, it is possible to restrict the interpretation to sub-
panels of genes, filter for variants in genes of interest and 
thus prevent the detection of incidental findings. Through          
SOPHiA DDM, users can specify a virtual panel at the analysis 
level, which corresponds to the consent restriction. For 
instance, if a patient chooses to only look at the genes involved 
in the disease  addressed by her/his reason for referral, only 
these specific genes will be analyzed.

3) Data privacy and storage are secured

Data privacy is becoming an increasingly serious concern. 
Preventing unsolicited use of personal data requires not 
only data encryption but also strict definitions of data access 
privileges that enable selective retrieval of genomic data. 

SOPHiA GENETICS is certified for the ISO 27001 for 
Information Security Management and guarantees the 
protection of personal data. It is also developing an advanced 
privacy-protecting technology for the storage and access to 
patients’ genomic information worldwide, in collaboration with 
genomic data privacy and security experts from the Swiss 
Federal Institute of Technology Lausanne (EPFL), and biomedical 
researchers from Stanford University. This new technology, 
SECRAM (Selective retrieval on Encrypted and Compressed 
Reference-oriented Alignment Map), makes sure the privacy of 
genomic information is not compromised as patients’ data go 
through various processing steps, from compression to storage 
and finally access by healthcare institutions.  

Additionally, SECRAM will offer an effective space-saving 
solution for the storage of clinical genomic data.28 “The currently 
available solutions were developed before the widespread 
usage of high-throughput technologies and do not consider 
effective protection when compressing genomic sequences; 
the current standard saves 34% storage on average in lossless 
compression. SOPHiA GENETICS’ no-compromise solution 
uses 18% less storage while allowing for unprecedented levels of 
security in genomic data storage as well as selective retrieval”, 
says Jean-Pierre Hubaux, Professor at EPFL.
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The widespread adoption of high throughput sequencing 
technologies toward clinical applications, and the progress 
made with the development of analytical solutions for genomics 
have increased the understanding of the human genome and 
its relation to diseases. Clinical exome sequencing is now being 
used for diagnostics when other sequencing methods fail to 
identify alterations in genes associated to hereditary and rare 
diseases.

The Clinical Exome Solution by SOPHiA GENETICS leads to 
a performance that reaches the standards required for clinical 
diagnostic testing.

With the Clinical Exome Solution by SOPHiA GENETICS, 
healthcare institutions can better diagnose their patients that 
are at high risk of developing for instance Mendelian disorders. 
This will ultimately enable the prescription of adapted 
treatments.

Moreover, SOPHiA GENETICS has built the World’s Largest 
Clinical Genomics Community with more than hundreds of 
institutions participating in the democratization of Data-Driven 
Medicine.  By adopting the CES, experts become members of 
the community, allowing them to anonymously and safely share 
knowledge for an improved variant interpretation. 

Conclusion

Reference partner

BioAnalytica-Genotype S.A. in Athens offers Cytogenetics and 
Molecular Genetics tests for diagnosis, prognosis and therapy 
selection of haematological malignancies and solid tumors. 
The Molecular Genetics laboratory was looking for a NGS-
based solution to improve the diagnosis of hereditary and rare 
disorders. They rapidly adopted the Clinical Exome Solution by 
SOPHiA GENETICS, thanks to its superior performance.

“Being a quality-oriented company, we give absolute 
priority to quality above everything else, and with                        
SOPHiA GENETICS, we have found the partner to our 
expedition to Molecular Diagnostics that has no match in 

the world. We decided to adopt clinical exome sequencing 
to identify disease-causing variants for patients with 
hereditary and rare diseases. We tried with enormous 
success the CES solution by SOPHiA GENETICS, which 
combines the absolute superiority of probe capture design 
with the insurmountable data analysis, thanks to SOPHiA, 
the collective artificial intelligence for Data-Driven 
Medicine”. 

Dr. Pantelis Constantoulakis, Head of the Molecular Genetics 
Department at BioAnalytica-Genotypes S.A.

Sensitivity > 99%*

Precision > 99%*

Reproducibility > 99%

Average on-target rate > 90%

Coverage uniformity > 99%

Average percentage of 
target region > 50x 98%

Performance metrics are based on high confidence regions in a reference 
sample. Values have been calculated on a reference sample and 10 M 
fragments per sample (300 bp read length). 

In the coming years, most of the genetic variants associated to 
diseases will be discovered and reported to public databases, 
allowing clinical exome sequencing to be fully adopted in the 
medical practice.
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