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The state of "omics" technologies and their clinical application 

 
In this scientific advisory report on public health policy, the Superior Health Council of Belgium 

provides the current state of art of “Omics” technologies for Belgian citizens. 

 
This report aims at providing citizens, health care workers and policy makers with specific 

recommendations on the use and implementation of “omics technologies” in health care. 
This version was validated by the Board on  
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EXECUTIVE SUMMARY 
 

The first (1986) 'omics’-technology was ‘genomics’, referring to the study of the entire human 
genome, along with the technologies used to enable that. Shortly after the introduction of this term, 
in the wake of genomics a whole array of ‘omics’-disciplines emerged, such as ‘transcriptomics’ 
and ‘proteomics’. 
 
After thirty years of omics research in Belgium, the SHC presents an assessment of the current 
state of affairs regarding the various 'omics' technologies. Also, this report describes in how far 
these technologies have made it on their way to clinical application in both curative and preventive 
setting. In curative health care, omics can play a role in the diagnosis and treatment, while in 
prevention omics can be used for screening purposes, which finally could lead to a certain degree 
of eradication of environmentally induced diseases. 
 
Various Belgian experts have combined their knowledge and expertise to depict the state of affairs 
in the various 'omics' domains: technical possibilities, the feasibility of practical use and the further 
research necessary to unravel the origins of disease. Per ‘omics’ technique a definition and 
description is given, a state of the art on the technical possibilities, an example of clinical 
applications and finally the future perspectives. The following omics techniques are discussed: 
genomics, transcriptomics, epigenomics, proteomics, metabolomics, microbiomics, exposomics, 
lipidomics, glycomics. 
 
These 'omics' technologies result in enormous amounts of data. Data of an individual omics 
technology generate already complex data in relation to human health and environment. However, 
a next level is to combine and integrate data from different omics analyses. It is clear that complex 
big data analysis technologies are required to generate insight and knowledge on the prevention, 
diagnosis and treatment of disease. Consequently, an update on big data and the potential use of 
artificial intelligence techniques are given following the overview of the omics techniques. 
 
The impact of omics tests and their application somehow touches the boundaries of current 
practice, existing societal and ethical standards. First, the question whether or not a patient needs 
an omics analysis, and will benefit from it, should be asked early on during diagnostic evaluation. 
As a consequence, primary care physicians and medical specialists will have an important role in 
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the referral of a patient for omics consultation. They should be gate keepers and they should guide 
the patients and their families towards genetic services when these are necessary. Omics 
laboratories and specialists (e.g. geneticists) should, together with other medical specialists and 
regulatory governmental agencies, guarantee that the most appropriate test will be offered and 
reimbursed by social security. 
 
Also a decision should be taken on if and how these services should be reimbursed. A new model 
for the provision of omics diagnostics and counselling should be developed. Bio-informatic tools 
and expertise are requisites for better and faster interpretation of the large datasets that are 
associated with a (total) omics analysis. Close collaboration between clinicians, genetic laboratory 
specialists, bio-informaticians, clinical geneticists and genetic and omics counsellors is a key 
feature for the introduction of omics medicine. 
 
Experts and policy makers will have to decide if and at what point predictive tests will benefit 
prevention, diagnosis and treatment. Given these very circumspect proceedings, it is remarkable 
that exactly in this delicate area commercial companies offer genetic testing, mostly on the internet. 
These commercial screenings target people without clinical complains nor symptoms. On the basis 
of genetic profiling of an individual’s DNA, they provide personalised life style recommendations, 
which are in fact relative risk predictions. These companies increasingly venture into diagnostics 
and carrier testing for genetic diseases. 
 
Issues such as the privacy, security and protection of genomic data are particularly challenging, 
especially if such data become part of a patient's electronic medical file. Apart from clinical 
information, healthcare increasingly focusses on lifestyle and environment. Reading and 
interpreting omics data will soon become an integral part of care, treatment and prevention. 
Consequently: we formulate following recommendations: 

1. Organise ‘omics’ in institutes 
2. Support nationally centralised databases 
3. Switch to a different vision on data protection 
4. Create new professions and provide training 
5. Consider screening 
6. Law and insurance 
7. Promote prevention 
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Keywords and MeSH descriptor terms1 
 

 
MeSH (Medical Subject Headings) is the NLM (National Library of Medicine) controlled vocabulary thesaurus used for indexing 

articles for PubMed http://www.ncbi.nlm.nih.gov/mesh. 

 
  

 
1 The Council wishes to clarify that the MeSH terms and keywords are used for referencing purposes as well 
as to provide an easy definition of the scope of the advisory report. For more information, see the section 
entitled "methodology". 

MeSH terms*  Keywords Sleutelwoorden Mots clés Schlüsselwörter 

-  omics 
technologies 

omics 
technologieën 

technologies omics "-omik"-Technologien 

-  disease 
prevention 

ziektepreventie prévention des 
maladies  

Krankheitsprävention  
 

-  disease 
diagnosis 

ziektediagnose diagnostic des 
maladies  

Krankheitsdiagnose 

-  disease 
treatment 

ziektebehandeling traitement des 
maladies  

Krankheitsbehandlung 

‘genomics’  genomics genomica génomique  Genomik 

‘epigenomics’  epigenomics epigenomica épigénomique Epigenomik  

‘transcriptome’  transcriptomics transcriptomica transcriptomique Transkriptomik 

‘proteomics’  proteomics proteomica protéomique Proteomik 

‘glycomics’  glycomics glycomica glycomique  Glykomik 

‘metabolomics’  metabolomics metabolomica métabolomique Metabolomik 

‘lipidomics’  lipidomics lipidomica lipidomique Lipidomik 

‘microbiome’  microbiomics microbiomica microbiomique Mikrobiomik 

‘exposome’  exposomics exposomica exposomique Exposomik 

‘big data’  big data big data big data  Big Data  

‘ artificial 
intelligence’ 

 artificial 
intelligence 

artificiële 
intelligentie 

intelligence artificielle künstliche Intelligenz 

‘ethics’  ethical 
constraints 

ethische 
beperkingen 

contraintes éthiques   ethische 
Einschränkungen 

-  legal 
constraints 

legale 
beperkingen 

contraintes juridiques  gesetzliche 
Einschränkungen 

http://www.ncbi.nlm.nih.gov/mesh
https://www.linguee.com/german-english/translation/Krankheitspr%C3%A4vention.html
https://www.linguee.com/german-english/translation/Krankheitsbehandlung.html
https://www.linguee.com/german-english/translation/Genomik.html
https://www.linguee.com/french-english/translation/%C3%A9pig%C3%A9nomique.html
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ABBREVIATIONS 

 

AI Artificial Intelligence 

APTS 8-aminopyrene-1,3,6-trisulfonic acid 

AUC Area Under the Curve 

BCIs Brain-Computer Interfaces 

BMI body mass index 

CA Carbohydrate Antigens 

CAR Chimeric Antigen Receptor 

CD Crohn’s Disease 

cDNA complementary DNA 

CEA Carcino Embryonic Antigen 

CE-LIF capillary electrophoresis-laser-induced fluorescence 

CHEAR Children’s Health Exposure Analysis Resource 

CITE-sequencing Cellular Indexing of Transcriptomes and Epitopes by Sequencing 

CRC colorectal cancer 

CRISPR Clustered Regularly Interspaced Short Palindromic Repeats 

CRP C-reactive protein 

CVD cardiovascular diseases 

CWL Common Workflow Language 

dbGaP database of Genotypes and Phenotypes 

DNA desoxyribonucleic acid 

DNN Deep Neural Network 

DOHAD Developmental Origin of Health And Disease 

DTC Direct-to-consumer 

EGA European Genome-phenome Archive 

EHRs Electronic Health Records 

EMA Ecological Momentary Assessment 

EOSC European Open Science Cloud 

EPHOR Exposome Project for Health and Occupational Research 

EWAS Epigenome-Wide Association Studies 

EXHES European Exposure and Health Examination Survey 

FAIR Findable, Accessible, Interoperable and Reusable 

FEV1 forced expiratory volume in one second 

FISSEQ Fluorescent in situ sequencing 

FLEHS Flemish Environment and Health Surveys 

FP7 Framework Programme 7 

GDPR General Data Protection Regulation 

GEWAS Genome- and Environment-wide Association Studies 

GEWIS Genome-Environment-wide Interaction Studies 

G(L)C-MS gas-(liquid) chromatography-mass spectrometry 

GPUs Graphical Processing Units 

GTEx Genotype-Tissue Expression Project 

GWAS Genome-Wide Association Studies 

HCC Hepato Cellular Carcinoma 

HD Huntington's disease 
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HEALS Health and Environment-wide Associations based on Large Population 

Surveys 

HELIX Human Early-Life Exposome 

HER2 human epidermal growth factor receptor 2 

HILIC hydrophilic interaction liquid chromatography 

HPC high-performance computing 

HPLC high-performance liquid chromatography 

HPP Human Proteome Project 

HR hormone receptor 

HUPO Human Proteome Organization 

IARC International Agency for Research on Cancer 

ILS International Lipidomics Society 

iPOP integrative Personal Omics Profiling 

LC liquid chromatography 

LIF Laser-Induced Fluorescence 

MALDI-TOF matrix-assisted laser desorption-ionization – time of flight mass 

spectrometry 

MRC UK Medical Research Council 

mRNA messenger ribonucleic acid 

MS mass spectrometer 

MSI mass spectrometry imaging 

NCI American National Cancer Institute 

NGS next-generation sequencing 

NHANES National Health and Nutrition Examination Survey 

NIEHS US National Institute of Environmental Health Sciences 

NIH American National Institutes of Health 

NIPT non-invasive prenatal test 

NIHR UK National Institute for Health Research 

NMC Netherlands Metabolomics Centre 

NMR Nuclear Magnetic Resonance 

PBPK physiologically based pharmacokinetic 

PIH Antwerp Provincial Institute of Hygiene 

PM2.5 fine particles with a diameter of 2.5µm or less 

QMP Quantitative Microbiome Profiling 

RIZIV/INAMI Rijksinstituut voor ziekte- en invaliditeitsverzekering / Institut national 

d’assurance maladie-invalidité 

RNA ribonucleic acid 

ROR Risk Of Recurrence 

RS Recurrence Score 

RT-PCR Reverse Transcriptase-Polymerase Chain Reaction 

RT-qPCR Reverse Transcription quantitative Polymerase Chain Reaction 

Seq-FISH sequential Fluorescence In Situ Hybridization 

SHC Superior Health Council 

SMRT single molecule real-time 

SNPs Single-Nucleotide Polymorphisms 

TCGA The Cancer Genome Atlas 

TCR transcription-coupled repair 

VIB Vlaams Instituut voor Biotechnologie 



 − 7 − 

Superior Health Council 

www.shc-belgium.be 

VSC Vlaams Supercomputer Centrum 

WES whole exome sequencing 

WGS whole genome sequencing 
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I. INTRODUCTION AND ISSUES 
 
The first 'omics’-technology was ‘genomics’. This is the study of the entire human genome, along 
with the technologies used to enable that. The term is derived from 'genome’ and was minted in 
1986 by the geneticist Thomas H. Roderick (Jackson Laboratory) during a congress on the 
assessment of the human genome. After a congress day he went to a local Mc Donald's with Frank 
Ruddle (Yale University) and Victor McKusick (Johns Hopkins University) to deliberate about the 
establishment of a new scientific magazine. In between dinner and pints they thought about a title. 
Roderick's proposal: Genomics. And that is still the name of the magazine they started back then. 
 
Shortly after the introduction of this term, in the wake of genomics a whole array of ‘omics’-
disciplines emerged, such as ‘transcriptomics’ and ‘proteomics’. Part of the genetic information of 
the cells is used for the production of proteins. During a first phase – transcription – the DNA 
(deoxyribonucleic acid) code is transferred into mRNA (messenger ribonucleic acid). This mRNA 
subsequently binds to ribosomes, after which the mRNA is read out for the formation of proteins. 
This second phase is known as translation. Transcription and translation together are part of the 
same process of ‘gene expression’. There are approximately 21,000 different human genes that 
use this mechanism to code for more than 100,000 different proteins. 
 
In transcriptomics mRNA is identified and quantified to assess all genes that have come to 
expression. In proteomics all proteins are studied – the proteome – that have been produced by 
cells, including their levels and state. Within these research domains, gene expression and protein 
profiles of cells touched by a pathology are compared to healthy cells. This research already leads 
to an enormous amount of information on disease mechanisms and genetic, molecular and 
biological processes. This knowledge holds value for prevention, diagnosis and treatment of 
disease. 
 
Contrary to the genome, the gene expression and the proteome differ from cell to cell. Every cell 
type only uses a limited part of the genetic information available. Skin cells for instance use other 
genetic information than lung cells do. Furthermore, gene expression and protein profiles constantly 
change during the normal life cycle of a cell, under the influence of changes in the cell environment 
among other things. This is reflected in the metabolome and lipidome, the collection of all water-
soluble and insoluble metabolites, that function as building blocks and substrates to drive cellular 
processes. 
 
The latter aspect is also specifically studied in the field of ‘toxicogenomics’. This research domain 
looks into the exposure to environmental factors and toxic substances on genes and their 
expression, in order to be informative for toxicological modes of action. The exposure to substances 
can fairly well be managed and characterized with in vitro experiments. In humans, however, this 
still remains very difficult. Exposure follows various routes: via lungs, skin, stomach and intestinal 
tract. It can also have a number of different causes, such as occupation, diet or general living 
conditions. People are exposed to thousands of substances on a day to day basis. Not all of these 
have been identified and characterized up to this point. We are currently able to measure only a 
small percentage of those. 
 
On top of that, exposure to substances from the environment can change radically during lifetime. 
Air quality changes with the seasons and according to varying weather conditions. As a 
consequence of industrialization the air quality deteriorated drastically during the twentieth century, 
which had negative consequences for human health. But at the same time, hygiene and food 
improved, having a positive influence on quality of life and the life expectancy of the population. 
 
All this makes it hard to quantify integral exposure during lifetime from cradle to grave. ‘Omics’-
technologies might enable to describe individual exposure during the entire lifespan. This is done 
in the field of ‘Exposomics’. The exposome is a term proposed in 2005 by Christopher Wild, director 
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of the International Agency for Research on Cancer (IARC). The technological complexities 
regarding assessment of the exposome are by now no longer insurmountable: in the future it will 
become feasible to look into the impact of exposure on disease development. 
 
With the successful characterization of the individual exposome and genome, environmental as 
well as genetic determinants of disease can be collected in order to study interactions between the 
gene and the environment. In studies like these (Genome- and Environment-wide Association 
Studies or GEWAS) it can be established whether the effect of the genes on health is influenced 
by environment or diet – or rather vice versa. Does the environment depend on a specific genetic 
constellation? If we, as was the case in the ‘human genome project’, succeed in charting the entire 
exposure during lifetime and subsequently to process and interpret this enormous amount of data 
correctly, we should in due time be able to find the causes of most diseases. 
 
The 'omics' technologies result in enormous amounts of data. Data of an individual omics 
technology (e.g. genome) generate already complex data in relation to human health and 
environment. However, with the current state-of-the-art, data from different omics outcomes (e.g. 
genome, epigenome, transcriptome, proteome) can be combined and integrated. It is clear that 
complex big data analysis technologies are required to generate insight and knowledge on the 
prevention, diagnosis and treatment of disease. With these, questions regarding the protection of 
personal data and privacy immediately emerge. 
 
After thirty years of scrupulous research the SHC likes to present an assessment of the current 
state of affairs regarding the various 'omics' technologies. Also, this report will describe in how far 
these technologies have made it on their way to clinical application, not ignoring that our 
environment and exposure have an impact on the omics results and that these data can help to 
elucidate the underlying mechanisms and causes of diseases2. Ultimately, these data and insights 
could lead to a certain degree of eradication of environmentally induced diseases. 
 
Various Belgian experts have combined their knowledge and expertise to depict the state of affairs 
in the various 'omics' domains: technical possibilities, the feasibility of practical and clinical use and 
the further research necessary to unravel the origins of disease. For the clinical application we have 
limited ourselves to the selection of a key or illustrative clinical example, rather than going for 
completeness. At the end the document glances into the future and mentions some policy 
recommendations that could sustain Belgian's favourable position in 'omics' research domains. 
 
  

 
2 Vineis et al., 2013. 
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II. METHODOLOGICAL APPROACH 
 
After analysing the project proposal, the Board, the chair of the area chemical agents and the chair 
of the ad hoc working group identified the necessary fields of expertise. An ad hoc working group 
was then set up which included experts in the various omics fields. The experts of this working 
group provided a general and an ad hoc declaration of interests and the Committee on Deontology 
assessed the potential risk of conflicts of interest. 
 
This advisory report is based on a review of the scientific literature published in both scientific 
journals and reports from national and international organisations competent in this field (peer-
reviewed), as well as on the opinion of the experts. 
 
Once the advisory report was endorsed by the ad hoc working group and by the standing working 
group chemical agents it was ultimately validated by the Board. 
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III. ELABORATION AND ARGUMENTATION 
 
1. Genomics 
 
Definition and description3 
 
DNA carries the genetic instructions used in the growth, development, functioning, and 
reproduction of almost all known living organisms and viruses. DNA is composed of two chains that 
coil around each other to form a double helix. The genome is the total amount of DNA, the sum of 
all the genes of an individual organism. A gene is a sequence of nucleotides in DNA (or RNA 
(ribonucleic acid)) that codes for a molecule that has a function. Nucleotides are the bio-organic 
building blocks for DNA and RNA. The human genome consists of approximately 21,000 genes. 
The term genome generally refers to the genetic information it contains4. 
 
DNA is not a single big molecule; it is organized in separate pieces or 'chromosomes'. Genes that 
contain the codes for the production of proteins are called 'coding DNA'. On top of that, the genome 
also contains 'non-coding' DNA sequences. These don't encode protein sequences, but do 
constitute genetic information. Initially, the function of this large amount of non-coding DNA 
sequences in the genome was not understood. It was therefore called ‘junk DNA’. We now know 
that this is not junk at all. Non-coding DNA sequences play an important role in turning other genes 
'on' or 'off'. They also contribute to the maintenance of the delicate chromosome structures5. 
 
The genomes of humans, fruit flies and tomatoes all share some common genes and traits. But, as 
can be imagined, the genomes of all species are different. Apart from genes that define a species, 
there are also genes that define all individuals within a species. The individual’s genome is the mix 
of the genomes of the father and that of the mother. Each individual thus harbours two complete 
sets of chromosomes - two complete sets of genes one from each parent. 
 
Apart from identical twins, all individuals are genetically different. Everyone bears approximately 
three million ‘variants’ as compared to non-related other individuals. Many of these variants are 
present quite frequently in the population, others are rare or even unique. The genome not only 
determines the eye colour; it encodes many traits. Unfortunately it also contains variants that lead 
to diseases: these are called 'pathogenic variants' previously known as 'disease-causing 
mutations'6. 
 
State of the art technical possibilities 
 
‘Massively parallel sequencing’ or ‘Next Generation Sequencing’ (NGS) has enabled to read out 
complete individual genomes. High-throughput sequencing machines ‘read’ the content of millions 
of tiny DNA fragments, each of about 100 to 250 nucleotides, in parallel. For such a genome 
analysis the term ‘genomics’ has been coined. In 2000, the Human Genome Project shed light on 
the structure of the entire human genome. Since this billion dollar project, technological progress 
has brought us into the realm of the '$ 1,000 genome', enabling the use of genomics for new 
approaches in research and clinical setting. It will allow predictive, precision as well as personalized 
medicine. With the use of bio-informatic tools the information is assembled into a sequence. That 
sequence can subsequently be compared to the reference sequence of the human genome, which 
has been continuously updated since 2000. This massively parallel sequencing technology is 
already widely implemented in genomic medicine for many Mendelian diseases78. 

 
3 Strachan & Read, 2018. 
4 Strachan & Read, 2018. 
5 Strachan & Read, 2018. 
6 Strachan & Read, 2018. 
7 Shendure et al., 2017. 
8 Turro et al., 2020. 
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Although impressive progress has been made, it must be acknowledged that the current state of 
technology still has its limits. Important questions can be answered today thanks to genome 
sequencing, but at the same time there are important gaps. The genetic basis of disease has mainly 
focused on coding regions, using whole exome sequencing (WES). A large proportion of the 
noncoding genome is functional and can harbour genetic variants that are causally related to 
Mendelian disorders or that contribute to complex traits. Noncoding variants that are increasingly 
being found by whole genome sequencing (WGS) can influence gene expression or function 
through diverse functional units including untranslated regions, DNA regulatory elements, and 
noncoding RNAs. The current challenges for the interpretation of noncoding genetic variants 
include identifying the disease-relevant cell type, predicting and evaluating the underlying 
mechanisms, and the lack of appropriate in vivo models9. 
 
Clinical applications 
 
Advances in genomic technologies and in understanding of the effects of genomic variants are 
facilitating the transition of genomics from research into clinical care. Genomic medicine, or the use 
of an individual’s genomic information as part of their clinical care, is increasingly being 
implemented in routine practice. Four examples of clinical applications of genomics can be found 
below10111213. 
 
Case 1 – Rare diseases 
 
One of the fields in which genomics proves its value is that of rare and hereditary diseases. Centres 
for human genetics are piloting the introduction of genomics to the clinic. The technology is used 
for diagnosis of patients with a possibly hereditary cause of disease. One of these is epilepsy, of 
which a patient's clinical picture doesn't allow the conclusion about whether there is a genetic 
variant of the disease concerned or not. When there actually is a genetic cause, it is potentially 
linked to one of several dozens of genes. Genomic testing, applied here as the massively parallel 
sequencing of all known epilepsy genes, can make clear whether there is a genetic cause and, if 
so, which gene is defective. This information ends a diagnostic journey and might directly hint at 
the right therapy. In the case of genetic diseases, be it epilepsy, intellectual disability, 
neuromuscular disorders, deafness, blindness, cardiomyopathies, nephropathies, primary immune 
deficiencies or other diseases, there is also another factor at stake: when the parents know that 
their child has a genetically confirmed hereditary disease, they can take this information into 
account regarding their decision to have other children. 
 
Case 2 – Cancer 
 
Another field of application for massive parallel sequencing technology is detailed tumor profiling. 
Cancer starts with a tiny genetic defect that eventually leads to a derailed cell and thus to the 
development of a tumor, often followed by metastasis. The genomics location where this problem 
emerges partly defines how the cancer will develop. The gene mutation causes the cell to produce 
abnormal proteins or activates genes that are normally silenced. The initial tiny defect spreads, 
allowing the mutational burden to grow. The result is massive damage in the tumor's DNA. The cell 
cycle is distorted and the tumor develops through uncontrolled – and often uncontrollable - cell 
divisions. Genomics is used to understand and to chart this process. 
 
Knowledge on the culprit genetic causes also leads the way to tailored therapies for a specific 
genetic defect, and thus for a specific patient: precision medicine. In precision medicine, specific 

 
9 French & Edwards, 2020. 
10 Manolio et al., 2019. 
11 Green et al., 2020. 
12 Strachan & Read, 2018. 
13 https://ec.europa.eu/digital-single-market/en/european-1-million-genomes-initiative 

https://ec.europa.eu/digital-single-market/en/european-1-million-genomes-initiative
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drugs, like for instance newly developed targeted antibodies, can be administered. They catch the 
abnormal proteins or block cellular receptors that respond to aberrant growth signals. This inhibits 
the further development of tumor cells or causes them to die. Precision medicine, made to measure 
for the individual patient, typically works for several dozens of per cents of patients; it hardly ever 
works for all patients. Nonetheless, this approach in which massively parallel genome sequencing 
plays a vital role, has already saved many lives of patients with leukemia and solid tumors. 
 
Massively parallel sequencing also allows the detection of small amounts of tumor DNA, for 
instance in the patients' blood. Detection of tumor DNA in the blood, also called liquid biopsies, will 
increasingly be used to monitor tumor therapy, but has the biggest potential for early detection of 
cancer, in a stage when the mutational burden of the disease is still limited. One could for instance 
envisage that such assays would be carried out every year. As cancer eventually affects a 
considerable percentage of the total population, these applications represent a gigantic market. 
Along these lines, genome sequencing could potentially be generally applied for future cancer 
screening programmes. 
 
Case 3 – Multifactorial diseases 
 
Frequently occurring diseases such as diabetes, dementia and cardiovascular disease, are seldom 
the result of a single pathogenic mutation, rare families excepted. A plethora of common and rare 
genetic variants, together, make an individual more sensitive to a particular disease. The more 'risk 
genes' in a patient are involved, the higher the risk for the disease to develop. However, the variable 
burden of genetic variants is here only one of the factors at play, alongside factors such as lifestyle 
and environment - and bad luck. From this standpoint, cancer is also largely a multifactorial 
disease. 
 
The principle also applies to ‘normal’ traits, like body length and body weight, intelligence or even 
empathy. For the different diseases and traits, the balance between genetic predisposition and 
lifestyle plus environment (e.g. exposome), varies. For instance, the genetic contribution to body 
length is larger than to cholesterol levels, while bipolar disease and depression have a relatively 
strong genetic component. The problem in terms of prediction and prevention is that the genetic 
predisposition in multifactorial diseases provides no certainty to get the disease. It can 'only' be 
translated into a higher or lower risk score. Such scores are calculated, based on the contribution 
of the genetic variants to the predisposition for a particular disease. It is easily understandable that 
such a score is very dependent on the state of knowledge as well as on the strength of the genetic 
predisposition. 
 
In the case of hereditary insomnia, for instance, four hundred different genes were discovered to 
be potentially involved in the disorder. It took a research population of a million patients to unravel 
this outcome. These facts put the value of presently available direct-to-consumer tests into 
perspective: the present state-of-the-art hardly allows for hard conclusions on multifactorial 
diseases in individual cases. Certainly, genomics and the availability of sequence data of millions 
of individuals together with their clinical and lifestyle information will allow us to more precisely 
predict the risk scores. The timeline is five to ten years from now before accurate predictions can 
be made. But once we will become able to fathom the meaning of the entire genome and 
comprehensively catalogue the environmental and lifestyle factors, it can be anticipated that 
genomics could provide useful applications for the diagnosis of multifactorial diseases also. 
 
Case 4 – Non-Invasive Prenatal Testing (NIPT) 
 
One of the recent breakthroughs that is entirely dependent on the possibility to massively sequence 
DNA, is the possibility to detect and analyse DNA from the foetus in the maternal blood. The 
application is known as Non-Invasive Prenatal Testing or NIPT. Technically, it is intrinsically linked 
to a total genome analysis, as no other technology can distinguish foetal DNA from maternal DNA. 
The placenta, of which the genetic composition is the same as of the embryo, sheds minute 
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amounts of DNA into the maternal blood. By quantifying the relative amount of DNA that is derived 
from the different chromosomes, numerical chromosomal anomalies in the foetus can be detected. 
The best known example is Down syndrome, which is caused by trisomy 21, the presence of an 
extra chromosome 21. Today, its resolution is limited. Small variants in the genome remain elusive. 
Further technological improvements allow for the detection of ever smaller chromosomal anomalies 
or sequence variants. It is anticipated that, eventually, the full sequence of the foetus will be 
resolved using NIPT. 
 
Future perspectives 
 
Progress in genomics is beyond any doubt swift and impressive. This gives rise to the risk of 
overstating the accomplishments that have been made so far. It is for instance often suggested 
that the 'thousand dollar genome' is a key to many genome related answers. It shouldn't be 
forgotten that knowledge requires more than just reading a DNA sequence. Subsequently, the 
information has to be actually interpreted. Bioinformatics and modeling of disease using cellular or 
animal modeling will play a pivotal role in that. 
 
Genomics in Europe: 1+MillionGenomes Initiative 
This initiative to which Belgium recently joined, aims at having access to at least 1 million 
sequenced genomes in the EU by 2022. Genome sequencing and interpreting, and data linking 
can help predict, prevent, and diagnose diseases and direct treatments based on individual 
genomic profiles. Populations could benefit from sharing genomic data. As illustrated above, 
several areas of disease – rare diseases, cancer, common complex diseases but also infectious 
diseases – may especially benefit from genomic medicine. Important advantages to health care 
through enhanced prevention can be expected, thanks to available reference genomic data for 
screening and personalised medicine. Europe’s health systems are likely to gain from higher 
disease prediction rates, earlier diagnoses, and the specific tailoring of therapies to individuals14. 
 
Genomics in healthcare in Belgium 
At this point in time, Belgium finds itself at the frontline of genomics in healthcare. For rare diseases 
genomics based diagnosis has been rolled out in Belgian genetic centers. Despite a good access 
to genomic medicine, the pathogenic variants and causative genes for more than half of the cases 
remain to be discovered. Cancer testing, which is practiced by academic and by regional 
laboratories, is organized well too. The medical specialists are generally well aware of the potential 
and also of the limitations of genomics for their patients. They know in which cases testing is 
appropriate or not. 
 
A next important step is the implementation of WGS in healthcare. In a recent study in the UK, 
WGS was used in a national health system to accelerate the diagnosis in rare diseases. This study, 
oriented toward pathogenic variants in the coding and noncoding regions of the genome, 
demonstrated the clinical utility of WGS for diagnosis and discovery in routine healthcare15. A 
comprehensive understanding of the mechanisms and impact of noncoding genetic variation in 
human disease will assist future genetic diagnoses and therapeutic strategies. 
 
Overall, in order to boost genomics and other omics techniques in Belgium it would be beneficial 
to integrate expertise where data, populations, knowledge and laboratory facilities are 
concentrated. A good interaction between research and the clinic is key for the development of 
genomic medicine while the centralized healthcare offers a fruitful environment for expert 
diagnostics and clinical trials. Centralization of expertise could also guarantee the right deployment 
of omics techniques in the most suitable cases, and could provide citizens with the benefits of 
genomic medicine. 
 
 

 
14 https://ec.europa.eu/digital-single-market/en/european-1-million-genomes-initiative 
15 Turro et al., 2020. 

https://ec.europa.eu/digital-single-market/en/european-1-million-genomes-initiative
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2. Epigenomics 
 
Definition and description 
 
All human cells contain the same genetic information. A nerve cell in the brain possesses all the 
genes to make it a neuron, but it also contains all the genetic information to build a muscle cell in 
the heart. Yet both cell types look and behave very differently. This is due to the ability of our cells 
to turn 'on' or 'off' the activity of specific genes. Thus our cells can only use the genetic information 
that is needed to perform their own specific function. This turning genes 'on' or 'off' happens thanks 
to an epigenetic switch function. As it defines which specific genes are activated, it defines the cell 
function. An important feature of the epigenetic switch is that it is reversible. 
 
The term epigenetics describes changes in gene activity that are not coded in the DNA sequence 
itself, but that can still be passed on from one generation to the next. The Greek 'epi-', for 'over' 
points at features that are 'on top of' the traditional genetic basis for inheritance. Indeed, epigenetic 
mechanisms add 'cell type memory', an extra layer of information, on top of the genetic information 
encoded in our DNA. 
 
There are several epigenetic mechanisms including DNA methylation, non-coding RNA and histone 
modifications. DNA methylation was the first to be discovered and is to date the best characterized 
epigenetic mechanism with the most clinical relevance.16 The name 'methylation' hints at how the 
switch function of this mechanism works. Normal gene expression is regulated by the addition or 
removal of a methyl (CH3) group to specific regions of the genome. 
 
A gene can be described as a unit within the DNA string. Methylation – switching occurs in the 
promotor region of a gene, the place in the DNA string where such a DNA unit starts. DNA 
methylation plays a vital role in normal cell functioning, especially in the development of our body. 
Examples are pregnancy, childhood, puberty and ageing. Methylation for instance regulates the 
development from unspecialised (pluripotent) stem cells into specialized cells such as neurons, 
sperm cells or heart muscle cells during pregnancy. 
 
The concept of Developmental Origin of Health And Disease (DOHAD) is connected to DNA 
methylation. An aspect of DOHAD is the notion that: 'what happens in the womb lasts a lifetime'. 
When something in the methylation mechanism goes wrong, this can result in pathology. DNA 
methylation patterns are dynamic as they change during normal development and accumulate with 
ageing. DNA methylation patterns also respond to environmental exposure due to lifestyle or living 
environment. This environmental exposure can lead to pathology.17 An example of environmental 
exposure is smoking or air pollution, which leads to cumulative adverse changes in DNA 
methylation pattern.1819 
 
Abnormal DNA methylation patterns are found in virtually every type of cancer20. The explanation 
is, that changes in DNA methylation can affect the expression of genes involved in the control of 
cell growth. This can in turn lead to for instance the formation of a tumor: cell growth gone wrong. 
Researchers and clinicians therefore look for DNA methylation changes related to cancer. It can 
help them to better understand how this disease starts and develops. Environmental exposure can 
also lead to the development of other chronic or fatal diseases, such as neurological pathologies. 

 
16 The other known epigenetic mechanisms are histone modification and remodeling and micro RNA. What 
they do, their underlying mechanism and the biomedical change they invoke are only partly known. That 
helps to explain why their potential role in clinical diagnostics is not clear as yet. 
17 Pauwels et al., 2017a; Pauwels et al., 2017b; Pauwels et al., 2017c. 
18 Joubert et al., 2016. 
19 Gruzieva et al., 2019. 
20 Herman & Baylin, 2003. 
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Alternatively, epigenetic mechanisms can also play an important role in mediating adverse effects 
of environmental exposures21. Studying exposure to agents that induce pathological epigenetic 
changes can help to unravel the exact reaction between environmental exposure and health. This 
line of research could also help to identify substances that are hazardous in this respect. 
 
Apart from insight in disease development, methylation changes might also hold a key to better 
treatment. DNA methylation changes in a patient's brain tumor can for instance be indicative for 
this individual's response to a specific therapy. DNA methylation change is a biomarker: 'a 
measurable indicator of a certain biological condition'. Researchers have used this biomarker for 
diagnosis as well as outcome of disease22. 
 
They have also managed to use the cell type-specificity of DNA methylation to their benefit. An 
example are DNA methylation patterns uniquely found in T cells. This is the type of white blood 
cells that can help to kill cancer cells. By measuring the DNA methylation profile of a tumor sample, 
it can be estimated how many T cells are present in the tumor. This has important implications for 
the tumor’s response to specific therapies23. 
 
DNA methylation changes at 350 selected chromosome regions can be established for diagnostic 
use. This so called 'epigenetic clock signature' research is increasingly applied to estimate 
someone's biological age as compared to chronologic age. The field of application comprises the 
establishment of disease susceptibility risks and monitoring healthy aging strategies24. 
 
Epigenetic changes are reversible, due to the ability of our cells to switch the activity of specific 
genes from on to off or vice versa. Researchers are now trying to revert DNA methylation changes 
associated with cancer by administering demethylating drugs2526. Dietary chemoprevention27 or 
gene-specific epigenetic editing can alternatively be applied to attain this same goal28. 
 
State of the art technical possibilities 
 
All these applications require accurate DNA methylation measurements across the whole genome. 
By now, there is a wide range of techniques available to accomplish this. One option is the use of 
a microarray, a small glass slide filled with short DNA sequences (probes), that match the 
sequences of the genomic locations where DNA methylation can be measured. The latest 
microarrays contain more than 850,000 probes and allow the measurement of DNA methylation 
over almost the entire genome. 
 
Sequencing-based approaches use antibodies that specifically bind to methylated DNA. Thanks to 
this, the methylated pieces of DNA can be filtered out from a sample and sequenced to determine 
the methylated parts of the genome. These approaches provide very complete DNA methylation 
maps, but are less quantitative and less reproducible while more complex and more expensive29. 
As these approaches require larger amounts of input material, their application is more limited. 
Clinical studies of cancer and other complex diseases, for instance, require profiling of large patient 
cohorts from small quantities of input material. Another high-throughput technology useful for large-
scale clinical studies is reduced-representation bisulphite sequencing, which allows for single-base 

 
21 Bakusic et al., 2017. 
22 Berdasco & Esteller, 2019. 
23 Jeschke et al., 2017. 
24 Declerck & Vanden Berghe, 2018. 
25 Wrangle et al., 2013. 
26 Ganesan et al., 2019. 
27 Vanden Berghe, 2012; Szarc vel Szic, 2015. 
28 Rots & Jeltsch, 2018. 
29 Ardui et al., 2018. 
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resolution. Smaller samples suffice for this and costs are lower. The downside here is that only part 
of the methylome is sequenced. 
 
New technology is currently under development, called single molecule real-time (SMRT) 
sequencing. This approach doesn't need the beforementioned bisulfite treatment. This technology 
is expected to revolutionize epigenetic diagnostics in the near future30. Eighteen different DNA and 
RNA modifications are measured at once. Besides methylation, also epigenetic mechanisms 
beyond that are measured. This will boost understanding of these much less understood 
mechanisms and will provide a much more complete picture of epigenetic changes in disease, 
provided integrated data analysis is available in relation to lifestyle, environmental exposures 
towards biologically relevant questions. It herefore also holds the promise of better diagnosis. 
 
Clinical applications 
 
Despite its small size, Belgium is at the forefront of epigenetic research. Several groups investigate 
epigenetic changes in development and disease. DNA methylation is widely studied in clinical 
studies in different patient cohorts at ULB, UAntwerpen, UGent and KU Leuven 31 32 33 to investigate 
the relation between occupational and environmental exposure of parameters such as solvents, 
(nano)particles and pollution, lifestyle related aspects such as diet and stress, as well as ageing 
and disease development in cardiovascular diseases (CVD), asthma, obesity, cancer and 
neurobehavioral diseases. Researchers from ULB have built up extraordinary expertise in the 
epigenetic field as they helped guide the development, validated the clinical use and developed 
bioinformatic pipelines for the analysis of the Infinium Human Methylation arrays3435. This has 
boosted Epigenome-Wide Association studies (EWAS) to determine diagnostic/prognostic 
epigenetic biomarkers in various pathologies (cancer, CVD, neurodegenerative diseases)36. 
 
The value of studying epigenetics becomes apparent in burnout research. Despite the clear socio-
economic burden, surprisingly, little is known about pathophysiology of burnout. Even though 
previous studies suggest physiological alterations involved in burnout, a ground base for specific 
biomarkers is still missing 37. Even though a standardized diagnosis of burnout is still missing, there 
is no doubt that burnout develops as a response to chronic stress. Recent research on stress-body 
interaction provides a solid base for identification of pathways that could play a role in the burnout 
pathophysiology. An increasing number of studies show that epigenetic alterations might be the 
linking mechanism between adverse psychosocial environment and development of stress-related 
symptoms 38. Given that DNA methylation modifications are sensitive to environment, stable and 
reversible, epigenetic studies of stress-related mental ill-health represent a promising approach to 
better understand and treat burnout and support the differential diagnosis between burnout and 
depression. At KULeuven important progression has been made in investigating the underlying 
biological mechanisms of mental health disorders and the potential clinical application of 
epigenetics signature. 
 
 
 
 
 

 
30 Ardui et al., 2018. 
31 Dedeurwaerder et al., 2011. 
32 Berdasco & Esteller, 2019. 
33 Milenkovic et al., 2020; Declerck et al., 2019; Langie et al., 2017; Saenen et al., 2017; Thienpont et al., 
2016. 
34 Dedeurwaerder et al., 2011. 
35 Dedeurwaerder et al., 2014. 
36 Berdasco & Esteller, 2019. 
37 Danhof-Pont et al., 2011. 
38 Zannas & West, 2014. 
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Future perspectives 
 
Researchers at KU Leuven stand out for their state-of-the art technologies to measure epigenetic 
changes in single cells39. Researchers at UAntwerpen, UHasselt and KU Leuven have introduced 
saliva based epigenetic diagnostics and biomarkers, as alternative to the use of blood40. 
 
To go from bench to bed side, researchers at ULB started to team up with partners from industry 
to develop a companion diagnostic test based on an epigenetic signature41 to predict outcome of 
breast cancer therapy, including immunotherapy. 
 
 
3 Transcriptomics 
 
Definition and description 
 
Most genes contain the information needed to make functional protein molecules. In that 
transcription process of making functional protein molecules, the DNA sequence of a gene is copied 
out to make an RNA molecule. One of the most important and best studied classes of RNA 
molecules is messenger RNA (mRNA). mRNA serves as a template for the production of proteins. 
Recently, another class of RNA molecules was discovered. The RNA molecules in this large and 
heterogeneous class do not code for proteins, but can bind proteins to regulate various processes 
in a cell, including the transcription. 
 
The collection of RNA molecules in a cell or tissue is called the transcriptome. Transcriptomics 
refers to the study of this transcriptome. The field mainly focuses on measuring the abundance of 
RNA expression levels in a cell or in tissue. Each cell or tissue type has a unique RNA expression 
profile. This profile changes in the context of a specific exposure, such as air pollution; and human 
diseases, including cancer. Measurement of these changes can help define disease states, predict 
patient prognosis and support therapeutic decision making42. 
 
State of the art technical possibilities 
 
Next-generation sequencing technology has enabled the development of cost-effective methods to 
quantify the human transcriptome. These methods, generally referred to as RNA-sequencing, allow 
the unbiased assessment of the entire transcriptome, including coding and non-coding RNAs. 
 
Apart from quantifying RNA abundance levels, RNA-sequencing also provides a view on single-
nucleotide resolution on the transcriptome. Among other things, this opens the way to study 
transcription-coupled repair (TCR). This TCR, the transcription-dependent, preferential excision 
repair of the template strand to the nontranscribed (coding) strand, has been clearly demonstrated. 
Single-nucleotide resolution allows researchers to simultaneously study changes in RNA 
sequence. That is particularly important in cancer cells, which are characterized by mutations and 
gene fusions. 
 
Currently, RNA-sequencing is still mainly restricted to research settings. The aim is to better 
understand the changes that characterize human disease states, to identify novel therapeutic 
targets or to discover novel predictive biomarkers. To this end, several international initiatives have 
been launched, applying RNA sequencing technology to quantify the transcriptome of healthy and 
cancer tissues among thousands of cancer patients. Notable examples are The Cancer Genome 
Atlas (TCGA) and the Genotype-Tissue Expression Project (GTEx) under the American National 

 
39 Fiers et al., 2018. 
40 Langie et al., 2017. 
41 Jeschke et al., 2017. 
42 Vrijens et al., 2017. 
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Institutes of health (NIH). The TCGA project was initiated and coordinated by the National Cancer 
Institute and the National Human Genome Research Institute in the United States and applied 
various RNA sequencing methods to cancer and normal tissues from over 11,000 cancer patients 
representing 33 different cancer types43. After completion of the project in 2017, new initiatives 
were launched by the American National Cancer Institute (NCI) through the Center for Cancer 
Genomics. The GTEx project has been collecting RNA sequencing data from hundreds of healthy 
post-mortem donors for up to 42 different tissues44. 
 
Clinical applications of gene expression signatures primarily rely on more targeted methods to 
quantify gene expression, including Reverse Transcription quantitative Polymerase Chain Reaction 
(RT-qPCR). These methods can measure the expression of the limited number of genes in the 
signature at low cost and with short turn-around-time. 
 
Clinical applications 
 
Breast cancer is a heterogeneous disease. During the last decade, gene expression profiling has 
led to a better understanding of the nature of this disease. Four molecular (intrinsic) subtypes of 
breast cancer have been distinguished. These are luminal, HER2 (human epidermal growth factor 
receptor 2)-positive, basal and normal-like breast cancer45. Each of these subtypes is characterized 
by different underlying disease mechanisms and molecular characteristics. As a result, it has now 
become possible to base therapy selection on the specific subtype, allowing for a far more targeted 
approach. Luminal breast cancers are usually susceptible to hormone therapy. HER2-positive 
tumors, on the other hand, benefit from anti-HER2 targeted therapy, whereas basal and normal-
like breast tumors are mostly treated with chemotherapy. 
 
After surgical removal of the primary breast tumor, it is standard-of-care to administer adjuvant 
chemotherapy and/or hormonal treatment to reduce the risk of metastasis. Luminal tumors are 
hormone receptor-positive breast cancers that constitute approximately sixty to eighty percent of 
all breast cancer cases. They can be subdivided into two groups, which are referred to as luminal 
A and luminal B. While luminal A tumors are very sensitive to hormone therapy, it may be necessary 
to combine hormone therapy with chemotherapy in luminal B tumors. The classic clinical and histo-
pathological predictors are not sufficient to distinguish between the luminal A and B subgroups. 
Neither can these classic predictors predict the different outcomes of luminal A and B breast 
cancer. In order to explain this difference and to better differentiate between patients who may 
require chemotherapy or not as part of their adjuvant therapy regimen, various gene expression 
analyses have been developed and are currently being commercialized. 
 
The first test is the MammaPrint46. It measures expression of seventy genes, differentiating 
between breast cancer patients with a good or a poor prognosis. This prognosis depends on the 
risk of developing metastasis within five years after diagnosis. The test is recommended for early 
breast cancer of all ages in cases with tumors smaller than five centimeters, with lymph node 
involvement ranging between 0 to 3. 
 
Another test is the commercially available Reverse Transcriptase-Polymerase Chain Reaction (RT-
PCR) based signature Oncotype DX Breast Cancer Assay47. It evaluates the mRNA levels of 21 
genes and is reported as a single Recurrence Score (RS), ranging between 0 and 100. Patients 
are divided into three risk groups, depending on the risk for distant metastasis within ten years. 1 
stands for low risk (RS<18), 2 stands for intermediate risk (RS 18–30) and 3 represents high risk 
(RS>30). 
 

 
43 See https://cancergenome.nih.gov/abouttcga for more information. 
44 See https://www.genome.gov/27543767/genotypetissue-expression-project-gtex 
45 See table: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5648272/table/t1-jbh-13-4-168/ 
46 Cardoso et al., 2016. 
47 Paik et al., 2004. 

https://cancergenome.nih.gov/abouttcga
https://www.genome.gov/27543767/genotypetissue-expression-project-gtex
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5648272/table/t1-jbh-13-4-168/
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Finally, the PAM5048 assay uses fifty classifier genes and five control genes. Along with the tumor 
diameter and four main intrinsic subtypes, it provides a Risk Of Recurrence (ROR). The PAM50 
score is reported on a 0–100 ROR scale score. This is correlated with the probability of distant 
recurrence at ten years for women with hormone receptor (HR) positive, early-stage node-negative 
or node 1–3 positive breast cancer. Patients are divided into high (> 20 %), intermediate (10 to 20 
%) and low (< 10 %) risk groups. 
 
These commercial tests easily cost up to € 2,000 to 3,000 per patient. Due to these high costs, the 
tests are currently not reimbursed in Belgium. In some other EU countries, however, the tests are 
already reimbursed and commonly used. These tests should enable a more informed decision-
making about which adjuvant chemotherapy needs to be delivered. The main benefit lies in the 
opportunity to avoid unnecessary chemotherapy. This holds the promise to reduce treatment costs 
and thus to reduce potential side effects of unnecessarily administered chemotherapy. These 
benefits should be carefully balanced against the costs. 
 
The application of gene expression profiling is not limited to just breast cancer. For instance, in 
colorectal cancer (CRC) there have been numerous efforts to classify tumors based on mutation, 
DNA methylation or histo-pathological data. Recently, subtyping based on gene expression 
profiling resulted in four consensus molecular subtypes of CRC. All of these Consensus Molecular 
Subtype classification types have their own specific characteristics and are for instance associated 
with differences on progression-free survival. Currently, their usefulness for therapeutic decision 
making is being explored. 
 
Future perspectives 
 
The development of sequencing technologies combined with a breakthrough in microfluidics device 
technology has led to a rapid emergence of multiple single-cell sequencing technologies. In these 
droplet-based platforms, droplets that contain specific reagents are used as micro-reaction 
chambers: individual cells are mixed with these droplets, in such a way that each cell is uniquely 
captured by a single droplet. Each droplet is also characterized by a unique barcode that allows 
gene expression data to be linked to the individual cell. Subsequently, standard molecular reactions 
generate complementary DNA (cDNA) and RNA-sequencing libraries. These result in single-cell 
transcriptomic data sets. These single-cell transcriptomes data allow us to characterize tissues with 
an unprecedented precision. These data offer new insights into the functions of individual cells and 
the interactions between individual cells. It bring our insights in biology and the human body to a 
new level. 
 
Formerly, gene expression profiling had only been possible on bulk RNA from thousands of cells. 
This resulted in transcriptome data that averages expression signals across the different 
populations of these cells. Single cell sequencing meant a revolution and was therefore declared 
'method of the year in 2013' by the prominent journal Nature Methods. Since then, the accessibility 
and potential applications of single-cell sequencing have been growing exponentially. The 
technology is now rapidly developing into the state-of-the-art for profiling gene expression changes. 
 
Rare cell discovery 
 
The single cell approach enables generating similar data for a group of individual single cells, 
providing more accurate and detailed data sets, at the highest possible resolution. The potential to 
characterize the transcriptome of individual cells will enable us to detect rare and as yet unknown 
cell types. 
 
 
 
 

 
48 Parker et al., 2009. 
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The Human Cell Atlas 
 
The Human Cell Atlas is a global initiative aimed at creating a comprehensive reference map for 
the 37 trillion cells in the human body using single-cell expression profiling49. The information this 
initiative will gather, is expected to provide insights into the basic building blocks of living organisms. 
It will contribute to a better understanding of the human body, with important implications for 
diagnostics, disease monitoring and treatment. 
 
Cancer research 
 
Cancer consists of (epi)genetically and phenotypically different populations of single cells. This 
intra-tumor cellular heterogeneity underlies the tumor's resistance to cancer treatment. As such, 
improving our understanding of intra-tumor cellular heterogeneity, both in cancer cells and their 
surrounding immune cells, down to the single-cell resolution, is essential to combat therapeutic 
resistance. It is also vital for the development of more effective cancer drugs. While cancer 
researchers have long sought to study single cells, the tools at their disposal have been limited. 
Thanks to the rapid emergence of single-cell sequencing technologies, with great capacity to 
simultaneously characterize the transcriptome of individual cells, many breakthrough discoveries 
are to be expected. 
 
We are only at the beginning of the ‘single-cell profiling era’. Breakthroughs are expected shortly 
to even further advance our insights into basic biological disease processes. 
 
Single cell multi-omics 
 
Single-cell multi-omics will allow us to interrogate single cells not only at the gene expression level, 
but also at other (epi)genetic levels. It will soon be possible to characterize mutations, DNA 
methylation changes, copy number abnormalities, as well as open chromatin modifications at the 
single-cell level. It will be a big computational challenge, however, to combine each of these data 
sets and integrate them up to the single-cell or tissue level. Nevertheless, such strategies are 
expected to give eye-opening insights into the cellular behaviour of healthy versus diseased 
tissues. 
 
Spatial transcriptomics 
 
Deregulation of the communication in cells in tumor tissue is central to disease. Consequently, the 
ability to analyse single-cells within the spatial resolution of its tissue-of-origin is key to 
understanding disease. While histopathology has been extremely informative in providing spatial 
information, the low number of simultaneous measurements and the reliance on single stainings is 
limiting its application. Approaches to overcome these issues are primarily 'brute force methods'. 
These require time-consuming stain, strip and wash cycles, that introduce the risk of degrading the 
sample. Recently, the first applications of in-space single-cell technologies50 have been developed. 
Once these will become more broadly available, we will be capable to map single-cell data within 
a spatial context and dissect cell-to-cell communication networks in diseased tissues. 
 
Cellular Indexing of Transcriptomes and Epitopes by Sequencing (CITE-sequencing) 
 
High-throughput single-cell RNA sequencing has transformed our understanding of complex cell 
populations. It does not, however, provide any information at the protein level. Recently, a cellular 
indexing method of transcriptomes and extracellular epitopes by sequencing was developed51. This 

 
49 https://www.humancellatlas.org 
50 Such as Seq-FISH (sequential Fluorescence In Situ Hybridization) and FISSEQ (Fluorescent in situ 
sequencing. 
51 Called CITE-seq. 

https://www.humancellatlas.org/
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method uses oligo-nucleotide-labeled antibodies and combines them with standard single-cell 
methods to generate a combined read-out of single-cell RNA and protein levels. 
 
 
4. Proteomics 
 
Definition and description 
 
All living organisms produce proteins. This class of biomolecules constitutes an essential structural 
and functional component of cells. Proteins represent about half of the dry mass of a cell52. Two 
main features make proteins stand out as compared to other biomolecules. First, many proteins 
can function as enzymes and can catalyze biochemical reactions. Second, proteins are genetically 
encoded in the DNA of an organism. They can be considered as the molecules that carry out the 
chemical reactions responsible for life, while the information to produce proteins is stored in the 
genome. 
 
Proteins are made of long chains of amino acids. Twenty different variants of these building blocks 
exist in most organisms, including humans. During protein synthesis, cells can fuse amino acids. 
The result is a unique sequence that defines both the structure and the function of the newly formed 
protein. The order in which the amino acids are linked together is encoded in the cell genome. More 
specifically: in the corresponding protein-coding genes. Not all 21,000 protein-coding genes are 
expressed in every body cell. Depending on cell function, a specific set of proteins is synthesized. 
On the basis of research with commonly used human cell lines it is estimated that about 10,000 
different proteins are expressed53. The protein synthesis process does not always develop 
flawlessly. Deviations in the amino acid sequence can occur, as well as aberrant protein expression 
levels. This can lead to disease. 
 
Protein malfunctions are linked to nearly any disease. Information on the identity, modifications, 
state and quantity of proteins is therefore most valuable to researchers. Such information helps to 
understand the mechanisms behind a disease. Furthermore, this information can be used for 
diagnosis with the help of biomarkers. These have been used in medicine for decades. Proteomics 
is the field of research that investigates the ensemble of proteins present in a biological sample, 
the proteome. 
 
To measure all these proteins, proteomics researchers nowadays make use of mass spectrometers 
(MS). These instruments are in essence complex balances that allow to measure the mass of 
biomolecules such as proteins or protein fragments. From these measurements, the unique amino 
acid sequence and hence the identity of proteins can be deduced. In combination with powerful 
computational analyses, proteomics facilities such as the VIB (Vlaams Instituut voor 
Biotechnologie) Proteomics Core in Ghent and the Centre for Proteomics in Antwerp can routinely 
measure thousands of proteins in a single analysis session of two to four hours. Such a 
measurement typically covers more than fifty per cent of the proteins that are expressed in human 
cell or tissue samples. 
 
State of the art technical possibilities 
 
Blood plays a central role in the human body. This implies that blood provides a universal reflection 
of a person’s health status. Biomarkers are often measured in the patient's blood. They are used 
to categorize patients and to support treatment decisions. 
 
Proteins are an important type of biomarkers in plasma or serum, the liquid fraction of blood. To 
date, more than a hundred proteins are tested in clinical blood assays54. A famous example is C-

 
52 Milo, 2013. 
53 Beck et al., 2011. 
54 Anderson, 2010. 
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reactive protein (CRP), a liver protein increased in the blood due to inflammation. Another one is 
cardiac troponin, a heart protein released in the blood after heart infarction55. Protein biomarkers in 
plasma are typically measured in clinical routine laboratories. Enzymatic tests or immuno-assays 
on high-throughput automated analyzers can deliver up to 10,000 test results per hour56. 
 
These final assays are easy to use and well suited for clinical routine. They are the result, however, 
of novel biomarker identification studies that were based on more complex technologies. 
 
Of the more than a hundred proteins currently used in clinical tests, eighty percent was introduced 
more than twenty five years ago. Thanks to the rise of mass spectrometry over the last two 
decades, proteomics researchers have been able to perform hundreds of MS studies in the pursuit 
of novel protein biomarkers for many diseases in human plasma or serum. This enormous effort 
has led to the introduction of only a limited number of novel biomarkers in the clinic in recent years. 
The current novel protein marker discovery rate lies below two per annum57. Moreover, most 
recently approved tests are not the results of proteomics research. In many cases these new tests 
are neither widely used nor recognized by clinical laboratories58. This proves a disconnection 
between clinical practice and proteomics biomarker discovery studies. 
 
The causes of the low success rate are now becoming clear. Limitations in the proteomics 
technology and in the experimental design of biomarker discovery studies are becoming apparent. 
The particular composition of the plasma proteome makes it difficult to identify more than several 
hundreds of the most common plasma proteins. Some of these, such as the transporter protein 
albumin, are abundant in human plasma. This abundance plasma hampers the detection of less 
abundant proteins. This explains why nearly seventy per cent of all protein biomarkers in clinical 
use today are among the first three hundred most common proteins59. 
 
In order to partially overcome this challenge and to improve the detection of more rare proteins, 
highly frequent proteins are often depleted before MS analysis. As an alternative strategy, 
fractioning is applied: one sample is split into multiple samples to reduce the complexity prior to MS 
analysis. Both depletion and fractionation introduce issues, though. The main problem is that these 
procedures are incompatible with high throughput studies. 
 
As a consequence, most plasma biomarker discovery studies have until recently focused on the 
analysis of only twenty to thirty samples. To make things worse, these are often poorly annotated 
'leftover' samples of unknown integrity. Considering the large number of proteins to be measured 
within samples, the sample numbers are (too) small to find any hard evidence on useful biomarkers. 
Most studies therefore only propose a few 'potential biomarkers', defined as proteins that differ 
between patients and controls. Quite often these candidates are unlikely to be specific indicators 
because they are biologically unrelated to the disease. Moreover, most of these biomarker 
candidates are insufficiently validated in verification studies that include sufficiently large and well-
described patient cohorts containing several hundreds of samples or more60. 
 
Clinical applications 
 
The upside to this lack of success is that important lessons were learned from it. In the last few 
years the proteomics research community has substantially improved all aspects of MS-based 
proteome studies. (Semi-)automated sample preparation in combination with more sensitive and 
more robust MS instruments and software enables the inclusion of many more samples in 
biomarker discovery studies. 

 
55 Anderson, 2010. 
56 Geyer et al., 2017. 
57 Anderson, 2010. 
58 Anderson et al., 2013. 
59 Geyer et al., 2017. 
60 Geyer et al., 2017; Anderson et al., 2013. 
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This has led to a paradigm shift in the field. Recent studies are set up in close collaboration with 
medical doctors who collect samples entirely dedicated for the study. These studies are also larger, 
as they include several hundreds of patient samples from the start. This results in a larger likelihood 
of finding patterns to differentiate the investigated patient groups. These larger studies will allow 
the discovery of minor - but statistically significant! - differences and changes associated with a 
group of proteins, in addition to single biomarker candidates. 
 
A study design as described obviates the need for an extensive validation phase. Moreover, results 
will raise immediate interest by the diagnostic industry and clinicians. To date, a few of such large 
scale studies have been conducted, for instance at the German Max Planck Institute. The 
researchers have set up an approach that allows to measure three to four hundred plasma proteins 
in twenty minute MS analyses. The starting point is only 1 microliter of undepleted plasma61. In a 
recent weight loss study, they analyzed 1,300 plasma proteome samples from 52 individuals. This 
study revealed 93 plasma proteins that are significantly changing upon weight loss, often showing 
quantitative differences that are rather small but yet physiologically meaningful62. The authors 
identified multi-protein patterns that quantified the benefits of weight loss at the individual level. 
Moreover, this study and other studies, highlight the advantage of longitudinal over cross-sectional 
study designs, because the plasma proteome tends to be much more constant within an individual 
over time than between different individuals63. 
 
 
Future Perspectives 
 
Ongoing technological developments will boost clinical proteomics studies in the coming years. 
Several commercial solutions for automated proteomics sample preparation are now available. 
Recently the first liquid chromatography system for clinical proteomics was introduced64. In the 
short run, proteomics facilities can expect a strong increase of patient plasma samples from dozens 
to hundreds of samples annually as part of large biomarker discovery studies that are currently 
being set up. 
 
A notable national example is an upcoming study within the VIB Grand Challenges programme. It 
aims to identify novel biomarkers for chronic liver disease and will be the result of a collaboration 
between researchers and clinicians from UZ-Gent, UZ-Leuven and UZ-Antwerpen. On the longer 
run, centralization of specialized instruments in clinical proteomics facilities can be envisioned. 
Ideally, these central facilities will build on the expertise of existing proteomics research facilities 
and are closely linked to university hospitals. International examples include the Biomarker 
Discovery Centre at the University of Manchester65 and the Centre for Clinical Proteomics at the 
University of Southern Denmark66. At a global scale, the Human Proteome Organization (HUPO67) 
has founded several Initiatives that have a clinical focus, most notably in the context of their long-
running Human Proteome Project68. 
 
 
The recent boost in clinical proteomics will doubtlessly lead to the discovery of novel, clinically 
valuable protein biomarkers during the next decade. However, it is not clear yet whether mass 
spectrometers will only be used for the discovery of novel biomarkers, or whether one day these 
instruments will also be introduced in the clinic to be used for routine analysis of patient samples. 

 
61 Geyer et al., 2016a. 
62 Geyer et al., 2016b. 
63 Geyer et al., 2017. 
64 Bache et al., 2018. 
65 http://www.biomarkers.manchester.ac.uk/about/sbdc/ 
66 https://www.sdu.dk/en/om_sdu/institutter_centre/c_ccp 
67 https://www.hupo.org 
68 https://www.hupo.org/human-proteome-project 

http://www.biomarkers.manchester.ac.uk/about/sbdc/
https://www.sdu.dk/en/om_sdu/institutter_centre/c_ccp
https://www.hupo.org/
https://www.hupo.org/human-proteome-project
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The latter has happened in a similar situation, the entry of next-generation sequencing instruments 
into the hospital. 
 
 
5. Glycomics 
 
Definition and description  
 
'Glycomics’ refers to the comprehensive profiling of all modifications of carbohydrate nature present 
on the proteins or lipids of a biofluid, cell or tissue69. Wherever interactions between biological 
entities and their environment occur, complex structured carbohydrates called glycans are involved 
in mediating or modulating these. This is for instance the case when the influenza virus approaches 
its target cell70 or when the immune system recognizes Streptococci71. 
 
All (human) cells are covered with a carbohydrate layer of variable thickness, called the glycocalyx 
or pericellular matrix. Its structure conveys the identity of the cell and it also contains information 
on the physiological status of that cell. The bio-synthetic machinery that produces these glycans is 
coded in hundreds of genes72. The functionality of the glycocalyx is exquisitely sensitive to 
environmental influences on the cell. 
 
Carbohydrate study is the oldest branch in biochemistry. The branched and highly diverse nature 
of information-carrying glycan structures, however, has long impeded progress in analytical 
methodology. Moreover, between 1950 and 2000 attention in life sciences has been diverted to 
proteins and nucleic acids. These linear-sequence molecules are much easier to sequence. 
Breakthroughs in their analysis have driven the boom in molecular life sciences. 
 
Since the mid-nineties a revival in the study of glyco-biology occurred. This was enabled by the 
advent of high-resolution separation technologies73 and soft-ionization mass spectrometry. 
Subsequently, the genetics of glycan biosynthesis was then resolved74. The revival of the field was 
catalyzed by the overall realization in all biomedical fields of study that the glycan coat of cells is 
vital for a comprehensive understanding of most of biology. Glycobiology is now a vibrant but still 
relatively small field within the life sciences. The largest dedicated conferences in the field attract 
about 1,500 scientists. Apart from that, glyco-biological studies are presented at conferences in all 
fields of life science. 
 
Glycans differ from other prevalent protein modifications such as phosphorylation and ubiquitin (-
like) modifications. They mainly occur on proteins that are either displayed outside on the plasma 
membrane of cells, or on proteins that are secreted into the environment of the cell. In the latter 
case, the glycan pattern on secreted proteins carry a ‘footprint’ of the physiological status of the 
cell that secreted them. Such secreted protein often ends up in a readily sampled biofluid such as 
blood plasma, urine, saliva or cerebrospinal fluid. As a consequence, profiling the pattern of glycans 
present on the proteins in biofluids can be a rich source of biomarkers for disease75. 
 
Similarly, profiling the pattern of glycans on the cell surface can yield very specific markers for 
particular cell types. It often allows to distinguish tumor cells from normal cells. This also holds 
great promise for finding novel ‘targets’ for immunotherapy, which are in high demand now effective 

 
69 Essentials of Glycobiology - NCBI Bookshelf. at https://www.ncbi.nlm.nih.gov/books/NBK310274/ 
70 de Graaf & Fouchier, 2014. 
71 Bonten et al., 2015. 
72 Narimatsu et al., 2019. 
73 multimodal high-performance liquid chromatography (HPLC) and capillary electrophoresis 
74 Schwarz & Aebi, 2011. 
75 Callewaert et al., 2004. 
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immunotherapies haves been invented76. The next challenge will be to safely target these effective 
therapies to more types of tumors77. 
 
State of the art technical possibilities 
 
A cell surface or secreted glycome in a mammalian cell is produced by several dozens of 
glycosidases and glycosyltransferases that reside in the secretory system of that cell78. Glycans 
are constructed, largely sequentially, on proteins and lipids as they are in transit through this 
secretory system. The process on average takes just a few minutes. The building blocks for glycan 
synthesis are produced in the cell’s cytoplasm as derivatives from central metabolism. The building 
blocks are transported into the secretory system by a set of transporter proteins. Contrary to nucleic 
acid synthesis or protein synthesis, glycan construction is not ‘template-driven’ but is based on the 
relative activities of the different enzymes, availability of the building blocks and the contact time 
between the glycan and the enzymes before the glycan is transported further along the secretory 
system. Given the dynamic nature of this highly complex biosynthetic system, glycans are often 
not ‘complete’ by the time they are secreted by the cell. Rather than obtaining a single ‘finished’ 
structure, we almost always find a complex mixture of biosynthetic intermediates. 
 
The relative quantities of these structures depend on the cell physiology and can be altered even 
without any differential expression of the enzymatic machinery that produces these glycans. This 
makes glycome profiling such a sensitive source of pathology information, often beyond what can 
be obtained from other ‘omics’ profiling technologies. 
 
On the one hand glycans hold very desirable information, but on the other hand it is analytically 
challenging to get to this information. Glycans are most often delicate branched structures. 
Consequently, degradation-based sequencing technologies as used for proteins/peptides have to 
be used with great care. These will often not result in unequivocal sequence determination by 
themselves. Secondly, glycans are often obtainable from patient samples only in minute quantities 
and cannot be amplified. Analytical methods hence have to be extremely sensitive. Thirdly, glycan 
structures in a glycome are often biophysically very similar. For that reason, separation methods 
with extremely high resolution are necessary for comprehensive glycome analysis. Fourthly, 
glycans are difficult to spectroscopically detect at high sensitivity by themselves. Glycans are often 
not inherently charged. Chemical labeling with fluorophores or charge-containing labels will often 
be the way to go to attain sufficient detection sensitivity for glycomics of patient samples. 
 
For biomarker discovery, the first task of a glycome analytical method is to accurately detect 
differences between the glycome from 'healthy' control samples and that from ‘diseased’ samples. 
At this discovery stage the most desirable method characteristics are high throughput, high 
resolution to resolve as many glycan components as possible, a high dynamic range detection 
method, and as equal response factors of the detector as possible across the different detected 
glycan structures. At this biomarker discovery stage, the identity of the glycans that are being 
profiled is of lesser importance. 
 
Taking into account all of the above, glycome profiling for discovery of new biomarkers is most 
often performed using a high-resolution separation method79 to resolve the many, often highly 
similar structures. This is followed up by a high-sensitivity detection mode such as Laser-Induced 
Fluorescence (LIF) after appropriate labeling of the glycans at their reducing terminus80. 

 
76 Pinho & Reis, 2015. 
77 Posey et al., 2016. 
78 In the endoplasmic reticulum and in the Golgi apparatus to be precise. 
79 Micro/nano-HPLC or CE. 
80 This reducing terminus is available upon enzymatic or chemical release of the glycans from their carrier molecules 
(proteins or lipids), for which adequate methods are available in the case of the prevalent asparagine-linked glycans 
(N-glycans) and for sphingolipid-linked glycans. For mucin-type O-glycans, the other most prevalent glycan class on 
mammalian proteins, adequate release enzymes are still a subject of active research. 
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As an example of a high-throughput profiling method, the Callewaert lab at VIB-UGent has 
developed capillary electrophoresis-laser-induced fluorescence (CE-LIF) methodology for 8-
aminopyrene-1,3,6-trisulfonic acid (APTS)-labeled glycans. The researchers used the 
multicapillary DNA-sequencers that were used for genome sequencing in the early 2000’s, which 
at the time enabled discovery of the first ‘clinical glycomics’ biomarkers. 
 
The other main method is hydrophilic interaction liquid chromatography (HILIC) -type LC (liquid 
chromatography) of 2-aminobenzamide labeled glycans, also with fluorescence detection. This 
technique is pioneered by professor Pauline Rudd and co-workers at Oxford University81. This 
method has lower throughput, but has the advantage of easier hyphenation to ESI-MS instruments 
for subsequent structural elucidation of the detected analytes. 
 
High-throughput mass spectrometrical profiling, in particular through matrix-assisted laser 
desorption-ionization – time of flight mass spectrometry (MALDI-TOF), is also being used82. In this 
case, great care needs to be taken to obtain quantitatively accurate and reproducible results. LC-
MS/MS is also increasingly being used for glycome profiling, but its value is mainly to be found 
when the site of linkage of the glycan to the protein is of importance. 
 
In such cases, the fields of glycomics and proteomics overlap, as the analytes are then the 
glycopeptides that result from proteolytic digestion of the proteins in the clinical sample. This area 
of ‘glycoproteomics’ is in full development at this moment, both technically and in terms of clinical 
utility for biomarker and tumor target discovery83. 
 
Upon discovery of a glycome alteration, structural analysis of those often few glycans that make 
up the biomarker, can then be attained using a combination of exoglycosidase-based sequencing 
and mass spectrometry in fragmentation mode. As the biosynthetic rules for the prevalent types of 
human glycans have now been well-established, these data often sufficiently constrain the 
structural analysis so that unequivocal identification of the glycans becomes possible. 
 
In rare cases, larger quantities of less well-studied glycans need to be purified for chemical linkage 
analysis using gas-(liquid) chromatography-mass spectrometry (G(L)C-MS) and multidimensional 
Nuclear Magnetic Resonance (NMR). In such rare cases, the identification of these glycans 
becomes a significant effort. The identity of the glycan alteration is, however, not a strict 
prerequisite to be able to proceed with a biomarker into the clinic. 
 
Some early biomarkers still in use today are the tumor antigens that were discovered in the early 
days of hybridoma technology. Human tumor material was injected in mice. Monoclonal antibodies 
were discovered that recognized the tumor, but not the healthy counterpart tissue. Researchers 
often found that such antibodies bound a glycan-containing epitope, and called them Carbohydrate 
Antigens (CA). Most often they didn't know which glycan structures were involved. Amongst those, 
Carcino Embryonic Antigen (CEA) and CA19.9 are still used, among a few others84. They are often 
not used for diagnosis but as part of tumor-surveillance upon treatment. 
 
An emerging and important international initiative is the ‘Human Glycome Project’85. It aims at 
making a comprehensive inventory of the human glycan structural repertoire. A second goal is the 
development of standardisation and calibration methods for glycome profiling methodology. It also 
aims for the profiling of the ‘healthy’ glycome of human biofluids and tissues, to serve as baseline 
measurements for the profiling of ‘diseased’ glycomes. Laboratories from all over the world 

 
81 Guile et al., 1996. 
82 Kuster et al., 1998. 
83 Levery et al., 2015. 
84 Magnani et al., 1981. 
85 https://human-glycome.org 

https://human-glycome.org/
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convened for the first time in 2018 for a scoping workshop for this project. Belgium is represented 
by the Callewaert lab. 
 
Clinical applications 
 
Histo-pathologists already use glycan alterations for a very long time to distinguish between various 
cell types and to improve delineation between tumor and normal tissues. This was and is most 
often achieved through staining of tissues with plant-derived lectins, which are glycan binding 
proteins86. Lectins have been similarly used to distinguish between alkaline phosphatase derived 
from liver or bone sources87. 
 
Blood group typing systems deserve mentioning in relation to glycomics as well. The predominant 
ABO blood groups as well as the Lewis blood groups are determined by carbohydrate structures 
on red blood cells. As such, blood group typing is essentially a glycomics test88. 
 
In a more strict definition, glycomics biomarkers would be those that directly profile glycan 
structures by using dedicated glycan-analytical methods. Such methods have only become robustly 
feasible in research laboratories about fifteen years ago. The first clinically implementable 
biomarkers based on such technology are only now becoming available. It has taken an intensive 
and lengthy effort to develop the analytical chemistry for glycans to the point that this became 
feasible in routine clinical chemistry laboratories. The first direct ‘diagnostic glycomics’ biomarker 
that will be clinically available will be the Glyco Liver Profile developed by Helena Biosciences, 
Newcastle, UK. It is based on the early work in this field of the Callewaert lab89. This test uses a 
type of analysis that is run in every routine clinical laboratory. 
 
Patients positive for cirrhosis on Glyco Liver Profile have a twelvefold risk of developing liver cancer 
(Hepato Cellular Carcinoma (HCC)) in the ensuing five to seven years. With a negative outcome 
there is almost no chance of developing liver cancer90. The test allows to detect early stage nodular 
regeneration that is a hallmark of liver cirrhosis. This is important because the extent of hepatocyte 
cell division in these nodules is the main risk factor for developing liver cancer. Early detection of 
cirrhosis enables the intensive monitoring of patients with imaging modalities for cancer detection, 
which has already been demonstrated to be highly cost-effective. It enables liver cancer detection 
at a stage where effective (surgical) intervention is still feasible. 
 
This test is available as a CE-marked kit for analysis on the Helena V8 Nexus analyser, as of the 
fourth quarter of 2019. A similar test for exposure to chronic inflammation is under development91. 
That test is intended as a monitoring tool for patients with chronic inflammatory disease under 
treatment. 
 
A first immunotherapy targeting glyco-epitope is presently used in clinical trials: a Chimeric Antigen 
Receptor (CAR) T-cell therapy, targeting a tumor-associated glyco-epitope of the MUC1 mucin92. 
In mouse models, it enabled strong control of solid tumors. That is exactly the area where present 
generations of CAR therapy have struggled most. The race is on to develop technology to discover 
other glycosylated tumor-associated epitopes. 
 
 
 

 
86 Brooks, 2017. 
87 Rosalki, 1994. 
88 Stanley & Cummings, 2015; http://www.ncbi.nlm.nih.gov/books/NBK453042/ 
89 In this test, the total serum protein N-glycome is profiled using capillary electrophoresis-UV detection on a clinical 
electrophoresis instrument that is already present in many laboratories for serum protein electrophoresis. 
90 Verhelst et al., 2016. 
91 Vanderschaeghe et al., 2018. 
92 Posey et al., 2016. 
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Future perspectives 
 
It is believed that combining the ‘layers of specificity’ afforded by tumor-associated upregulation of 
particular cell surface proteins and tumor-associated differential glycosylation of such proteins, 
provides our best shot at achieving sufficient tumor selectivity for highly potent - and therefore often 
also highly toxic - antitumor immunotherapies. 
 
 
6. Metabolomics 
 
Definition and description 
 
All activities carried out by living organisms require energy. This energy is generated at the cellular 
level. It is accomplished by the consumption of nutrients: sugars, proteins and fat. These are 
degraded in the gut to their simplest forms: glucose and other sugars, amino acids and fatty acids. 
Subsequently these are transported via the blood towards the wide variety of cells in the body. 
 
Metabolism describes the whole of biochemical reactions that these degraded nutrients undergo 
within the cellular environment to form a variety of different molecules. It can be regarded as a 
biochemical roadmap. This map shows highways, critical for the survival of any cell, active in any 
cell type. The secondary pathways of the metabolic roadmap allow the cell to carry out specific 
tasks, required for the proper activities of the tissues and organs they constitute. For instance, liver 
cells need the ability to generate and store glucose depending on the blood glucose levels. Immune 
cells need to be able to combat pathogens by generating toxic molecules to eliminate the pathogen. 
Pancreatic cells need to be able to make insulin. This list could go on and on. 
 
All the biological processes on the organism, organ or cellular levels, have metabolic processes at 
their very core. These processes are vital to support their activities and survival. Because of the 
importance of these processes, metabolomics has been considered as the apogee among the 
omics fields93. 
 
Already in 1924, Otto Warburg showed the power of metabolism by postulating that cancer cells 
support their malignant growth through a non-oxidative breakdown of glucose. From then on, this 
find was called the 'Warburg effect'. For this he received the Nobel Prize in 1931. Understanding 
the whole of metabolic processes, including the knowledge on which metabolic pathways are active 
and how these are interconnected in any given system in health and disease, is the holy grail of 
metabolic research. 
 
The resulting knowledge is extremely powerful. It not only reveals the biochemical processes that 
are cause or consequence of disease and response to environmental exposure. It also unveils the 
deviant enzymes and regulators (proteins/proteomics) as well as the responsible genes 
(transcriptomics/genomics) that can be targeted using (novel) drug compounds. As such, the field 
of metabolomics is highly complementary to the other omics technologies94. 
 
It is well-known that most diseases - especially cancers - can be eliminated when detected in an 
early phase. The ultimate metabolomics technologies will be able to detect early biochemical 
changes related to the functions of specific organs in the blood via metabolic fingerprints. These 
changes, when fully understood, can provide information on the early onset of diseases such as 
cancer and inflammation. This knowledge can provide a window for medical intervention. To date, 
the biggest challenge for oncologists is to locate the disease in the body. 
 
 

 
93 Patti et al., 2012. 
94 van Velthoven et al., 2019. 



 − 30 − 

Superior Health Council 

www.shc-belgium.be 

 
State of the art technical possibilities 
 
From a technological viewpoint, the creation of metabolic fingerprints of organs forms a huge 
challenge. It requires technologies that are able to identify the complete collection of metabolites 
and to elucidate their correlation to the functionality of tissues and organs. For now, researchers 
are merely looking at the tip of the iceberg. They have identified four hundred to six hundred 
metabolites. It is estimated that there are tens of thousands of metabolites present in any system. 
Luckily, the technological advances in metabolomics are moving fast. 
 
The strategies mentioned before now become more and more realistic. The instrument of choice 
for carrying out metabolomics is mass spectrometry (MS). This is mainly thanks to its superior 
sensitivity and speed of analysis in comparison with other technologies, such as Nuclear Magnetic 
Resonance (NMR) spectroscopy. MS also stands out for its flexibility in applying different kinds of 
technologies to study a broad scope of small molecule species95. 
 
Metabolomics currently enjoys a great revival, as groundbreaking insights are getting within reach. 
This is reflected by various worldwide initiatives that stimulate the development of state-of-the-art 
metabolomics applications. These bridge the gap between research centres and the clinic. 
 
(1) The National Institutes of Health (NIH) in the USA have launched a metabolomics programme 
in 201296. It focuses on the establishment of metabolomics resource cores to aid scientists to 
include metabolomics into their research. Also within the scope of the programme is the 
development of novel metabolomics research tools and the establishment of national and 
international standards for storage of metabolomics data97. Because of the positive and successful 
outcomes of the NIH Common Metabolomics Programme, a second stage funding has been 
acquired for 2018-2021. 
 
(2) The Netherlands Metabolomics Centre (NMC)98 gathers the vast knowledge and extensive 
expertise of the Dutch genomics and life sciences community to develop the technologies that will 
meet their demands. Through active community building and collaboration within the field, the NMC 
functions as a liaison between various groups developing and applying metabolomics technology. 
The centre actively promotes the transfer of knowledge and technology in the field of metabolomics 
through a network of committed partners. Together, the NMC team confronts the challenges of 
metabolomics research and develops the tools and strategies needed most by the Dutch and 
international research communities. Substantial funding was acquired via various grants, totaling 
50 million euros during the 2008-2013 period. 
 
(3) Imperial College London invested heavily in a National Phenome Centre. Funding was 
provided by the Medical Research Council (MRC) and the National Institute for Health Research 
(NIHR). It was led by Imperial College London and King's College London. 
 
Despite the presence of several metabolomics research groups in Belgium, for instance in UGent, 
VUB, UAntwerp, KU Leuven and the University of Brussels, there is a lack of specific national 
metabolomics funding opportunities. A national organisation for the metabolomics groups is 
likewise lacking. This is mainly due to an absence of financial means to establish such an 
infrastructure. 
 
 
 

 
95 Lu et al., 2017. 
96 https://commonfund.nih.gov/metabolomics 
97 An overview of the success stories of the metabolomics review can be found on 
https://commonfund.nih.gov/Metabolomics/programhighlights. 
98 http://www.metabolomicscentre.nl/ 
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Clinical Applications 
 
Funding of metabolomics pays off. An example of this 'return on investment' can be found at the 
University of Kentucky. A new method was devised here for monitoring metabolic processes. 
Development of this method was funded by the NIH Common Fund Metabolomics Program99. 
 
The method avoids stress-related off-target effects in animal models. Under the new protocol, 
researchers feed labeled molecules to animals, using a liquid diet. This non-invasive procedure 
prevents the animal from being restrained or anaesthetized. This results in less stress and more 
accurate outcomes. Thanks to this new method, researchers were able to show that human lung 
cancer cells implanted in mice have their own distinct metabolism. Metabolic adaptations of human 
tumor cells, like the human lung cancer cells in this example, could have important implications for 
a tumor cell’s ability to survive in the body. The next step would of course be, based on this 
information, to thwart the survival of tumor cells. These findings were only possible thanks to the 
new liquid diet method that allows researchers to study how cells alter their metabolism to promote 
growth and survival100. 
 
An exciting application was developed at Imperial College London: the iKnife metabolomics tool. It 
provides direct information to surgeons about the cancerous or non-cancerous nature of tissue 
during surgery. This information is quintessential to specifically cut away only the cancerous 
tissues. It improves accuracy and reduces the need for secondary operations. The iKnife101 is 
already used in the operating room102. 
 
Future perspectives 
 
There is a strong scientific interest in trying to understand biology by using metabolites. What we 
currently know about metabolism is surprisingly incomplete. Yet, based on what we do know, the 
applications and possibilities are amazing. This goes for environmental health, for cancer, for aging 
and for stem cell biology, to name some. The already promising applications are based on the 
present 'incomplete set' of metabolites. The possibilities of a complete set of metabolites would 
pave the way to far more opportunities. This is within our grasp and will become available in the 
next decades. As metabolomics technologies currently evolve at a rapid pace, applications can 
provide novel ways of personalized medicine and non-invasive insights into the functioning of 
organs and tissues within our body. 
 
 
7. Lipidomics 
 
Definition and description 
 
Lipidomics is a subset of metabolomics. It is devoted to the large-scale study of the lipids in a living 
organism or biological sample. Lipids are a subclass of metabolites that do not easily dissolve in 
water, but are readily soluble in non-polar solvents. Currently more than 40,000 different lipids are 
known. They include fatty acids, phospholipids, (glyco)sphingolipids, mono-, di- and triglycerides, 
sterols, fat-soluble vitamins and waxes. The complete lipid profile of a biological sample is referred 
to as the ‘lipidome’ and can be considered as the water-insoluble part of the metabolome. 
 
 
 
 

 
99 https://commonfund.nih.gov/metabolomics 
100 Sun et al., 2017. 
101 https://www.imperial.ac.uk/news/126106/intelligent-knife-tells-surgeon-tissue-cancerous/ 
102 Balog et al., 2013. 
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State of the art technical possibilities 
 
The study of lipids has been historically lagging behind the other ‘omics’ approaches due to 
technological challenges, the complexity of the lipidome, the enormous range of concentrations, 
the lack of probes and the inability to amplify signals. Beyond classical thin layer chromatography 
and gas chromatography, particularly the implementation of mass spectrometry has brought 
lipidomics of individual lipid species within the reach of academic and industrial research centres, 
particularly those with a metabolomics background. 
 
Mass spectrometry enables the separation and analysis of molecules based on their molecular 
mass and charge. Classic lipidomics analysis is carried out on organic extracts from samples. 
Extracts can be analysed in ‘shotgun’ lipidomics directly by mass spectrometry without prior 
separation. Extracts can also be analysed after separation by gas- or liquid-chromatography. A 
range of instruments and technologies is available103, all with different mass resolution. Besides 
analysis of lipid extracts, lipids can also be analysed in situ on tissue sections by mass spectrometry 
imaging (MSI). This approach makes use of a laser-based scanning system, allowing spatial 
visualisation of lipids in tissue sections down to the single cell level. 
 
With the advent of these advanced technologies, dozens of academic and commercial centres now 
offer lipidomics analysis. Some of these centres are organised in clusters. An example is the LIPID 
MAPS consortium, which hosts the largest lipids-only database and shares protocols and tools for 
mass spectrometry-based lipidomics104. Euro Fed Lipid is a federation of European researchers 
and institutes dealing with lipid research105. The American Society for Biochemistry and Molecular 
Biology has a Lipid Research Division to foster worldwide collaboration in lipid research. Just 
recently (early 2020), the International Lipidomics Society (ILS) was established promoting 
lipidomics through worldwide cooperation in terms of development of new technologies, resources, 
skills and training106. Major commercial lipidomics service providers include LipoType and 
Metabolon. 
 
Belgium is an important player on the European lipidomics scene. Several teams have a long-term 
expertise in the field of lipid analysis and lipidomics centres are established at several academic 
and pharmaceutical research centres. With the recent establishment of a next-generation 
lipidomics platform ‘LipoMetrix’, KU Leuven in conjunction with U Hasselt, U Liège and several 
academic and industrial partners from Germany and the Netherlands participates in the 
EURLIPIDS107 consortium. The consortium aims at establishing an Euregio-based excellence 
platform, referred to as the 'Lipid Valley' for lipid-based research and technological solutions, 
including the development of new analytical methods, biomarkers, and biomedical materials with 
an outspoken translational, clinical and economic valorisation trajectory. 
 
Clinical applications 
 
Lipids are a diverse class of biomolecules and play numerous different roles in cell biology. They 
function as essential building blocks for membranes as the vital barrier between the inside and the 
outside of a cell. These membranes organise a lot of cellular processes. Lipids also are an energy 
storage medium and function as important signalling mediators within and between cells. Finally, 
they play a role as anchors to target proteins to membranes. 
 
Given the central role of lipids in life, aberrant lipid profiles or altered lipid metabolism can be linked 
to a variety of diseases and disorders. These include Gaucher disease, Tay-Sachs, Niemann-Pick, 

 
103 Including ESI-MS/MS, MR-MS, OrbiTrap and other. 
104 https://www.lipidmaps.org/ 
105 http://www.eurofedlipid.org/ 
106 https://lipidomicssociety.org 
107 https://www.interregemr.eu/projecten/eurlipids 

https://www.lipidmaps.org/
http://www.eurofedlipid.org/
https://www.interregemr.eu/projecten/eurlipids
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Faber’s disease, and many others. High cholesterol levels and other dietary lipids are associated 
with cardiovascular and other diseases. Altered lipid profiles have been found in many other 
common diseases including cancer and neurodegenerative diseases such as Alzheimer’s and 
Parkinson's. These changes are often caused by genomic defects and subsequent alterations at 
the level of the transcriptome and proteome or are driven by diet, lifestyle and environmental cues 
and adaptive mechanisms, together leading to a rewiring of lipid metabolism and linking changes 
in the lipodome to the other omics events. 
 
At present there are no routine clinical applications of lipidomics yet. The facts that lipids function 
at the distal end of the gene-regulatory cascade and therefore incorporate a wealth of molecular 
information about health and disease, including dietary cues, and are more closely associated to 
the phenotype of an organism than most other ‘omics’, raises, however, high expectations for future 
applications in molecular pathology, diagnosis and even disease prevention. One exciting example, 
already described under metabolomics, is the implementation of lipidomics in the iKnife platform. 
Another example is the application of ultrafast mass spectrometry imaging (MSI) of surgical 
sections next to the operating theatre, providing detailed molecular pathological insight for further 
treatment decisions. As evidence is mounting that many common diseases are associated with 
altered lipid profiles in body fluids, lipidomics is expected to also have major potential for minimally 
invasive liquid biopsies. Furthermore, lipidomics plays an increasingly important role in the 
identification of therapeutic targets and in the development of novel therapeutic agents. 
 
Future perspectives 
 
With a current routine analysis of some 2000 lipid species per run, challenges for the further 
development of lipidomics include the expansion of the range of lipid species analysed and their 
exact identification. Even more challenging is the absolute quantification of lipids. Key to these 
developments is the implementation of high-resolution mass spectrometry instruments and the 
development of appropriate protocols and standards. In view of the wide variety of instruments and 
protocols applied in the different centres around the world, the application of lipidomics data to the 
clinical setting will require standardisation of lipidomics workflows. These include study design, 
sample collection and storage, use of a common set of lipid standards, and data deconvolution and 
reporting. This is necessary to improve inter-centre compatibility, reproducibility and accuracy of 
lipidomics data. Users currently initiate community-wide standardisation initiatives as an essential 
step in this direction108109. 
 
Compared to other ‘omics’ approaches, lipidomics is still in its infancy. It is, however, rapidly 
catching up and maturing. Notwithstanding the limited fraction of the lipidome that could be 
analysed so far, the potential of this technology is astonishing. New developments in stable-isotope 
lipidomics will complement the current methods for measuring steady-state levels of lipids and will 
reveal unprecedented insights in fluxes through metabolic pathways. Increases in analytical 
performance and spatial resolution will allow the identification of the lipidome at the single cell level 
and together with the evolution in the other omics approaches will enable true spatial multi-omics 
analysis of complex diseases. There are promising applications of lipidomics in virtually all fields of 
human health and disease. With the rapid technological developments in mass spectrometry and 
the growing efforts towards standardisation, it is expected that clinical applications will become 
available during the next decade. The ability of lipidomics to ‘capture’ a unique fraction of the 
biological complexity of a sample, almost in real time, creates new opportunities for intra-operative 
tissue diagnosis. Clinical trials with the iKnife are ongoing. The first hospitals are already 
implementing mass spectrometry imaging of lipids next to the operating theatre. Lipidomics is 
destined to revolutionise clinical diagnosis and pathology. 
 
 
 

 
108 https://lipidomicssociety.org 
109 Liebisch et al., 2019. 
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8. Microbiomics 
 
Definition and description 
 
Microbiomics is the analysis of the microbiota, the community of symbiotic micro-organisms living 
in and on the human body. The human body is home to a wide range of microbes including bacteria, 
archaea, viruses and fungi. Various microbial communities thrive in different body habitats, such 
as the mouth, the nose, the gut, the skin and the vagina. The richness and complexity of these 
microbial communities varies according to the body habitats. 
 
The gut is by far the richest microbial habitat in the human body. These intestinal symbionts co-
exist with the host in a mutualistic, commensal or parasitic relationship. Many important metabolic, 
immunologic and trophic functions have been attributed to the interaction between the gut 
microbiota and the host. The gut microbiota is responsible for vitamin production, breakdown of 
complex carbohydrates, production of amino acids, training the host's immune system, regulation 
of the mucus layer and pathogen exclusion. 
 
The most important inter-individual differences in the gut microbiota composition are driven by 
variations in the core-microbiota. This refers to microbes which are more or less ubiquitous in a 
certain population. The three core-microbiota genera of Bacteroides, Ruminococcus and Prevotella 
are the drivers of the identified human enterotypes. These are genera-driven clusters based on the 
overall microbiota composition. Recently, a fourth enterotype with low bacterial load was 
discovered. It is called B2. Several factors modulate the gut microbiota, such as age, gender, body 
mass index (BMI), physical activity, diet, stool transit time and stool consistency. 
 
State of the art technical possibilities 
 
The SHC recognized already early the importance of the microbiome and granted in 2012 one of 
the first SHC-price for PhDs to ground breaking work on this field110. Microbiota research has been 
revolutionised by the development of high-throughput technologies that allow the study of microbial 
communities as a whole. Known as meta-omics or microbiomics, these technologies aim at the 
direct analysis of genes, transcripts or proteins recovered from environmental samples. This is 
explicitly done by skipping microbial cultivation and the bias this introduces. Metagenomics starts 
by sequencing the DNA extracted from a microbial community. Next step is assessing what micro-
organisms are present in a sample, as well as assessing the functional potential of these 
organisms. By sequencing the community RNA, meta-transcriptomics allows monitoring of the 
microbiota’s gene expression. Metaproteomics, which is based on protein spectrum profiles, 
provides information about the proteins that are synthesized. 
 
16S amplicon sequencing is based on the specific amplification of a hypervariable region of the 
ribosomal111 RNA gene that is universally present in microbial species. Admittedly, it does not bring 
the deep functional insights that metagenomics provides and has lower resolution to disentangle 
microbial species and strains. On the upside: it is an order of magnitude more cost-effective for 
getting first insights in the phylogenetic composition of a sample. The various meta-omics 
techniques analyse complementary aspects of microbial communities. Combining multiple meta-
omics techniques therefore holds great promise to understand the role of the gut microbial 
community in health and disease. Future drops in sequencing cost however will increase the use 
of shotgun metagenomics over 16S. 
 

 
110 Van den Abbeele, 2011. 
111 This rRNA has a function in protein synthesis, namely catalysis of the reaction to extend the protein 
chain. 
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Worldwide, 16S amplicon sequencing is currently by far the most used technique, given its cost-
effectiveness. However, collaborative efforts such as the NIH Human Microbiome Project (I & II)112 
and the EU MetaHIT113 project have gathered the necessary resources to perform other meta-
omics approaches in larger scale clinical cohorts. These initiatives have enabled the production of 
reference datasets. Belgian researchers are among the pioneers in this research area. Large scale 
population cohort research such as the Flemish Gut Flora Project114 have provided a baseline 
assessment of the healthy microbiota variation and the factors that drive its variation. Recent 
technological improvements, such as Quantitive Microbiota Profiling, combining sequencing with 
flow cytometry have put Belgian research at the forefront of this field. These efforts are coordinated 
in the recently established FWO EOS MiQuant consortium. 
 
Clinical applications 
 
For many years, disease association studies have dominated faecal microbiome research. 
Microbiota alterations are observed in a wide range of pathologies ranging from diabetes, 
inflammatory bowel diseases and colon cancer to autism and Parkinson’s disease. Studies in this 
field incited technical and computational developments that are currently facilitating metagenome 
analyses. As a result, microbiome-based signatures have been put forward for a broad range of 
pathologies. These research efforts have failed, however, to meet their primary objective, which is 
the identification of microbiome-based diagnostic markers or clinical targets for intervention. Lack 
of reproducibility has so far hampered research translation into clinical practice. 
 
This apparent lack of consistency in faecal microbiome findings revived the field’s interest in 
defining the boundaries of gut ecosystem variation in healthy hosts. This resulted in targeted efforts 
to characterise specific confounder effects as well as explorative population-wide cohort studies. 
These studies invested extensively in broad phenotypic characterisation of their participants in 
order to identify potential microbiome covariates. 
 
One of the strongest confounders and a common disease phenotype is variation in intestinal transit 
time. This has a strong ecological effect on microbiota composition. Any indication of disease-
associated microbiota alteration should be contrasted against this ecological background, to verify 
whether the fluctuations observed are not merely resulting from coincidental or symptomatic 
variation in transit time. Identification and incorporation of such confounders and re-evaluation of 
clinical cohorts are expected to increase future reproducibility in studies. 
 
A second issue is that most - if not all - metagenomics findings thus far are based on relative 
microbiome profiles. Current gold standard sequencing procedures do not allow for the 
determination of taxa abundances per gram of stool. These procedures only provide proportional 
information on the microbiota fraction belonging to a particular genus in the sequenced library. 
Recent development of Quantitative Microbiome Profiling (QMP) protocols now allow for bypassing 
this issue. Initial QMP results demonstrate the important extent to which relative approaches have 
distorted our current perception of gut ecosystem composition. 
 
In a Belgian case study115, faecal samples collected in a Crohn’s Disease (CD) cohort were re-
analysed. This led to the conclusion that disease-associated microbiota dysbiosis was far more 
striking in a quantitative setting than generally assumed based on the relative read-outs. QMP 
showed that about half of the genera composing a healthy gut ecosystem were suppressed in CD 
patients. Apart from that, it was shown that lowered microbiota richness mainly resulted from the 
up to fifty-fold (!) reduction in microbial cell count observed in diseased individuals. Lowered 
microbiota richness is considered a key microbiome signal in inflammatory bowel diseases. 
 

 
112 https://hmpdacc.org 
113 http://www.metahit.eu 
114 http://www.vib.be/en/research/Pages/The%20Flemisch%20Gut%20Flora%20project.aspx 
115 Vandeputte et al., 2017. 

https://hmpdacc.org/
http://www.metahit.eu/
http://www.vib.be/en/research/Pages/The%20Flemisch%20Gut%20Flora%20project.aspx
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In addition, previously proposed diagnostic signals were strongly affected when corrected for 
absolute abundance. Overall, these preliminary QMP results clearly indicate that microbial load is 
a key feature of microbiota (dysbiosis) signatures. This has implications for microbiome-based 
prognostic, diagnostic, and therapeutic applications. So far microbiomics has not reached the 
stages of validated diagnostics and prognostics as found in other omics areas. However, attainable 
improvements are believed to help materialise this in the upcoming years. 
 
Future perspectives 
 
Several areas in the microbiome field need further development to advance clinical microbiomics. 
One primary area is that of microbiome dynamics and longitudinal variation. There is a grave lack 
of knowledge on the temporal variability of microbiome biomarkers, be it species, genes, transcripts 
or proteins. Longitudinal studies in both healthy population cohorts as well as patients are needed 
to advance the robustness of microbiome diagnostics. Such data, in combination with large scale 
population cohorts can help defining reference ranges and the delineation of a healthy microbome 
– which will catalyse diagnostic developments. 
 
Secondly, further efforts need to be directed towards maturing metaproteomics and metabolomics. 
These functional readouts are essential for understanding pathology mechanisms and therapeutic 
development. Thirdly, the analysis of the mucosa-adherent microbiota, especially in the difficult-to-
reach upper gastrointestinal tract, could prove to be very rewarding. The low-biomass samples 
involved in this type of research are contamination-sensitive. Validated procedures to tackle this 
are still lacking. Fourth, most attention so far has gone to the gut microbiota, yet microbial 
communities exist across our body, among others: the oral, skin, vaginal, respiratory microbiota. 
Research regarding these communities and their relation to health is growing and will expand in 
future years. 
 
What will the future bring? The microbiome field is currently in a rapid, ongoing transition. It evolves 
from an area of research and discovery and is now on the brink of clinical application. The ongoing 
technological improvements and global standardisation and replication efforts will ensure the 
success of this exciting novel prospect. 
 
 
9. Exposomics 
 
Definition and description 
 
In 2005 cancer epidemiologist Christopher Wild used the term exposome to describe the 
environmental counterpart of the genome. The exposome is an influencing factor on health. In a 
broad definition, exposome studies assess the totality of human environmental exposure during an 
individual's entire lifespan. 
 
A wide range of health-relevant factors is assessed. This range includes genetic predisposition, 
epigenetic confirmation of the DNA and lifestyle aspects such as smoking, alcohol consumption, 
diet and physical activity. The list goes on with metabolism, host microbiota, indoor and outdoor 
environments, socio-economic factors, and the individual’s ability to cope with various stressors. 
These stressors include noise, infections, mental and physical stress. 
 
Key facets of the exposome, irrespective of the multitude of definitions so far, can be described as 
follows. In an exposome study, a multitude of exposures needs to be measured during sensitive 
human development windows across the lifespan. For example, diet is an aspect that changes with 
age. Neonates are fed with (mother's) milk and dairy products. Even these can contain substances 
from the environment such as dioxines, lipo-solubles and hormone-damaging substances which 
enter the baby though infant food. When they are toddlers, children crawl over the floor and try to 
put all kinds of inedible objects into their mouths – and possibly they even swallow these. Children 
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are more sensitive than adults. The take-up of toxic substances can have particularly serious 
consequences. A well-known example is lead poisoning among toddlers after eating flakes of lead-
containing paint.  
 
Exposure can differ enormously during lifetime and between individuals, apart from specific cultural 
differences also being of influence. Consequently, there is need for hierarchical data collection to 
capture both individual and macro level environmental exposures. Accompanying modelling 
approaches for exposures are needed, including those without specific biomarkers. Finally, an 
exposome study recognises the dynamic nature of exposures and the bodily responses and 
phenotypic changes they elicit116. 
 
As a consequence, exposome research needs to cover a lot. This starts with a broad range of 
mobile exposure sensors, to measure for instance air quality, temperature, noise, UV, location and 
physical activity. It involves analytical methods including omics technologies and tools used to 
assess exposure, (early) health effects and susceptibility. Living environment is important. It is 
included in parameters such as walkability (the measure of pedestrian friendliness), natural space, 
land use, facility-richness, street connectivity and traffic117. Well-being is also taken into account, 
in terms of emotional status. This is measured in real-time electronic surveys delivered through 
mobile phones. The approach is known as Ecological Momentary Assessment (EMA)118. 
 
The general idea is that exposure during specific parts of life accumulate over time and may 
significantly contribute to the development of chronic diseases that carry large societal and 
economic costs119. Environment-Wide Association Studies (EWAS) correlate exposure to 
environmental stressors with health factors120. This is analogue to earlier Genome-Wide 
Association Studies (GWAS) correlating genetic polymorphisms with human disease. 
 
More recently, epidemiology studies evaluated the interaction between genes and environment in 
relation to the effect via Genome-Environment-wide Interaction Studies (GEWIS). An example is 
the study of gene-smoking interaction versus lung cancer121. In this kind of studies, the stressor 
effect is evaluated depending on the genetic background of an individual. Alternatively, it is found 
that a gene variant will only lead to a clinical phenotype under certain environmental or behavioral 
conditions122. 
 
State-of-the-art technical possibilities 
 
Research on the causal mechanisms underlying the health impacts of environmental exposure was 
carried out in three large EU-financed pilot projects in Framework Programme 7 (FP7). The Human 
Early-Life Exposome (HELIX, 2013-2017) included six existing European birth cohort studies. It 
assessed exposure models for the full cohorts totaling 32,000 mother–child pairs. Biomarkers were 
measured in a subset of 1,200 mother–child pairs. Nested repeat-sampling panel studies (N=150) 
collected data on biomarker variability. Smartphone-data were used to assess mobility and physical 
activity and to perform personal exposure monitoring. Metabolomics, proteomics, transcriptomics 
and epigenomics were used to determine molecular profiles associated with exposures. Statistical 
methods for multiple exposures provided exposure-response estimates for fetal growth and child 
growth, obesity, neurodevelopment, and respiratory outcomes123. 
 

 
116 Buck Louis et al. 2017. 
117 Robinson et al., 2018. 
118 Dunton, Liao, Intille, Wolch, & Pentz, 2011. 
119 Lioy & Rappaport, 2011. 
120 An example is the correlation between 266 environmental factors versus blood sugar level in diabetics. 
(Patel, Bhattacharya, & Butte, 2010). 
121 Zhao, Fan, Goodman, Radich, & Martin, 2015. 
122 Barouki, Audouze, Coumoul, Demenais, & Gauguier, 2018. 
123 Vrijheid et al., 2014. 
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Another EU-FP7 project, Health and Environment-wide Associations based on Large Population 
Surveys (HEALS, 2013-2018), includes several epidemiology studies with a total of 335,000 
European individuals. The HEALS pilot European Exposure and Health Examination Survey 
(EXHES) was part of it. Multi-omics outcomes and geo-referenced exposure analyses are 
expected. Furthermore, lifetime generic physiologically based pharmacokinetic (PBPK) modelling 
was carried out to investigate the biological effective dose in target tissue124. 
 
The third EU FP7 project was named Transcriptomical Responses to Air and Water Pollution 
(EXPOsOMICS, 2012-2016). It focused on air and water pollution and the impact of that. Exposure 
models and personal exposure assessments were worked out, such as Land Use Regression 
models for oxidative potential of PM2.5 (fine particles with a diameter of 2.5µm or less) in five 
European cities125. Researchers also worked on statistical evaluations of omics data. An example 
of this is the study in which perturbation of metabolic pathways is linked with adult-onset asthma 
and cardio-cerebrovascular diseases using the ‘meet-in-the-middle’ statistical approach126. 
 
In 2015, the US National Institute of Environmental Health Sciences (NIEHS) created the Children’s 
Health Exposure Analysis Resource (CHEAR) study. It was set up to broaden analyses of early life 
environmental exposures in their studies of health. The early stages have focused on development 
of standards and quality assurance to improve reproducibility of targeted and untargeted biomarker 
analyses. This study also focused on the creation of a data repository for health histories and omics 
data. Future perspectives include exploring the contribution of the exposome and multi-omics 
integration for mechanistic research and systems biology. Some of the key immediate challenges 
in their exposome research program include: compound identification from untargeted analyses, 
data accessibility for further analyses, and using the exposome concept as a tool for prevention127. 
 
Since 2001, four Flemish Environment and Health Surveys (FLESH)128 assessed five-yearly 
different pollutants in blood, urine and hair among the population. In this FLEHS programme so far 
6,870 individuals were included. All Flemish Universities and the Antwerp Provincial Institute of 
Hygiene (PIH) are partners in the consortium Steunpunt Milieu en Gezondheid. This programme is 
embedded in the European Human Biomonitoring consortium129. It aims at enhancing chemical 
safety in Europe via exposure monitoring in 28 European countries. Although the exposome 
approach and full characterisation of ‘all’ chemicals via omics analytics was not applied in the 
Flemish background population human biomonitoring studies, even so, a bit less than a hundred 
chemicals were analysed in all age groups of the FLEHS 2, 3 and 4 campaigns130. 
 
Most of the studies mentioned are cross-sectional, assess exposure in the Flemish background 
population and some hot spots. The studies link exposure with disease and health complaints. 
Within some parts of these FLEHS cohorts, and in the Flemish regional ENVIRONAGE birth cohort 
on ageing, transcriptomics and epigenetic analyses were performed. Some examples: regional 
differences in gene expression of oxidative stress and metabolisation genes measured in FLEHS 
adults could be related to internal metals and persistent pollutant levels131; mercury in FLEHS 
adolescents was linked to expression of genes playing a role in neuro-functioning132; in the 
ENVIRONAGE cohort, gene expression of inflammation, neurodevelopment and DNA damage 
related genes were associated with either long- or short term outdoor air particulate matter 
exposure in children133. 

 
124 Steckling et al., 2018. 
125 Gulliver et al., 2018. 
126 Jeong et al., 2018. 
127 https://chearprogram.org/chear-publications 
128 FLEHS 1, 2, 3, 4. 
129 HBM4EU (2012-2017). 
130 Schoeters et al., 2017. 
131 Van Leeuwen et al., 2008. 
132 Croes et al., 2014. 
133 Winckelmans et al., 2017. 
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Clinical applications 
 
In line with the systems medicine approach, it is proposed to integrate the genome and exposome 
data in a systems biology approach134. This exposome-genome paradigm represents data 
integration with the aim to improve prevention and health on the population level and even the 
individual level. 
 
Exposure assessment in the context of allergies and respiratory health from birth to early childhood 
are nice examples of clinically beneficial use of the exosome in unraveling the etiology of disease. 
Within several pooled analyses of international birth cohorts, different aspects of the exposome 
were studied. It for instance turned out that maternal fish intake had no influence on infant's asthma 
or allergic rhinitis135. 
 
In those types of international grouped data and meta-analysis studies, the Belgian FLEHS birth 
cohort was included for its multiple available exposure parameters. Such ‘exposome-like’ studies 
cover only parts of the lifetime period or exposure. Still, these studies indicate factors that trigger 
airway disorders, such as traffic exposure, (indoor) allergens and micro-organisms136. Exposome 
respiratory health studies are also performed on patients. Recently it was shown that the metal 
content of indoor particulate matter (PM2.5) could be associated with lower forced expiratory volume 
in one second (FEV1) in lung transplant patients137. 
 
Metabolic and cardiovascular disease progression are also examined while taking aspects of the 
exposome into account. Analysis of data from four cohorts of the National Health and Nutrition 
Examination Survey (NHANES) from 1999 to 2006 was carried out to assess the relationship 
between 266 different environmental factors and type 2 diabetes138. 
 
In a further study, eighteen Single-Nucleotide Polymorphisms (SNPs) and five environmental 
factors were screened for interaction in association to type 2 diabetes. The impaired function of 
SLC30A8, modulating insulin secretion and storage in beta cells of pancreatic islets, showed a 
significant interaction with trans-beta-carotene. Unbiased consideration of environmental and 
genetic factors may help identify larger and more relevant effect sizes for disease associations139. 
 
In the same way as they include some environmental factors, exposome studies may also exclude 
environmental factors of being associated with an outcome. This was shown with blood pressure 
measured in 71,916 individuals of the NHANES studies. As it turned out, high blood pressure could 
hardly be associated with any of the environmental parameters examined140. 
 
Future perspectives 
 
The Human Exposome is an emerging research area aiming at deciphering how environmental 
exposures (diet, lifestyle, occupational and environmental factors) during our lifetime affect our 
health. If we understand this, we can better design disease prevention and health promotion 
actions. This is the scope of The European Human Exposome Network which is composed of nine 
research projects now funded under Horizon 2020. Within the Human Exposome Network 9 H2020 
exposome projects have been granted (https://www.humanexposome.eu/). The focus is on a 
specific aspect of the human exposome: specific health outcome (immune system, mental health, 
lung diseases, cardio-metabolic diseases) or focus on specific exposure (urban environment, 

 
134 Barouki et al., 2018. 
135 Stratakis et al., 2017. 
136 Burbank et al., 2017; Khreis et al., 2018; Koppen et al., 2011. 
137 North et al., 2018. 
138 Patel et al., 2010. 
139 Patel et al., 2013. 
140 McGinnis et al., 2016. 

https://www.humanexposome.eu/
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occupational environment). Also, novel methodologies and analytics are essential. We need to 
strive to new tools (sensors, dietary apps, omics, geospatial data) to assess the exposome in more 
detail. 
 
Several centres are involved in several exposome projects such as EPHOR (Exposome Project for 
Health and Occupational Research), EXIMIOUS (Mapping exposure-induced immune effects: 
connecting the exposome and the immunome) and ATHLETE (Better understanding and 
preventing health damage from multiple environmental agents and their mixtures, from the earliest 
parts of the life course onward). Within EPHOR, the groundwork for evidence-based and cost-
effective preventive actions to improve working-life health by developing a working-life exposome 
toolbox will be developed in order to reduce the burden of disease. 
 
In addition, it was recently suggested to including exposomics in precision medicine141. In this 
approach, patient specific features are predicted for improved assessment of health and therapy. 
It would fit in the contexts of systems medicine or integrative Personal Omics Profiling (iPOP) to 
integrate multiomics data to get a more comprehensive analysis of disease etiology. 
 
There are believers and non-believers of the exposome concept. Beyond belief, it is clear that there 
are some difficulties in performing the total exposome analytics of a person. Assessing the 
magnitude of human exposure from different pathways and sources, although attractive, is limited 
by the availability of specific biomarkers of exposure142. However, suspect chemical screening and 
truly nontargeted analysis are feasible. The former searches for analytes against a pre-specified 
lists of suspected or targeted chemicals. This approach may in this stage be more feasible than 
randomly searching for harmful compounds143. 
 
It should be noted that any kind of cross-sectional analysis of chemicals may reflect only a specific 
snapshot of the actual exposure. Repeated sampling would certainly be an asset. Similar concerns 
are valid for the omics data field when it comes to lack of gold standards for omics data assessment. 
This sometimes leads to discordant results. Repeated experiments come with the setback of high 
cost. Another concern are the different accuracy levels of omics and non-omics data144. 
Furthermore, the method asks for ample data storage and computational capacity. A platform for 
data sharing would also be welcome. Finally, there is the risk of over-interpretation. This risk is 
partly caused by limited understanding of biological and interacting pathways145. 
 
Studying the relation or interaction between exposures, genetic background and health is not new, 
but the combination of a number of endogenous and exogenous influences needs to be made, and 
can now be made to larger exist and at granular level using omics. Moreover, by studying, 
establishing and elucidating the underlying mechanisms one can better understand the 
development and progression of diseases and identify causes and contributing factors. 
 
 
10. Big data and Artificial Intelligence 
 
Definition and description 
 
Modern day omics methodologies invariably yield 'big data'. These data require robust quality 
control and analysis pipelines, data management, long-term storage, nationally centralised data 
access and effective security and privacy guidelines. These bio-informatics and data management 
aspects pose severe challenges. 
 

 
141 Barouki et al., 2018. 
142 Steckling et al., 2018. 
143 Wang et al., 2018. 
144 Zhao et al., 2015. 
145 Vineis et al., 2017. 
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Besides these, there is also a growing need for machine learning and Artificial Intelligence (AI). 
Deep learning is part of the broader family of machine learning and artificial intelligence 
approaches. It is based on learning data representations146. It allows for the use of more complex 
features in the data that normally remain hidden to the human eye. It does this by mapping raw 
inputs into layers of intermediate features. The approach enables self-learning: continuous gradual 
improvement of decision making as more and more new data are added over time. 
 
As to the emergence of big data and AI in general, two characteristics stand out. These are an 
incredible speed of progress and a far-reaching impact on multiple societal levels. It was only in 
2012 that artificial neural networks were regarded as dead end research. That was until Geoffrey 
Hinton and Alexander Krizhevsky of the University of Toronto published their article ‘ImageNet 
Classification with Deep Convolutional Neural Networks’147. Image recognition with neural networks 
combined with fast computing made a leap in performance compared to traditional algorithms. Big 
tech jumped the bandwagon. By 2015, the computer was already better at face recognition than 
man. Big tech introduced automated photo tagging in practice in the same year. It took two-and-a-
half year from fundamental breakthrough to practical application, enabled by big data, enhanced 
computing power and cloud storage. This speed of progress from discovery to application is 
unimaginable in most sciences. Among these is medical science, where the route to application 
requires extensive, multiple phase trialing, taking typically more than a decade. 
 
Since these first days, the potential impact of big data in combination with artificial intelligence on 
security, industry, policy making and many other areas is starting to become clear. Any field where 
lots of data are generated and self-improving pattern recognition in this data is relevant already 
feels or will soon feel the impact of AI. 
 
At present, more data is generated in two days than during the first two millennia of our age. Omics 
data is an important contributor to that. Omics technologies are in fact very well suited for deep 
learning, because of the huge amounts of data involved. Alongside imaging, these data will serve 
as the main drivers behind AI in healthcare. They will be the key ‘inputs’ for our virtual avatar coach 
emerging in the not so distant future. 
 
State of the art technical possibilities 
 
Bioinformatics analysis of next-generation sequencing data 
 
Next-generation sequencing (NGS) is used in the clinic for a growing number of applications. Most 
commonly applied is DNA sequencing. This can either involve targeted sequencing of gene panels, 
whole-exome sequencing or shallow whole genome sequencing to detect copy number variation. 
It can also be about deep whole genome sequencing to detect all types of mutations and copy 
number variants. 
 
The accompanying bio-informatics pipelines, for example at the UZ Leuven, are optimised for fast 
and accurate detection of genomic variation. Such a pipeline usually consists of several steps. It 
starts with raw data pre-processing and is followed by mapping sequence reads to the reference 
genome, variant calling and filtering, variant annotation and reporting. A whole-genome sequence 
with thirty times coverage148 leads to 120Gb of data. This typically requires one to three days of 
computing time. This poses a challenge once the throughput will increase. Other types of omics 
data, such as transcriptomics and epigenomics also use NGS and require their own dedicated 
bioinformatics pipelines. 

 
146 As opposed to task-specific algorithms. 
147 Hinton & Krizhevsky, 2012. 
148 Whole-genome sequencing involves sequencing each base in a genome one time, but most 
applications require sequencing each base multiple times to achieve high confidence base calls. 
Sequencing coverage (or sequencing depth) refers to the number of times a reference base is represented 
within a set of sequencing reads. 
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Clinical applications of these omics techniques are still limited to date. It is, however, expected that 
clinical applications using multi-omics data will provide unprecedented opportunities, as several 
chapters of this report point out. In order to get results on these opportunities, it is required that 
bioinformatics pipelines integrate multiple heterogeneous datasets. With this, there is an ideal 
greenfield situation for the introduction of AI. 
 
Hardware and software for omics data analysis in Belgium 
 
Bioinformatics analysis of omics is performed via cloud computing or via high-performance 
computing (HPC). The Flemish Supercomputer at the Vlaams Supercomputer Centrum (VSC) in 
Leuven provides a proper computing environment for omics data analysis. A new funding round 
from the Flemish Government will be used to build a new 'Tier1' supercomputer with cloud 
computing capabilities. This will further expand the opportunities for omics data analysis. The new 
'Tier2' Genius supercomputer at the VSC currently provides twenty nodes with Graphical 
Processing Units (GPUs) which are ideally suited for deep learning (AI). 
 
Regarding software for managing analysis pipelines and data provenance, it is foreseen that 
frameworks such as Arvados and Common Workflow Language (CWL) become necessary. As far 
as known, Belgian research groups and clinics have yet to explore these new technologies. With 
cloud computing becoming more commonly used, 'containers' such as Docker and Singularity will 
provide unprecedented opportunities to flexibly share and manage bio-informatics pipelines. 
 
Big Data and AI in clinical practice 
 
On a global scale, medicine is one of the societal fields in which Big Data and AI already have a 
large impact. Clinical applications exist in many clinical specialisations. Clinicians predominantly 
make use of AI for rapid, accurate image interpretation. In health systems, the workflow is improved 
and the potential for reducing medical errors is exploited. And thirdly, patients are enabled to 
process their own data to promote health149. 
 
Massive data quantities from medical imaging, biosensors of physiologic metrics, genome 
sequencing, and electronic medical records exceed the limit of human analysis. “Algorithms are 
desperately needed for help, yet the integration of human and artificial intelligence for medicine 
has barely begun”150. Big data and AI could be put to work to bend the trend towards a better return 
on investments in healthcare. And it will be, according to Eric J. Topol: “Almost every type of 
clinician (…) will be using AI technology, and in particular deep learning, in the future”151. 
 
Radiology is a typical field of application for AI. A Deep Neural Network (DNN) that retrospectively 
assessed scans from over 34,000 patients to detect cancerous pulmonary nodules on a chest X-
ray, outperformed 17 out of 18 radiologists152. In a comparable study into image analysis of skin 
cancer, 21 dermatologists were at least matched by the algorithm153. As to AI and omics data in 
the clinic, AI is used to predict and interpret genomic variants from whole genome sequencing. The 
future of AI in the clinic will likely represent the integration of imaging data with genomics data, 
alongside the patient’s medical history. The result will be an integrated, personalised health 
assessment, with the AI drawing added value conclusions based on all these three data sources. 
 
The impact of big data and AI will increase rapidly over time. In general, in modern medicine more 
data will become available at multiple time points and on various disease stages of any individual 
patient. This goes also for all other patients with similar afflictions. This happens in different 

 
149 Topol, 2019. 
150 Topol, 2019 (p. 44). 
151 Topol, 2019 (p. 44). 
152 Nam et al., 2018. 
153 Esteva et al., 2017. 
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hospitals in various countries. Machine learning, based on omics and clinical data, will therefore 
likely improve accuracy over time. The general rule in big data and AI is: the more data, the more 
accuracy, the more value. 
 
State of the art in life sciences 
 
Eric J. Topol states that AI progress in life sciences has been even notably faster than uptake in 
the clinic. As an explanation, he points at extensive peer-reviewed publication, easier validation by 
lack of regulatory oversight and an eager scientific community154. AI use for drug discovery is 
extensive and involves sophisticated natural language processing searches of the biomedical 
literature, data mining in millions of molecular structures, the design and production of new 
molecules, dose prediction and developing cellular assays at a massive scale155. 
 
One notable accomplishment has been the effective assessment of biological age using DNA 
methylation-based biomarkers156. Another milestone was the development of in silico labeling, 
using machine learning to replace fluorescent staining157. 'Ghost cytometry', high throughput 
accurate sorting of cells on the basis of cell morphology was developed to automatically and 
accurately identify rare cells158. Computer vision is used for high throughput assessment of 40-plex 
proteins and organelles within a single cell159. 
 
Topol also specifically mentions omics biology datasets: “Open source algorithms have been 
developed for classifying or analyzing whole genome pathogenic variants – a strong application for 
the clinic - , somatic cancer mutations, gene-gene interactions, RNA sequencing data, methylation, 
prediction of protein structure and protein-protein interactions, the microbiome, and single-cell 
sequencing. While these reports have generally represented a single omics approach, there are 
now multi-omic algorithms being developed that integrate the datasets. The use of genome editing 
has also been facilitated by algorithmic prediction of CRISPR (Clustered Regularly Interspaced 
Short Palindromic Repeats) guide RNA activity and off-target activities.”160 
 
Deep learning, AI and data ownership 
 
The revolution of deep learning in biomedicine has just begun. As already stated, application of AI 
in biomedical research is more widespread than in the clinic. AI on omics data is currently used 
heavily in research for variant calling on NGS data and metagenomics applications. It is expected 
that once omics techniques will become more widely used in clinical applications, deep learning on 
omics data will come along with it and become more mainstream in the clinic. Finally, AI will have 
an impact on treating disease, particularly with regard to clinical decision making in personalized 
healthcare. 
 
There are already examples of this too. In 2017 a 37 years old Japanese woman visits an oncology 
clinic in the US. She suffers from a rare variant of breast cancer. The oncologists diagnose her as 
untreatable, with an expected lifespan of only two years. The IBM Watson Oncology Advisor161, 
however, combining big data and AI, comes to an entirely different conclusion. It relates her specific 
malignant mutation to other types of tumors, available (experimental) drugs and treatment methods. 
The treatment suggested predicted a 95 % chance of recovery162. 

 
154 Topol, 2019 (p. 50). 
155 Topol, 2019 (p. 51). 
156 Horvath & Raj, 2018. 
157 Christiansen et al., 2018. 
158 Ota et al., 2018. 
159 Gut et al., 2018. 
160 Topol, 2019 (p. 50). 
161 https://www.ibm.com/us-en/marketplace/ibm-watson-for-oncology 
162 Professor Ruud Veltman, a philosopher, often refers to IBM Watson, for instance: https://facto.nl/ruud-
veltenaar-samenvatting-lezing. 

https://www.ibm.com/us-en/marketplace/ibm-watson-for-oncology
https://facto.nl/ruud-veltenaar-samenvatting-lezing
https://facto.nl/ruud-veltenaar-samenvatting-lezing
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This example was not only chosen as a reference to AI capabilities. Hospitals withdraw from the 
Watson project, not because of lack of result, but out of data safety considerations. Biological data 
stem from patients, knowledge is collected from clinicians, but on these data run privately owned 
algorithms. The question whether big tech can be trusted with this data is by now almost self-
answering. Hospitals therefore strive for open source AI solutions and nationally centralised data 
access. 
 
Black box? Not necessarily. 
 
A challenge regarding the use of deep learning approaches is the aspect of interpretation. Let's 
postulate that heterogeneous data can be fit into a single system and that the accuracy of new 
predictions can be improved in clinical applications. How did the computer get to this prediction? It 
will be absolutely vital that the machine's decision-making process will be transparent and can be 
followed. This refers to the so called 'right to an explanation'. When machine learning is used, the 
physician should be able to explain how the machine came to its decision, it is said. Some therefore 
say that it shouldn't be used. 
 
There are two possible approaches to deal with this issue. The first is to use big data without black 
box AI. In that case, the Big Data is only used as a means to connect the knowledge of one 
professional to that of many other professionals. Big Data can be also used without AI to learn more 
and learn quicker, as a part of the medical decision-making process, based on willingness to 
collaborate and to share data163. As with AI, Big Data can also already through human processing 
be used for a continuous 'act – measure – learn' cycle of improvement. 
 
Besides this use of big data as an independent entity (or as a first step towards a combination with 
AI), there is also another approach to deal with the black box ethics issue. In many cases there is 
the possibility to use retrospective data to assess the level of accuracy of AI outcomes (typically 
indicated as Area Under the Curve (AUC)), and compare these outcomes with regular diagnoses. 
When black box AI outcomes prove to be (far) better on average than human reasoning-based 
diagnosis, can we afford ourselves to disregard the results? 
 
Impact of AI on health care 
 
Artificial intelligence can revolutionise health care in several ways. For instance, creating direct 
interfaces between AI and the human mind comes within reach thanks to the similarity between 
Deep Neural Networks and the way our brain works. AI thus could enable assisting patients with 
neurological diseases and trauma to the nervous system. The combination of Brain-Computer 
Interfaces (BCIs) and AI could for instance decode the neural activates associated with the 
intentional movement or speech of a patient. It could thereby allow a patient to move or 
communicate as he or she did before. 
 
Secondly, AI could enable the next generation of radiology tools to become more accurate and 
more detailed. Thanks to that, it could replace the need for invasive tissue samples in patients. 
Shortages of trained health care professionals, including ultrasound technicians and radiologists, 
could significantly limit access to life-saving care in developing nations around the world. AI could, 
however, help solving this by taking over human tasks. 
 
Additionally, AI could reduce the bureaucratic burden. Electronic Health Records (EHRs) could be 
filled out by the computer instead of by nurses and clinicians. These records are a gold mine of 
patient data that perhaps can only be accurately and effectively mined with the support of AI. So in 
the process, the clinic could also take much more advantage of these records than they do now, 

 
And: van der Ent, 2018 
163 Data scientist dr. Egge van der Poel of Erasmus Rotterdam Medical Centre, explains on 
https://www.harmony-alliance.eu/en/patients 

https://www.harmony-alliance.eu/en/patients
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by turning them into reliable risk predictors. There are enormous opportunities in automatically 
identifying novel features of interest in pathology images. AI could discover novel biomarkers from 
large clinical and omics data sets. Valuable assessments could be derived from monitoring health 
through wearables and implanted personal medical devices. Smartphone selfies could be turned 
into powerful diagnostic tools. The number of applications in which AI is emerging appears to be 
endless. 
 
Omics data represent the functioning of our body on the most detailed level, the molecular level. 
These data are therefore indispensable for understanding pathology. Hence, they can have huge 
added value for AI applications in health care. Omics data could form the basis for an integrated AI 
approach, in which other medical or personal data from biosensors, about mental wellbeing, 
medical history, medication, imaging, etc. are added. AI offers the opportunity to derive knowledge 
and insight from the huge amounts of data brought together in such an approach. 
 
Challenges and opportunities 
 
Any new analysis method introduces an array of new variables that need to be standardised and 
controlled as much as possible. In the case of big data analysis using a bioinformatics or machine 
learning workflow, the amount of parameters can grow quickly. Examples of such variables in a 
next generation sequencing analysis run are the version of the reference genome assembly used, 
or parameters determining sensitivity and specificity of variant calling. Moreover, there are many 
'hidden' variables that may influence the outcome. Most software applications available use 
industry standard third party software libraries. Changes in underlying versions of such libraries 
might impact the analysis outcome. 
 
Development of new workflows are best done in a collaborative fashion to ensure compatibility. 
Minor variations in data generation between research institutes or hospitals could damage the value 
of outcomes. Deployment of open data standards and workflow solutions could prevent this. 
Especially, compliance of clinical data and scientific data with the FAIR principles could help. This 
means that scientific data should be Findable, Accessible, Interoperable and Reusable (FAIR). 
These principles were embraced by the EU in 2016 and are closely linked to the 2017 European 
Open Science Cloud (EOSC) initiative164165. 
 
It would also ensure easy extension with new tools and adaptation to new data types and sites. 
During development, iterative analysis of reference data sets and parameter space exploration can 
be used to determine workflow robustness to changes in analysis parameters. 
 
Challenges regarding compatibility accumulate when analysis workflows are to be deployed at 
multiple, especially when working towards integration of data across many different locations. To 
ensure a consistent and robust outcome across any analysis workflow, a number of 
recommendations should be taken into account. The first is to deploy and share software 
containers, virtual machines or cloud images to ensure as much consistency as possible. Moreover, 
a robust schedule of cross analysis of datasets across sites should be in place to ensure consistent 
outcomes. A schedule for re-analysing well known reference datasets must further ensure 
compatibility and consistency of outcomes. 
 

 
164 https://ec.europa.eu/research/openscience 
165 EOSC Declaration: RECOGNISING the challenges of data driven research in pursuing excellent 
science; GRANTING that the vision of European Open Science is that of a research data commons, widely 
inclusive of all disciplines and Member States, sustainable in the long-term; CONFIRMING that the 
implementation of the EOSC is a process, not a project, by its nature iterative and based on constant 
learning and mutual alignment; UPHOLDING that the EOSC Summit marked the beginning and not the end 
of this process, one based on continuous engagement with scientific stakeholders, the signatories; 
ENDORSE the following intents and will actively support their implementation in their respective capacities: 
(among which the FAIR principles). 

https://ec.europa.eu/research/openscience


 − 46 − 

Superior Health Council 

www.shc-belgium.be 

A major advantage of developing clinical data analysis workflows in this way is that data will be 
better exchangeable between sites, with minimal bias. Thus providing more data of better quality 
will tremendously strengthen machine learning methods. A potential downside of massive data 
generation and data exchange is the privacy risk. One opportunity, certainly when using modular, 
containerised analysis methods, is to take the analysis to the data. Independently, analysis 
modules can be security assessed by third party experts and then executed in a secure data vault. 
The output should be limited to possibly anonymised results for downstream analysis. 
 
Promises 
 
The number of applications of AI in health care will grow rapidly. The amounts of health care data 
make human analysis increasingly problematic, whereas the capabilities of intelligent computer 
analysis improve almost by the day. It can be expected that omics data, as the extensive and 
detailed representation of essential mechanisms in the human body, will be front and centre in 
future AI health care applications. 
 
As new, dense, data sources are added on top of clinical and omics data, for example microbiome 
data or information obtained from wearables, the value of AI will only increase. Merging extensive 
databases of personal data, clinical data and an ever widening array of omics data can ultimately 
lead to a 'digital twin' of the patient. 
 
Artificial Intelligence bots could use this even bigger data for ever better statements on diagnosis 
and treatment. A database of digital twins brought together could be a powerful platform for expert 
system diagnosis, treatment selection, outcome prediction and novel clinical insights. 
 
 
11. Ethical and legal constraints 
 
The capability to utilize omics-data in the clinic depends heavily on health information technologies. 
Proliferation of omics-data raises various ethical and legal concerns associated with generating, 
aggregating, analyzing, storing, using and re-using data for clinical and research purposes. In order 
to be able to implement omics-technologies in the clinical and research settings, such ethical and 
legal considerations need to be adequately addressed. Some major considerations should be taken 
into account. 
 
Privacy of individuals and family members 
 
Omics-data has a potential value to reveal health and non-health related information about 
individuals and their family members. The predictive nature of some omics-data raises concern 
regarding potential misuse in the employment and insurance settings166. Previous studies have 
shown public concerns regarding such data misuse. Moreover, considering the uniquely identifying 
nature of omics-data, using the traditional method of removing certain identifiers from data, called 
de-identification to protect privacy of the individuals deems insufficient. The examples of re-
identifiability of genetic data have already raised concerns about adequate privacy protection167. 
 
Development of Electronic Health Records (EHR) and inclusion of a variety of omics-data to these 
databases also heightens concerns about unintended access by third parties. Privacy concerns 
and potential data misuse may result in reluctance to be tested. This is mainly due to the fact that 
EHR are often “comprehensive (containing records of clinical encounters with essentially all of an 
individual's healthcare providers), longitudinal (containing health records over an extended period 
of time) and instantaneously distributed to multiple parties”168. 
 

 
166 Wauters & Van Hoyweghen, 2018. 
167 Gymrek et al., 2013. 
168 Henneman et al., 2016. 
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This topic is of the utmost importance with regard to recent regulatory changes on personal data 
protection, specifically the EU General Data Protection Regulation (EU 2016/679). The regulation 
recognizes genetic data as sensitive data. It therefore requires processing of identifiable personal 
data for clinical and research purposes, to be based on one of the determined lawful grounds 
(Article 6, Article 9, Article 89). This also has implications for the relevant rights of the data subjects, 
such as data minimization and the right to access169. In this regard, relevant guidelines such as 
adherence to FAIR (Findable, Accessible, Interoperable and Reusable) principles in data sharing 
and access should be also taken into consideration.170 
 
Communication of the results and the right (not) to know 
 
To date, the ethical and legal discussions concerning omics and genetic data management have 
been mainly focused on concerns related to interpretation and the return of primary and secondary 
findings from these tests to individuals. What to do when tests identify additional health information, 
unrelated to the original rationale for sequencing? 
 
Such concerns are mainly associated with the classifications of the variants and the best practices 
in communication of results to patients. Patients should be able to make informed choices about 
communication of the results171. In doing so, it is necessary to ensure that professionals are 
adequately trained to communicate in a clear and accessible way with the patients regarding 
various aspects of use of big data in medicine including sharing data. Ethical and legal 
considerations regarding the right of patients 'not to know' have been extensively discussed in 
literature. 'The right not to know' has been predominantly recognized in the processing of genetic 
information, respecting the individuals’ wish not to be informed about specific genetic information 
or not to be tested for a specific genetic condition. Notably, such information may not only have 
implications for individuals, but also for their family members. 
 
In addition to the return and interpretation of results, issues related to the storage and return of raw 
data raise ethical and legal questions in both research and clinical settings. Related questions 
include: what are the internal policies of test providers in returning the raw (un-interpreted) data to 
patients? What could patients do with raw data once they get access to it? Would individuals share 
their data directly for further research purposes?172 Currently, there is little information available on 
the preferences of individuals in this regard. It is recommended that the test providers adopt policies 
regarding return of raw data in line with the interests of individuals. 
 
Omics-data and direct-to-consumer services 
 
Direct-to-consumer (DTC) genetic testing services allow individuals to directly order genetic testing 
and to receive results about their risks of various genetics conditions. Arguably, individuals may 
benefit from access to their personal genomics data. They can learn their personal health risks, 
which might persuade them to change their lifestyle in order to mitigate such risks. Various studies 
have shown diverse impacts of using DTC services on actual lifestyle changes.173174 
 
 
Moreover, offering such information directly to consumers also raises concerns regarding clinical 
usefulness and validity of the tests. Additionally, there can also be psychological harm due to 
sensitive test results with physicians’ supervision lacking. 
 
 

 
169 Shabani & Borry, 2017; Marelli & Testa, 2018. 
170 https://www.dtls.nl/fair-data/personal-health-train/ 
171 Vears et al., 2018. 
172 Badalato & Borry, 2017; Shabani et al., 2018. 
173 https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5412058/ 
174 https://www.karger.com/Article/FullText/488086 

https://www.dtls.nl/fair-data/personal-health-train/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5412058/
https://www.karger.com/Article/FullText/488086
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Re-use of data for clinical and research purposes 
 
In order to harvest the potential of omics-data in full, data sharing with a broad range of clinicians 
and researchers is of the utmost importance. This will improve the statistical power of databases. 
It will also help interpreting the data. Moreover, it is crucial to overcome data bias by collecting and 
sharing data from various racial or ethnic groups, to avoid over-representation of particular 
phenotypes in certain racial or ethnic groups. 
 
In order to facilitate data sharing, public databases have been established to host and distribute 
results of studies investigating genotype-phenotype interactions. The database of Genotypes and 
Phenotypes (dbGaP) and the European Genome-phenome Archive (EGA), for example, mainly 
contain clinical information, genomic characterization data, and genomic data. Depending on the 
type of data and privacy policies, users’ access to these databases is managed either under open-
access mechanisms or via controlled access through central or local committees. Alternatively, 
some proposed that patients and individuals should play an active role in sharing their data and 
have a say in how their data are being shared and for what purposes. 
 
In principle, oversight over downstream use of databases is one of the challenges regarding data 
sharing. Tenets of protecting human subjects and personal data in biomedical research underscore 
the necessity for such oversight. The issues related to adequate consent with regard to collection 
and storage of biological samples and data in biobanks and databanks for downstream use should 
in particular be taken into consideration. Also, the question should be answered whether an opt-
out model is suitable in the context of data and sample collection for future research purposes. 
Regardless, the consent policies should not hinder the research by imposing burdensome 
requirements on the process of data collection and sharing. 
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IV. CONCLUSIONS AND RECOMMENDATIONS: medical, ethical and societal 

challenges 
 
The “omics” (r)evolution urgently calls for an ethical and societal debate. The impact of omics tests 
is often underestimated, and their application somehow touches the boundaries of existing societal 
and ethical standards. In this context it is important not to ignore the lessons learned from the field 
of genomics, which is the pioneer among clinical omics technologies. Hence, ethical and other 
issues that arise from clinical genomics will come back when other omics technologies are also 
adopted in the clinic. For example, metabolomics and lipidomics have the potential to reveal 
people’s lifestyle and dietary habits etc. Consequently, we should learn from genomics when other 
omics technologies become common practice in the clinic. The genome holds information that 
some people might prefer not to know. The individual's genome, however, is shared by his or her 
relatives. We all share half of our genome with our father and mother, brothers and sisters, and our 
children. A quarter is shared with grand-parents, cousins and grand-children, and so on. The results 
of a genome analysis thus have implications for many people related to an individual that 
undergoes a genomic test. 
 
Lessons from genomics in healthcare 
 
Apart from ethics, the introduction of “omics” medicine also entails practical challenges. These 
affect the organisation of medicine in general. First, the question whether or not a patient or 
individual needs an omics analysis, and will benefit from it, should be asked early on during 
diagnostic evaluation. As a consequence, primary care physicians, medical specialists and 
genetic/omics counselors will have an important role in the referral of a patient for omics 
consultation. They should be gate keepers and they should guide the patients and their families 
towards genomic services when these are necessary. Omics laboratories and specialists (e.g. 
clinical geneticists and clinical laboratory experts) should, together with other medical specialists 
and healthcare professionals, guarantee that the most appropriate test will be offered. 
 
Another important issue is: how should these services be reimbursed? Currently, the budget for 
genetic testing in Belgium does not cover whole genome sequencing (WGS). A new model for the 
provision of omics and counselling in healthcare should be developed. Bio-informatics including AI 
and big data tools and expertise are requisites for better and faster interpretation of the large 
datasets that are associated with omics analyses. Close collaboration between clinicians, clinical 
laboratory experts, bio-informaticians, clinical geneticists and genetic/omics counsellors is a key 
feature for the introduction of omics medicine. 
 
In the meantime, interpretation of all genetic variants identified in an individual remains a challenge. 
One has to distinguish ‘neutral’ variants from pathogenic variants. This is far from trivial, as every 
analysis reveals a myriad of genetic variants. Most of these variants do not feature in international 
databases and have so far never been described in literature. So who is to tell what the functional 
effects of these variants are? 
 
This justifies the question whether patients with common disorders such as diabetes or dementia 
will benefit from a genomics analysis or not. The answer is: probably not at the current stage of 
knowledge. In most cases, these disorders result from a combination of genetic predisposition, 
environment (e.g. defined by the exposome), life style and bad luck. The presence or absence of 
genetic variants can only be expressed as a relative risk. People will have to understand relative 
risks information and deal with it. Experts and policy makers will have to decide if and at what point 
predictive tests will benefit prevention and diagnosis. For many years, the government has been 
organising a neonatal screening by means of a Guthrie test for the early detection of rare, hereditary 
yet treatable diseases. This screening is explicitly offered beyond individual clinical care. The 
individual does not have to take any initiative. This is done in order not to worry people 
unnecessarily. People only face a limited risk of receiving bad news. 
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Carrier testing for severe recessive diseases has become an option for couples who contemplate 
starting a family (i.e. preconceptional). If both partners carry a recessive mutation in the same gene, 
one in four pregnancies results in having a baby with the corresponding disease. In 2017, the SHC 
has advised that preconceptional carrier testing should be made available, to offer couples 
reproductive choices175. It actually represents a kind of screening that will hopefully never become 
obligatory. 
 
Given these very circumspect proceedings, it is remarkable that exactly in this delicate area 
commercial companies offer genetic testing, mostly on the internet. These commercial tests target 
people without clinical signs. On the basis of genetic profiling of an individual’s DNA, they provide 
personalised life style recommendations, which are in fact relative risk predictions. These 
companies increasingly venture into diagnostics and carrier testing for genetic diseases and the 
urge of regulations raises in order to guarantee a clear health benefit for the individual. 
 
In the past, prenatal genetic testing was only performed with high-risk pregnancies. In recent years, 
the non-invasive prenatal NIPT test has been developed, which is performed on a maternal blood 
sample. It was adopted very rapidly after that. In Belgium, the test is reimbursed for all pregnant 
women. As a result, NIPT has quickly become standard practice: in 2018, approximately 100,000 
of an estimated 110,000 pregnancies were tested176. Given the ongoing technological 
developments, it is anticipated that NIPT will eventually be able to ‘read’ the entire fetal genome. 
 
Potentially, genomic screening of the entire population could become common practice. A 
screening at birth or, as a next step, a prenatal screening could become reality. The entire genetic 
constitution of a neonate would then be available, regardless of clinical presentation. Possibilities 
like these ask for a profound and inclusive ethical and societal debate before introduction could be 
considered. 
 
In the meantime, whole genome analysis should be put in the right perspective. At present it is 
cause for unnecessary anxiety. To many people, the words genetics and genomics have a negative 
connotation. People tend to link it to (the detection of) severe, inborn diseases, associate it with 
cancer or regard it as a gateway to eugenetic practices. A lot of anxiety in this regard is caused by 
misconceptions. People should be made aware about what a genome analysis can or cannot tell. 
People should be informed what genomics is all about. 
 
Issues such as the privacy, security and protection of genomic data are particularly challenging, 
especially if such data become part of a patient's electronic medical file. Apart from clinical 
information, healthcare increasingly focusses on lifestyle and environment. Reading and 
interpreting our genome will soon become an integral part of care, treatment and prevention.177 
 
 
1. Organise ‘omics’ healthcare in clinical expert centers 
 
Even if genomics seems to be at the forefront, and is currently and increasingly applied in medicine 
and healthcare, it will soon be followed by other omics that will be applied for patient care, for 
diagnostics as well as for prevention. Two considerations are important. First, a careful 
consideration has to be given to the organisation of “omics medicine”, and its integration into public 
healthcare. In this context, the term ‘omics healthcare’ is being coined. Second, genomics is not 
unique and eventually, data from proteomics, transcriptomics, metabolomics and epigenomics will 

 
175 SHC, 2017. 
176 Data by RIZIV/INAMI (Rijksinstituut voor ziekte- en invaliditeitsverzekering / Institut national d’assurance 
maladie-invalidité). 
177 Part of the text was adapted from the chapter ‘Humane genetica en genoomanalyse’ in ‘Hoe word ik 
Einstein of Da Vinci’, Ed.: Lannoo Campus en Metaforum KU Leuven, 2015. 
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have to be integrated. In parallel, the other omics like glycomics, lipidomics, microbiomics and 
exposomics will follow shortly. 
 
This observation calls for a careful organization of “omics healthcare”, in which the available omics 
expertise is brought together as well as the integration of research and health care. “Omics 
healthcare” institutes can be virtual clinical expert centers, platforms, that connect specialized 
clinical centres and institutes. This should allow to keep up with the progression in the field and 
acquire the latest technology. 
 

Recommendation 
The deployment of omics, the interpretation of the data from the different platforms, and the storage 
of the information, coined ‘omics healthcare’ will best be organised in ‘omics clinical expert centres’, 
preferably associated with major hospitals and research institutes. A network should be built to 
strongly link the different ‘omics healthcare centres’. Given the current status, omics healthcare 
centres should be created and supported by the government using clinical and research funds, with 
the aim to centralize omics healthcare, and promote scientific research. Belgium could take the 
lead in omics healthcare, when investing in such expert centres. 

 
 
2. Support nationally centralised databases 
 
Massive amounts of data will be generated by the different omics, both for research and clinical 
applications. It is important to realize that eventually, data from omics will have to be combined for 
accurate diagnosis, for preventive medicine, screening and surveillance, and for precision 
treatment and follow-up. At the international level, preference is given to local storage of omics 
datasets (‘local’ meaning under surveillance of the omics centre and data manager, even if the data 
would be stored in cloud, which will be mostly the case for economic reasons). However, data 
stored locally can be used by other clinical and basic researchers, whereby the user is allowed to 
run the analysis on the dataset while the data does not have to be transferred. Big infrastructures 
exist at the European level, and should be supported. They equally support the nationally 
centralised database. 
 

Recommendation 
Nationally centralised databases, whereby the omics centres take care of the data management 
and storage, are the preferred model. The data can be shared for analysis but not be transferred 
to third parties. 

 
 
3. Switch to a different vision on data protection 
 
The organization of the services, and the collection and storage of data present challenges for 
ownership, access and control. In line with the General Data Protection Regulation (GDPR) and 
other privacy regulations, the patient or citizen will be the owner of the data. However, through the 
organisation of ‘omics centres’, the patient, citizen and society will maximally benefit from the data, 
if clinicians and researchers are allowed to follow-up data sets, and return information to the patient 
and citizen as new insights become available. One needs to debate on the societal use of the omics 
databases, as knowledge about the origin of diseases and health is not only beneficial for the 
individual but also for the society and next generations. Where the use of anonymised omics data 
for medical research and research aiming to improve public health should be facilitated, use of such 
data, even by the person in question, for insurance or economic purposes should be forbidden or 
at least severely restricted. 
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Recommendation 
The autonomy of the patient and citizen has to be guaranteed, while new models and regulations 
for the continuous update and evaluation of data, for the benefit of the patient’s and citizen’s health, 
have to be developed. In practice, the patient and citizen is the data controller, but protocols may 
be signed for the patient and citizen to be informed when new knowledge could be used for his or 
her health. The path shall most likely link the patient and citizen via a primary caregiver to the 
experts in the omics centres. The ethical procedures including the development of an informed 
consent model with opt-in or opt-out choices have to be developed. 

 
 
4. Create new healthcare professions and provide training 
 
The introduction of genomics and other omics will change the face of medicine and healthcare, and 
affect the way in which patients and citizens will conceive health and prevention, and caregivers 
will address the clinical problems and prevention. New healthcare professions will arise, to translate 
the vast amount of information to useful advice for patients and citizens. These new healthcare 
professionals need to be trained in omics and its clinical application and must apply a holistic 
approach to avoid fragmentation of specialized care. 
 

Recommendation 
New healthcare professions have to be recognized, and educational programs have to be installed 
to train these professionals. For the swift introduction of genomics into medicine and healthcare, 
genetic counsellors have to be trained, and their role has to be recognized as a new health 
profession. For the interpretation and integration of the complex mass of information, clinical 
laboratory specialists shall be trained and similarly recognized as a new group of healthcare 
professionals. In the long run, other new groups of professionals may have to be trained, that would 
act more closely to the patient and citizen, and assist the primary care takers for providing and 
collecting information. 

 
 
5. Consider screening 
 
Government and society should face the idea that omics technologies will be used to screen the 
population at different stages in life. It is anticipated that neonates will have their entire genome 
sequenced at birth. This does not mean that all data should be disclosed immediately. Different 
sets of genomic information have a different value and impact at different moments in life. A debate 
needs to be organized and also decisions on the budget need to be taken. 
 

Recommendation 
The societal discussion about the use of genomics should be supported by information campaigns 
and teaching. Given the possible impact of genetic and genomic data, priority should be given to 
educating the citizen and the health care providers about genomics. However, other omics, like 
proteomics, metabolomics and epigenomics may also reach a state in which they will be useful to 
screening entire or selected populations, for instance for cancer surveillance, for chronic diseases 
and for environmental exposure. 

 
 
6. Law and insurance 
 
The diagnostic and predictive value of genomic and other omics data creates specific legal 
challenges. Concerns are (mis)use of (gen)omics data by employers, insurances or government. 
Also, the legal status of the samples and the data, and the requirement for storage of samples and 
data, have to be clarified and possibly translated into law. Finally, direct-to-consumer testing, mostly 
provided via the internet, is by no means controlled nor controllable under current Belgian law and 
European regulation. Use and misuse of such data, and the impact of the results for patients and 
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citizens is an important concern. In addition, there is a risk that a general interest in direct-to-
consumer testing will create anxiety, after which individuals and families will seek genetic advice. 
The latter will present a burden on the healthcare system. 
 

Recommendation 
The use and the status of genomics and other omics data has to be strictly regulated by law. 
Especially, patients and citizens have to be protected for use and misuse of genomics and omics 
data. The legal status of data as well as the requirements for storage of samples and data shall be 
clarified. 

 
 
7. Promote the determination of the exposome and prevention 
 
Prevention is part of the promises of omics technologies and applications. The arena requires 
research and investment. In fact, omics technologies can play a role in each form of prevention: 
from primary to tertiary prevention. In concreto, omics technologies can help to understand better 
the causes of diseases by the determination of the exposome which can lead to actions taken to 
ban dangerous substances and help citizens to make healthy choices. Omics can play a role in 
screening and early diagnostics. Finally, omics can help in personalization of the treatment with 
reduced side-effects and more effective treatment protocols. However, there is also a need to 
correctly inform citizens (quaternary prevention) to prevent shopping and overconsumption within 
the healthcare system. These objectives align with other initiatives from the SHC on ‘Genomic 
testing in a healthy population’. 
 

Recommendation 
The government has to provide funding for research on prevention as well as for the clinical 
implementation of ‘omics for healthy people’. 
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