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a b s t r a c t

Precision medicine is the new age medicine and refers to tailoring treatments to a sub-

population who have a common susceptibility to a particular disease or similar response to

a particular drug. Although the concept existed even during the times of Sir William Osler,

it was given a shot in the arm with the Precision Medicine Initiative launched by Barack

Obama in 2015. The main tools of precision medicine are Big data, artificial intelligence, the

various omics, pharmaco-omics, environmental and social factors and the integration of

these with preventive and population medicine. Big data can be acquired from electronic

health records of patients and includes various biomarkers (clinical and omics based),

laboratory and radiological investigations and these can be analysed through machine

learning by various complex flowcharts setting up an algorithm for the management of

specific subpopulations. So, there is a move away from the traditional “one size fits all”

treatment to precision-based medicine. Research in “omics” has increased in leaps and

bounds and advancements have included the fields of genomics, epigenomics, proteomics,

transcriptomics, metabolomics and microbiomics. Pharmaco-omics has also come to the

forefront with development of new drugs and suiting a particular drug to a particular

subpopulation, thus avoiding their prescription to non-responders, preventing unwanted

adverse effects and proving economical in the long run. Environmental, social and

behavioural factors are as important or in fact more important than genetic factors in most

complex diseases and managing these factors form an important part of precision medi-

cine. Finally integrating precision with preventive and public health makes “precision

medicine” a complete final product which will change the way medicine will be practised

in future.
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Introduction

“Precision medicine” is a term which refers to tailoring the

treatment to a subpopulation of people who differ in their

susceptibility to develop a particular disease or response to a

specific medicine.1 Previously the term “Personalised medi-

cine” was in vogue, but due to the misinterpretation that it

would mean treatment catering to only a particular individ-

ual, it has been replaced worldwide by the term Precision

medicine. It has also been labelled as stratified medicine,

targeted therapy and deep phenotyping in literature.
History

The concept of precision medicine is not really new. It existed

even during the times of SirWilliamOsler when he saide “It is

much more important to know what sort of a patient has

disease than what sort of a disease a patient has”.

Developments in the field of genomics mirror early inroads

into the development of precisionmedicine: from discovery of

the double Helix model of DNA in 1953 to the development of

Sanger sequencing in 1977 and finally to the launching of the

Human Genome Project in 1990. The Human Genome project

took a long 13 years for completion, but it was based on the

premise that all disorders follow Mendelian characteristics.

However, we now know that multiple genes affect most

complex diseases and individual genes may contribute very

less to pathogenicity. Also, individuals with same gene defects

may develop different phenotypical disorders and a single

disorder may be caused by varied genetic defects. So, predic-

tive power of genetics alone towards disease causation is at

best low to moderate. Hence there was a felt need for newer

technologies and ideas in medicine.

The concept of precision medicine was actually brought to

the limelight in 2015 by US President Barrack Obama when

during his State of the Union address, he said that “Tonight I

am launching a new precision medicine initiative to bring us

closer to curing diseases such as cancer and diabetes.”2

Following this there was a huge increase in interest and

research on precision medicine techniques with evidence

from Google search where there was a 1000-fold jump in

searches for the term precision medicine from 2015 onwards.
Traditional medicine versus precision medicine

Traditional medicine used a “one size fits all” approach

meaning that a particular drug was used to treat all patients

suffering from a particular disease. This approach however is

laden with various problems like only a certain percentage of

these patients would respond to the particular drug, a signif-

icant percentage would not respond and another important

subset would develop adverse effects. The reasons for these

inter-individual differences could be genetic variations, age,

gender, addictions, race, ethnicity, concomitant drugs,

comorbidities, environmental factors, and so on.3 This led to

not only wastage of drugs but also increased costs and poor

patient and doctor satisfaction.
Precision medicine seeks to circumvent this by taking

into account subpopulation variability in genetic, socio-

environmental and lifestyle factors to propose precise thera-

pies. It aims for accurate measurement of molecular,

environmental and behavioural factors contributing to health

and disease thus leading to more precise diagnosis, rational

disease prevention strategy, treatment selection and devel-

opment of newer therapies.

The actual difference between the traditional practise of

medicine and precision medicine is brought about by the

availability of Big Data. With rapid advances in molecular

biology and genetic testing becoming much quicker and

cheaper by the day, it has now allowed researchers to collect

large volumes of data and by combining this with clinical,

pharmacological and socio-economic information, analysis

can be carried out using integrated data sets by various

computer-based algorithms, thus observing patterns of

effectiveness of particular treatments and titrating treat-

ments to the susceptible populations alone.

Precision medicine can also be tailored for population-

based approaches thus lending a huge preventive angle to the

whole concept. It also seeks to engage patients as active par-

ticipants in research and care thus giving rise to the terminol-

ogy e “preventive, personalised, precision, population and

participatory medicine.”
Tools of precision medicine

The various tools by which precision medicine seeks to

achieve its goals are omics, pharmaco-omics, big data, artifi-

cial intelligence,machine learning (ML), environmental, social

and behavioural factors and integration with preventive and

public health (Fig. 1).

“Omics”

Since the completion of human genome project at the begin-

ning of millennium, high-throughput technologies have

revolutionized medical research. These technologies help in

providing a snapshot of any biological system of interest at a

resolution that has never been possible before. This high

resolution and high-throughput outcomes constitute “Omics”

which is a nomenclature broadly applied to a collective study

of molecular characterization and quantification of biological

molecules from various subdomains of molecular biology

using high-throughput technology. There is a plethora of

“omics” terms derived from different types of biomolecules in

cells of the human body.4

Types of “Omics”
The central dogma of molecular biology states that DNA

passes the coded information for protein synthesis to

messenger ribonucleic acid (mRNA) by the process of tran-

scription and the coded information from mRNA is translated

to proteins. The complete set of DNA in a cell is called a

genome.5 The characterization of this genome is called Geno-

mics which is the most evolved branch of omics.6 Similarly,

complete set of RNA both coding (messenger RNA), as well as

non-coding RNA (transfer RNA, soluble RNA, mRNA small
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Fig. 1 e Tools of precision medicine.
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interfering RNA, and so on) present in a cell or sample studied

is called transcriptome and the comprehensive analysis of

transcriptome is called Transcriptomics.7 Likewise, complete

set of expressed proteins in a cell is called proteome and

its study is called Proteomics.8,9

The more or less constant genome that we are born with

may undergo chemical modifications during our lifetime due

to the diet, environment and lifestyle. These modifications are

also heritable. Two most common and well-studied chemical

modifications are histone acetylation and DNA methylation.

Thesemay lead to transcriptional activation or repression thus

affecting the synthesis of corresponding protein. The sum total

of these modifications is referred to as epigenome and the

quantification and characterization of the same is called Epi-

genomics.10 MicroRNA (miRNA)which can either destroy coding

mRNA or interfere in translation can also regulate gene

expression and forms a part of Epigenomics.11

Proteins as enzymes, carrier proteins and signalling

molecules are involved in metabolism at cellular and subcel-

lular level which produces thousands of small molecules

(<1500 Da) called metabolites. These metabolites are organic

molecules comprising of peptides, oligonucleotides, sugars,

nucleosides, organic acids, ketones, aldehydes, amines,

amino acids, lipids, steroids, alkaloids, foods, food additives,

toxins, pollutants, drugs and drug metabolites. These metab-

olites are derived fromboth endogenous, as well as exogenous

products and the complete set of metabolites present in

a sample is called Metabolome and its analysis is called

Metabolomics.12

The list of omicswould be incompletewithout themention

of Microbiomics. Microbiomics refers to the characterization of

molecules responsible for structural and functional dynamics

of microbiome, which is the complete load of microorganisms
present in a human body. Microbiome may alter the metab-

olome and epigenome of the human being thus having

significant implications in precision medicine along with

other omics.13

Multi-omics techniques and approaches
Sequencing as a technology has revamped the world of omics.

Though sequencing has evolved from first generation Sanger's
sequencing to the current third generation next-generation

sequencing (NGS), the basic concept of sequencing remains

same that is determining the order of bases adenine, guanine,

cytosine and thymine. NGS has been instrumental in deci-

phering genomics, epigenomics and transcriptomics with the

help of various approaches (Fig. 2).6,14,15 The issue with NGS

is that it generates huge amount of data. Whole-genome

sequencing of one sample may yield about 200 Gb data which

would require complex bioinformatics interpretation and is

time consuming.

Microarray is another technique for genomics,

epigenomics and transcriptomics which is able to provide

customized clinically relevant information in relatively short

turnaround time and manageable data. It is based on the

principle of hybridization of complementary nucleotides to

produce coloured display of light which can be read by the

software.16,17

The omics technique which has proved to be boon for

proteomics and metabolomics is a combination of liquid or

gas chromatography (LC or GC) and mass spectrometry (MS).

The chromatogram andmass spectra generated from samples

help in identification of specific proteins and metabolites. MS

can also identify and quantitate post-translational covalent

modifications of proteins.18 Through targeted analysis, the

concentration of limited set of known metabolites can be
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Fig. 2 e Multi-omics approaches.

Fig. 3 e Factors affecting omics signature.
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estimated, whereas untargeted metabolic profiling, which is

also known as global metabolomics, attempts to measure large

set of unknown metabolites in a sample. The technique also

helps in getting metabolic fingerprinting i.e total metabolic

profile as a unique pattern or fingerprint for a particular

metabolic state. Nuclear magnetic resonance (NMR) spectroscopy

is another high-throughput technique used for metabolomics

for similar applications as MS but with lower sensitivity. NMR

spectroscopy creates data in the form of spectra consisting of

multiple peaks that are the superposition of the spectra of all

detected metabolites.19

Every individual has a unique microbiome which can be

used as the fingerprint. The most popular method for micro-

biomics isMetagenomicswhich involves direct genetic analysis

of genomes contained within an environmental sample by

shotgun sequencing. The proteomics and metabolomics

techniques for microbiome are same as that for humans.20

Multi-omics signatures
Multi-omics signatures or molecular signatures are biomole-

cular features derived from omics data of gene or transcript

sequence, protein and metabolite expression corroborating

with clinical phenotype using mathematical models. Molec-

ular signatures can be utilized for the entire spectrum of the

disease management from diagnosis to response to therapy

and prognosis.21 Genomics signature has been the most

evolved out of all omics signature but epigenomics and

transcriptomics too have contributed significant data.

Metabolomics signature facilitates in contributing metabolic

phenotypes or metabotypes. Other omics signatures are also

emerging in leaps and bounds.22

Integration of multi-omics signatures
The omics signature is influenced by the cross talk and dy-

namic exchange going onwithin the human body. At the same

time there are external environmental and lifestyle factors

which also influence the omics outcome (Fig. 3).23 Therefore,

multi-omics data from an individual needs to be integrated to

produce more meaningful molecular signatures which would

be consistent with disease conditions or health. Integration of

multi-omics signatures is called system biology.24 This cap-

tures information from all types of omics and its correlation

with computational models for predicting behaviour of cells,

tissue, or organ in health and disease.25

Thus, the omics with all its sub branches has a powerful

role as tools of precision medicine.
Pharmaco-omics

“Pharmaco-omics” is the study of “omics” sciences to provide

an insight into molecular mechanisms involved in individual

variations in drug response phenotypes and mechanisms of

drug response and their application into therapeutics.26,27 The

oldest and most developed branch is pharmacogenomics;

others viz. pharmaco-transcriptomics, pharmaco-epigenetics,

pharmaco-proteomics, pharmaco-metabolomics and

pharmaco-microbiomics are relatively newer and developing

fields. Genomic data provides a screen shot of the genetic

milieu, but genes and their transcripts may not always

translate to corresponding proteins that regulate cellular

functions (Fig. 4). Almost 100 alleles are known for the drug

metabolizing cytochrome P450 enzyme CYP2D6, but only nine

of them account for 95% of the phenotypes.28 For CYP2C19

over 30 alleles are known but only four of them account for all

the phenotypes.28 Proteins have a more dynamic nature

making them ideal to study drug responses; so, pharmaco-

genomics should be paired with the other omics data to ach-

ieve precision pharmacotherapeutics. The Clinical

Pharmacogenetics Implementation Consortium issues

periodic guidelines for using genetic information in selecting

medication and its dosing. Food and Drug Administration

(FDA) issues labellings regulations and it is now mandatory

to endorse any clinically relevant genetic information
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Fig. 4 e Translation of genetic polymorphisms to

observable phenotypes.
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known about the drug on its label.28 Pharmaco-omics can be

associated individually with the various omics in the

following manner:

a) Pharmacogenomics: It involves study of the effects of

genetic polymorphisms on drug disposition and drug

response. Genetic variations may be in single genes or in

multiple genes (polygenetic) and any genetic variation that

occurs in more than 1% of population is considered to be a

genetic polymorphism.28 Pharmacogenetics is the study of

how variation in a single gene influences the response to a

drug. It has been clinically relevant for decades with the

discovery of acetylation polymorphisms, atypical pseudo-

cholinesterase and G6PD deficiency.29 With the conclusion

of the Human Genome Project, it has evolved into phar-

macogenomics, the focus being shifted from individual

genes to entire genome.30 Drug disposition influences the

circulatory and target drug concentrations achieved and is
Fig. 5 e Effect of pharmacokinetic and pharma
controlled by the drug pharmacokinetics (absorption, dis-

tribution,metabolism and excretion) (Fig. 5). Any alteration

in the same could be as a consequence of changes in the

drugmetabolizing enzymes (Fig. 6), drug transport proteins

(Fig. 7), plasma protein binding and transcription factors.

Drug response is affected by the pharmacodynamics i.e., by

the drug targets/receptors and post-receptor mechanisms

(Fig. 8).28

b) Pharmaco-transcriptomics: This is based on individual-

izing drug treatment and dosing based on interindividual

transcriptome variations.31 They have therapeutic poten-

tial in bone and cardiac regeneration, in cancers and

as immunomodulators, provided suitable delivery systems

are developed for them to reach their intracellular

targets.32

c) Pharmaco-epigenetics: It is the study of epigenetic basis for

individual variation in drug response.33 Epigenetic alter-

ations may regulate the expression of drug metabolizing

enzymes, drug transporters or nuclear receptors thereby

affecting drug response, adverse effects and resistance.

Some approved epigenetic focused therapies that act by

modulating acetylation or methylation are enlisted in

Table 1,34 and many more are being investigated.

d) Pharmaco-proteomics: It is application of proteomics to

assess drug effects and in drug discovery.35 It helps in

demarcating patient to patient variation more clearly than

pharmacogenomics as all the genetic changes may

not actually translate into changes in the protein milieu.

Inter-individual variations may be qualitative or quantita-

tive and may also get altered in diseases and after drug

administration.

e) Pharmaco-metabolomics: It involves study of the in-

teractions between pharmacology and the patient's meta-

bolic phenotype.36 It appliesmetabolomic approach to drug

research to understand the pharmacokinetics and phar-

macodynamics of the drug, to detect the factors that can

alter drug metabolism, to identify biomarkers relevant to

the response to a drug and to detect novel targets for drug

research.37 The metabolomic data of an individual is dy-

namic andmay change in diseases, infections or after drug
codynamics on drug effects and toxicity.
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Fig. 6 e Genetic polymorphisms in drug metabolizing enzymes. (A) CYP2D6 polymorphism affecting disposition of codeine.

(B) CYP2C19 polymorphism affecting disposition of clopidogrel.
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administration and monitoring it helps in predicting

the effectiveness and toxicity of treatment and in

individualizing the dosage. N Methyl glycerine was iden-

tified as a novel target for treating prostate carcinoma in

2009 38 and similarly 2-hydroxyglutarate for acute myeloid

leukaemia.39

f) Pharmaco-microbiomics: Gut microbiome alters bioavail-

ability, actions and adverse effects of drugs, thus playing a

key role in drug response. Themicrobiome can bemodified

by diet, probiotics and antibiotics making them a potential

therapeutic target. Pharmaco-microbiomics is an emerging

field which studies the relationship among prevailing

microbiome, patient, drug pharmacokinetic and pharma-

codynamics and their applications in therapeutics.40 An

example of bacteriotherapy is fecal transplantation for

treating recurrent C. difficile colitis.41

Big Data

The data obtained from clinical information, complex

biomolecular assays, radiological investigations, social and

environmental factors are collected together forming a

large amount of data for an individual and subpopulation

which is referred to as the Big Data.42 These data are
Fig. 7 e Genetic polymorphism in drug transporters. Organic an

uptake of clopidogrel into the liver thus causing increased plas

effects).
obtained through electronic medical records, scanners,

biosensors, social media and the various omics including

DNA sequences, transcriptomes, proteomes, metabolomes,

epigenomes and microbiomes.43 The term “panoromic”

has been used to denote the multiple biologic omic tech-

nologies which form a major part of the Big Data.44 These

data can also be collected from various bio-sensor devices

such as smart phones and other wearable smart devices.

Thus, we are moving in the direction of growing data

opportunity with each passing day. This large volume of

data cannot be processed by traditional methods espe-

cially in a timely manner.

Artificial Intelligence (AI) and Machine Learning (ML)

Artificial intelligence (AI) and machine learning (ML) can

process volumes of data in a timely manner through the bio-

informatics system. AI and ML can integrate and convert Big

Data into useful diagnostic and therapeutic interventions.45

Data storing, handling and analysis are best carried out

using these methods. They can also handle all statistical

challenges more efficiently than traditional methods. Internal

and external validation of study models are another area

where they will shine. Data mining and removing the noise in
ion transporter P1B1 (OAT P1B1) polymorphism reduces

ma and increases the plasma concentrations (and adverse
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Fig. 8 e Genetic polymorphism in CYP2C9 inhibits metabolism of warfarin and increases inhibition of VKOR (vitamin K

epoxide reductase) which reduces vitamin K which is required for the carboxylation (activation) of coagulation factors VII,

IX, and X e bleeding. Genetic polymorphism in VKOR (target for warfarin) prevents reduction of vitamin K e Bleeding.

Polymorphisms of both, much higher incidence of bleeding.
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data are special techniques offered by AI and ML. By germi-

nating various clinical, diagnostic and therapeutic algorithms

through flowcharts, these methods allow the clinician to

make various quick decisions. Predictive and prognostic

models can also be designed admirably with these tools.

Geospatial tracking of populations during the COVID-19

pandemic disease outbreaks, which provided real-time infor-

mation of occurrence of infection, its spread, risk factors asso-

ciated, mortality, contact tracing, effectivity of lockdowns and

vaccine distribution have eased outmanagement at all levels.46

Remote patient monitoring, telemedicine and AI use in radi-

ology during the pandemic were some of the modalities which

also highlighted the growing importance of digitalisation and

precision medicine.

Environmental, social and behavioural factors

It has been increasingly realized that apart from genes, there

are many other important determinants of health. Genetic
Table 1 e Epigenetic modulators.

Drug Target

Romedepsin HDAC (Zn-dependent HDACs)

(inhibitor)

Cu

Vorinostat Nonselective HDAC (inhibitor) Cu

Givinostat HDAC (Class I, II) (inhibitor) Sy

po

Du

Be

Re

Resminostat Nonselective HDAC (inhibitor) He

Belinostat Nonselective HDAC (inhibitor)

Pracinostat HDAC Class I, II, IV AM

Panobinostat Nonselective HDAC (inhibitor) Mu

Tazemetostat HMT EZH2 (inhibitor) Ad

HDAC, histone deacetylase; HMT, histone methyl transferase.
factors have been attributed to account for only up to 30% in

determining the health of any individual. That leaves more

than two third of health being determined by four other fac-

tors including human behaviour (40%), social circumstances

(15%), environmental exposures (5%) and healthcare (10%).47

Unlike genetic factors, most of the behavioural, social and

environmental factors can be modified to alter the risk of any

given disease for an individual in future especially if we know

the genetic predisposition of the disease.48 This concept looks

lucrative giving clear levy to healthcare professionals to

practice precisionmedicine not only for treatment but also for

prevention of genetically predisposed diseases.

To translate this concept into reality, one would require a

robust prediction model using complex computational equa-

tions taking into account these determinants and their rela-

tive role in determining diseases, which would vary from one

disease to another. This model looks easy to understand for

diseases following monogenic inheritance, for example,

cystic fibrosis, Huntington disease, and so on. However, non-
Indication Status

taneous T cell lymphoma Approved (2004)

taneous T cell lymphoma Approved (2006)

stemic juvenile idiopathic arthritis,

lycythaemia vera

Approved (2010)

Orphan drug status

chenne's muscular dystrophy,

ckers muscular dystrophy

Approved (2013)

Orphan drug status

lapsed leukaemias and lymphomas Phase II trials

patocellular carcinoma Approved (2011)

Approved (2014)

L, T-cell lymphoma Approved (2014)

Orphan drug status

ltiple myeloma Approved (2015)

vanced epithelioid carcinoma Approved (2020)
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communicable diseases such as primary hypertension. Type-

II diabetesmellitus and coronary artery diseases, which account

for 71% of global mortality in the modern world, have multifac-

torial causes which can be explained by web of causation

depicting complex interaction between genetic and other fac-

tors.49 Polygenic inheritance occurs in most of the non-

communicable diseases, wherein many genes are implicated in

increasing the risk of these diseases. An index to measure this

genetic predisposition is calledpolygenic risk score (PRS)which is

calculated by adding weighted effect of each of these genetic

variants together.50 Large genome-wide association studies are

usedtocalculateandvalidatePRSforvariousdiseases.APRSthen

can be used to predict genetic risk for any given individual based

on his/her genomes. However, the limitation is that this is not

representative of the various populations across ethnic and

geographical differences. We are still in process of evolving the

better understanding of the interaction of various omics,

including genomics and other factors influencing the health to

arrive at mush more sophisticated predictive model. Such an

idealmodel is likely tobea reality innear future in lightofbigdata

opportunity from diverse sources and advanced technological

tools of AI andML,whichwill predict the personalised risk scores

to any given individual based on omics, EHR, biosensor and

various other facets of data to make precise decisions for appli-

cations in preventive, therapeutics and prognostic domains.

Integration with preventive medicine and public health

With increasing ability to not only measure but also to store

and share data related to health in addition to the abundance

of available genetic testing tools, integration of precision

medicine with public health will be a very productive union.

Electronic health records of a population can be accessed and

along with information from other data, health risks can be

gauged, to identify sub populations at higher risk so that

preventive modalities can be targeted to this subpopulation.

Prevention of chronic diseases, improvement of quality of life,

reducing healthcare expenses and bridging the gaps in

healthcare will result in proper integration of precision med-

icine with preventive medicine and public health.51
Conclusion

Precision medicine is thus the new age medicine and with its

various tools as described previously will really change the

way medicine is practiced in the future.
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