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Abstract

Personalized medicine (PM) emerges from deep historical and philosophical roots but is being transformed by ad-
vances in genomics, multi-omics, bioinformatics and systems medicine. However, the successful clinical implemen-
tation of PM depends critically on education — a workforce equipped not only with molecular and computational
skills, but with ethical, social and collaborative competencies. This review synthesizes theoretical landmarks in the
development of personalized medicine, explores current educational needs and identifies interdisciplinary challeng-
es. Finally, it proposes a paradigm for integrating theory, technology and education to support a genomics-ready

health workforce.
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Introduction

The accelerating transition toward personal-
ized medicine (PM) and precision medicine repre-
sents one of the most significant paradigm shifts
in contemporary healthcare. While the aspiration
to tailor diagnosis and treatment to the individu-
al is not new—its roots traceable to Hippocratic
thought, Galenic constitutional medicine, and
later Paracelsian theories of environmental and
chemical imbalance, today’s genomics era has
transformed this aspiration into an actionable sci-
entific and clinical framework [1, 2]. Personalized
medicine, as conceptualized in modern biomedi-
cal discourse, is profoundly shaped by advances in
molecular biology, genetic sequencing, proteom-
ics, metabolomics, bioinformatics and systems

science. These developments have necessitated
new definitions, terminologies and methodolog-
ical approaches that signal a transition from tra-
ditional medical models to data-intensive, predic-
tive, participatory and integrative forms of care.

A first theoretical challenge lies in the con-
ceptual clarification of what personalized medicine
entails. As several analyses demonstrate, the field
encompasses multiple overlapping terms: preci-
sion medicine, individualized medicine, stratified
medicine, P4 medicine and personalized healthcare,
each reflecting a different emphasis on molecular
profiling, population-level stratification, patient
participation or holistic context [3, 4]. System-
atic reviews reveal that, despite heterogeneous
uses, a common thread across definitions is the
aim to improve patient stratification and optimize
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therapeutic timing using biomarker - informed
insights derived from genetics, proteomics, me-
tabolomics and molecular disease pathways [5].
These theoretical formulations underscore a
movement away from a one-size-fits-all mod-
el toward a biologically nuanced understanding
of disease variation and individual response. The
historical progression from pharmacogenetics of
the 1950s, through the landmark demonstration of
HER2-targeted therapy with trastuzumab, to mul-
ti-omics-based systems medicine exemplifies this
evolution and clarifies the foundational scientific
logic behind personalization [6, 7].

However, as conceptual sophistication has
grown, the practical implementation of per-
sonalized medicine has revealed a substantial
gap between scientific capability and workforce
readiness. Numerous studies highlight inade-
quate education and training as one of the most
persistent barriers to integrating genomics into
routine clinical practice. As early as 2004, Frueh
and Gurwitz [8] identified the lack of pharma-
cogenomics education among clinicians and the
public as a critical bottleneck to translation. Sub-
sequent studies confirm that health profession-
als frequently lack foundational genomic literacy,
confidence in interpreting genetic tests and famil-
iarity with emerging technologies, limitations that
impede adoption even when tools are clinically
available [9-11]. In response, competency frame-
works have begun to articulate the skills needed
for personalized precision medicine, spanning
determinants of health, biomedical informatics,
practical applications, participatory models of
care and bioethics [12]. These frameworks em-
phasize not only knowledge acquisition but also
attitudes, communication abilities and interpro-
fessional collaboration across clinical, laboratory,
research, digital health and managerial domains.

Educational interventions to address these
gaps are inherently multidisciplinary. Specialized
curricula have been developed for dermatology
trainees [13], nursing and healthcare students [14]
and broader interprofessional audiences, inte-
grating reading assignments, case-based learning,
laboratory rotations, experiential genome testing
and assessments meant to foster applied learning.
The underlying premise is that genomic medi-
cine education must be longitudinal, beginning in
undergraduate medical and health sciences pro-
grams, reinforced during residency and specialty
training and sustained through continuing educa-
tion. Yet even these structured initiatives confront
systemic obstacles such as crowded curricula,
lack of trained faculty, and institutional hesitancy
to adopt genomics-driven approaches [10]. Such
challenges suggest that educational reform must
be systemic, requiring curricular integration not
only of scientific content but also of ethical, le-
gal, social and policy considerations. Indeed, the

genomics era introduces complex interdiscipli-
nary challenges that extend beyond the clinical
domain. The volume and diversity of omics data
require advanced computational methods, robust
translational bioinformatics infrastructures and
decision-support tools seamlessly integrated into
electronic health records [15]. Data integration
obstacles, including lack of standardization, inter-
operability issues, privacy concerns and the need
for population-level validation, demand a work-
force comfortable working alongside bioinforma-
ticians, computer scientists, engineers and statis-
ticians [16, 17]. Ethical, legal and social implications
(ELSI) also multiply as genomic information be-
comes increasingly incorporated into healthcare.
Privacy, discrimination, informed consent, bio-
banking governance, return-of-results protocols
and potential exacerbation of health disparities all
require new forms of expertise and ethical liter-
acy among healthcare providers [18, 19]. Educat-
ing professionals to navigate these dimensions is
essential to ensuring not only competent prac-
tice but also socially responsible deployment of
genomic technologies.

Moreover, personalized medicine’s theoreti-
cal evolution challenges educators to rethink the
epistemological foundations of medical training.
Philosophical analyses emphasize individuality as
a multidimensional construct shaped by biology,
psychology, social context, and personal history
[20]. Contemporary frameworks such as systems
medicine and the historical process view of dis-
ease highlight the need to understand individuals
within dynamic networks of biological pathways,
environmental exposures, lifestyle patterns, and
sociocultural determinants [21, 22]. Preparing fu-
ture practitioners for this conceptual breadth re-
quires teaching that integrates molecular mech-
anisms with broader contextual and relational
dimensions of health. It also necessitates cultivat-
ing the ability to work in multidisciplinary teams
that bring together clinicians, engineers, data
scientists, ethicists, economists, and policymak-
ers, who are essential for managing the complex
infrastructures and decision-making processes of
personalized medicine [23, 24]. Against this back-
drop, education becomes not simply a compo-
nent of personalized medicine but a prerequisite
for its very existence. As multiple authors argue,
personalized medicine cannot fulfil its promise
without a health workforce capable of interpret-
ing genomic information, communicating risks
and benefits, navigating ELSI issues, engaging
with digital technologies, and participating in re-
search and policy processes that shape implemen-
tation [25, 26]. This workforce must be prepared
not only to understand genetic variation but also
to interpret proteomic and metabolomic profiles,
integrate multi-omics findings, evaluate clinical
utility and appreciate the uncertainties inherent
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in an evolving evidence base [27]. Thus, the trans-
formation required in educational systems is both
deep and wide: it must reach across disciplinary
boundaries, across the entire continuum of pro-
fessional training, and across the institution-
al structures that govern curriculum design and
clinical practice.

In this context, the present review, “Education
for Personalized Medicine: Theoretical Landmarks
and Interdisciplinary Challenges in the Genomics
Era”, examines the convergence of these concep-
tual, technological, ethical, and organizational
developments. By synthesizing historical trajec-
tories, theoretical debates, evidence on training
needs, and documented implementation challeng-
es, the review aims to illuminate how educational
innovation can bridge the gap between scientific
potential and clinical reality. Ultimately, achiev-
ing the promise of personalized medicine will de-
pend not solely on the sophistication of genomic
technologies, but on the readiness of healthcare
professionals - and the educational systems that
shape them - to operate confidently and respon-
sibly within this new paradigm.

Theoretical landmarks of
personalized medicine

The intellectual foundations of personalized
medicine (PM) span millennia, reflecting a long-
standing effort in medical thought to reconcile
general biological principles with the unique-
ness of individual patients. While contemporary
genomics has transformed the scale and precision
of personalization, historical, conceptual and phil-
osophical developments reveal that individualized
care has always occupied a central place in the
evolution of medical reasoning.

Historical roots of individualized care

The origins of personalized medicine are of-
ten traced to Hippocratic medicine, which intro-
duced a rational, observational approach ground-
ed in the belief that disease arises from natural,
bodily processes rather than supernatural causes.
According to Abrahams and Silver [1], Hippocrates
established a foundational notion of “personali-
zation” by emphasizing the need for physicians to
consider constitution, environment, lifestyle and
seasonality when diagnosing and treating illness.
This early form of individualized care was system-
atized in the theory of the four humors: sanguis,
phlegm, choler and melancholia, which, despite its
pre-scientific framework, represented one of the
first structured attempts to tailor therapies to in-
dividual physiological profiles.

By the Renaissance, the Paracelsian view fur-
ther modified the concept of individualization.

Paracelsus argued that disease resulted from spe-
cific imbalances in bodily minerals caused by en-
vironmental exposures and that chemicals them-
selves constituted both “the poison and the cure”
This focus on unique, quantifiable alterations
in internal chemistry anticipated later molecu-
lar understandings of disease and set conceptual
groundwork for a mechanistic view of individuality.

In the early 20" century, constitutional
medicine, as described by Bondio and Sporing
[2], advanced the idea that disease susceptibil-
ity and therapeutic response depended on sta-
ble biological “constitutions” Theodor Brugsch’s
Personallehre extended these ideas by formalizing
the study of personal biological variability, repre-
senting an important transition from classical ho-
listic models to proto-biomedical approaches to
personalization.

The mid-20®™ century marks a decisive the-
oretical landmark with the emergence of phar-
macogenetics, pioneered by Friedrich Vogel, Arno
Motulsky and Werner Kalow. Their work estab-
lished that interindividual variability in drug me-
tabolism is rooted in genetic variants, differenti-
ating individuals into slow and rapid metabolizers.
This principle provided the first empirical demon-
stration that genetic makeup could systematical-
ly influence therapeutic outcomes. As Gamma [6]
notes, pharmacogenetics is widely considered the
historical origin of modern personalized medi-
cine, offering the first reproducible, molecularly
grounded mechanism for stratifying patients.

The next significant milestone came with
the development of trastuzumab (Herceptin) for
HER2-positive breast cancer. By demonstrating
that a molecular biomarker could reliably identify
patients who would benefit from a specific thera-
py, this case provided what Gamma [6] describes
as a “proof of principle” for personalized treatment.
The trastuzumab example helped expand the vi-
sion of PM beyond pharmacogenetic metabolism
pathways to include targeted therapies based on
molecular disease subtypes. Collectively, these
landmarks reveal an evolutionary arc: from obser-
vational individualization to constitution-based
models, from genetic determinants of metabolism
to biomarker driven targeted therapies. This con-
ceptual trajectory sets the stage for the data-rich,
multi-omics-driven personalization that charac-
terizes contemporary precision medicine.

Modern conceptual frameworks and
terminological differentiation

The rise of genomics, multi-omics profiling
and computational biology has led to an explosion
of terms: personalized medicine, precision medi-
cine, stratified medicine, individualized medicine,
P4 medicine and personalized healthcare, each re-
flecting different emphases in theory and practice.

© 2026 Ther Pharmacol Clin Toxicol | Volume: 24, Issue: 1, January-March 2026 37



Therapeutics, Pharmacology and Clinical Toxicology

Pokorska-Bocci et al. [3] analyze six such key
terms, showing that debates over nomenclature
reflect deeper divergences in how researchers
conceptualize the goals, scope, and epistemologi-
cal commitments of emerging biomedical models.

Precision medicine, popularized through the
U.S. Precision Medicine Initiative, stresses the use
of molecular and genetic data to improve diag-
nostic accuracy and tailor treatments. It is often
distinguished from personalized medicine, which
some critics worry implies a degree of individu-
al tailoring that current science cannot fully de-
liver. Stratified medicine, by contrast, highlights
grouping patients into subpopulations based on
shared biomarkers, a concept grounded in statis-
tical reasoning rather than individual uniqueness.
P4 medicine, predictive, preventive, personalized
and participatory, introduced by systems biolo-
gists, expands the model by emphasizing patient
engagement and systems-level analysis.

A systematic literature review by Schleidgen
et al. [5] offers one of the most comprehensive
attempts to clarify these conceptual boundaries.
Their precise definition states that personalized
medicine aims to “improve stratification and tim-
ing of health care” by using biological information
and biomarkers at the level of molecular disease
pathways, genetics, proteomics and metabolom-
ics. Importantly, their analysis revealed that de-
spite perceived novelty, the core scientific logic
of PM lies in refining patient stratification, not
necessarily in creating bespoke therapies for each
individual. This clarification has significant im-
plications for education: it signals that training
should focus on the interpretation of biomarkers,
molecular pathways, and population-level varia-
bility rather than on an unrealistic notion of a sin-
gle therapy per patient.

Contemporary frameworks also incorporate
insights from systems medicine, a model support-
ed by Hampel et al. [21], which conceptualizes dis-
ease as a network phenomenon arising from dy-
namic interactions across biological scales. Their
precision medicine architecture for neurology
and psychiatry integrates multimodal biomarkers,
systems theory, digital health technologies and
data science. This multidimensional structure un-
derscores that modern personalization depends
on the ability to synthesize heterogeneous data
streams and generate clinically meaningful in-
sights, a capacity that requires new forms of in-
terdisciplinary literacy.

Philosophical and ethical perspectives
on individuality in medicine

Beyond scientific and terminological devel-
opments, personalized medicine is grounded in
enduring philosophical debates about individ-
uality, human variation and the nature of per-

son-centered care. Igoumenidis and colleagues
[20] trace these foundations through Renaissance,
Enlightenment and 20™-century philosophical
traditions. Thinkers like John Locke, who empha-
sized individual rights and autonomy, and Thomas
Hobbes, who rejected universally defined human
goods, contributed to a worldview in which indi-
viduality became central to ethical and political
thought. In the 20™ century, existentialist move-
ments further emphasized personal responsibili-
ty and the subjective experience of illness, ideas
that resonate with contemporary movements to-
ward patient-centered and participatory models
of healthcare.

More recent theoretical proposals, such as
those presented by Beneduce and Bertolaso [22],
argue that disease should be understood as a his-
torical process, shaped by genealogical, epigenet-
ic, and contextual influences. They propose that
historicity, contextuality, and relationality are es-
sential theoretical categories for a future-oriented
personalized medicine. This view challenges pure-
ly reductionist models by asserting that individu-
als cannot be fully understood through genomic
or molecular data alone. Instead, educational ap-
proaches must acknowledge the interplay of bio-
logical, environmental, social and cultural deter-
minants of health, dimensions vital to the ethical
practice of PM.

Finally, the debates analysed by Pokors-
ka-Bocci et al. [3] about whether genomics consti-
tutes a true paradigm shift or a refinement of ex-
isting biomedical methods highlights an important
philosophical tension. If personalized medicine
represents a new epistemic paradigm, educators
must prepare professionals for fundamentally new
ways of reasoning, integrating probabilistic mod-
eling, big data interpretation and systems-level
thinking. If it is instead an extension of traditional
scientific practice, then the emphasis may lie in
methodological upskilling rather than conceptual
reinvention. Regardless, the theoretical discourse
suggests that personalized medicine requires a
hybrid approach to education, both a deepening of
molecular and computational competencies and a
renewed engagement with ethical, relational and
contextual dimensions of care.

Synthesis: implications of theoretical
landmarks for education

Taken together, the historical, conceptual,
and philosophical landmarks of personalized med-
icine reveal a field built on both continuity and dis-
ruption. From Hippocratic individuality to phar-
macogenetics and systems biology, PM reflects a
long-standing commitment to understanding and
treating patients as biologically and contextually
unique. At the same time, the genomics era intro-
duces unprecedented complexity that demands
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new competencies in data interpretation, ethical
reasoning, systems thinking and interdisciplinary
collaboration.

Educational programs must therefore ad-
dress not only the molecular foundations of per-
sonalized medicine but also its conceptual plu-
ralism, philosophical underpinnings and evolving
epistemic frameworks. Only by integrating these
theoretical insights into biomedical curricula can
educators prepare a workforce capable of meeting
the scientific and ethical demands of personalized
medicine in the 21 century.

Educational needs in the genomics era

The rapid expansion of genomic science,
multi-omics technologies and data-driven ap-
proaches has outpaced the capacity of current
educational systems to prepare healthcare pro-
fessionals for the realities of personalized med-
icine (PM). Across clinical, laboratory, research,
public health and management domains, the lit-
erature consistently identifies significant gaps in
genomic literacy, interpretive competency, ethical
preparedness and interdisciplinary collaboration.
These gaps constitute a central barrier to effective
PM implementation and highlight the need for a
systematic, comprehensive reconfiguration of bi-
omedical education. This section synthesizes the
major educational needs identified in contempo-
rary scholarship, focusing on knowledge and skill
deficits, competency frameworks, existing curric-
ular innovations, and structural barriers to educa-
tional reform.

Gaps in foundational knowledge and
skills among healthcare providers

Despite the proliferation of genomic technol-
ogies and molecular diagnostics, many healthcare
professionals remain insufficiently prepared to in-
tegrate genomic data into clinical practice. Stud-
ies across two decades reveal persistent deficits
in foundational genomic literacy, interpretation
of genetic tests and understanding of molecular
mechanisms relevant to personalized therapies.

Early warnings by Frueh and Gurwitz [8]
emphasized that a major bottleneck in the imple-
mentation of pharmacogenomics and by exten-
sion, personalized medicine, stemmed from the
inadequate education of clinicians and the wider
community. This early critique remains relevant.
As Squassina et al. [9] later demonstrated, the low
educational level of healthcare providers direct-
ly influences the efficacy of PM implementation,
limiting clinicians’ comfort with genomic data and
their ability to make informed therapeutic deci-
sions. McCarthy [11] similarly reported that the lack
of knowledge about genomics among physicians,

nurses, pharmacists and other primary healthcare
providers constitutes a critical barrier. Provid-
ers frequently struggle with understanding test
indications, interpreting results, explaining risk
to patients and integrating genomic information
into clinical decision, making. Crowded curricula,
insufficient exposure during training, and lack of
knowledgeable faculty exacerbate these deficits.

Beyond genomics itself, personalized medi-
cine increasingly requires understanding of pro-
teomics, metabolomics, and systems biology, as
Carlberg [26] notes, expanding the scope of nec-
essary competencies. Providers must be able not
only to interpret genetic information but also to
integrate it with multi-omics profiles derived from
blood, urine, or tissue samples, an educational de-
mand rarely reflected in traditional curricula.

The cumulative picture is clear: healthcare
professionals lack the baseline competencies
needed to operate effectively within genom-
ics-driven healthcare systems, necessitating tar-
geted, structured educational interventions.

Competency frameworks
and training profiles

To address these gaps, recent work has fo-
cused on defining structured competencies for
the PM workforce. One of the most comprehen-
sive frameworks is presented by Martin-Sanchez
et al. [12], who identified 58 competencies grouped
into five domains: determinants of health; bio-
medical informatics; practical applications of per-
sonalized precision medicine; participatory health
and bioethics.

This framework acknowledges that PM com-
petency is not limited to scientific knowledge but
includes patient communication, shared deci-
sion-making, data stewardship and ethical reason-
ing. The authors further propose six professional
profiles: clinical healthcare, laboratory, digital
health, community health, research and man-
agement, each requiring tailored but overlapping
competencies. Importantly, the model incorpo-
rates progressive levels of training, allowing insti-
tutions to structure curricula from introductory
to advanced stages. Such frameworks align with
calls from professional organizations, noting that
the International Society of Pharmacogenomics
Education Forum has advocated for the integra-
tion of pharmacogenomics and PM into core med-
ical education. These calls reflect widespread rec-
ognition that genomic competency is no longer
optional but fundamental to modern practice.

Educational needs identified across studies
include: understanding genomic variation and mo-
lecular pathways; interpreting pharmacogenomic
tests; recognizing biomarkers and companion di-
agnostic; applying genomic information in preven-
tion, diagnosis and treatment; evaluating clinical
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utility and evidence levels; ethical, legal and social
implications (ELSI) of genomic data; communi-
cating genomic risk and uncertainty to patients;
working effectively in multidisciplinary teams;
using electronic health records with genomic de-
cision support tools. These diverse competencies
reflect the expanding scope of PM and underscore
the need to embed genomics education across all
stages of professional development.

Existing educational models and
curricular innovations

A growing number of institutions have devel-
oped specialized curricula and training models to
address genomic educational gaps. These initia-
tives illustrate the breadth of approaches possible
but also highlight their fragmented and institu-
tion-specific nature.

Specialty-specific curricula

Murphy et al. [13] describe a multidisciplinary
curriculum in molecular diagnostics and genom-
ics for dermatology trainees, integrating assigned
readings, teaching-set reviews, lectures, pres-
entations and a one-week rotation in a clinical
molecular pathology and cytogenetics laborato-
ry. This approach provides trainees with working
knowledge of companion diagnostics, somatic and
germline testing and pharmacogenomics, skills in-
creasingly relevant across medical specialties.

Interprofessional education

Katsanis et al. [14] developed a formal genom-
ics curriculum for nursing students and other
healthcare professionals, emphasizing clinical ap-
plications of genomics in preventing, diagnosing,
and treating complex diseases. Notably, the cur-
riculum includes optional personal genome testing
as an experiential learning tool, enabling partic-
ipants to explore ethical, legal and psychological
challenges first-hand.

Medical school integration

Frueh and Gurwitz [8] highlighted early ex-
amples of pharmacogenomics integration into
medical school curricula, such as the inclusion
of PGx into pharmacology courses at Tel-Aviv
University School of Medicine. However, they note
that such integration remains limited globally.

Active and online learning modalities

McCarthy and Patrinos [11] emphasized the
importance of case-based learning, online plat-
forms and active learning strategies to teach
genomic literacy during undergraduate medical
education and continuing education. These meth-
ods align with the need to engage learners in dy-
namic, data-rich problem-solving reflective of
clinical genomic practice.

Collectively, these models demonstrate
promising educational strategies. Yet, they remain
largely isolated examples, highlighting the need
for broad, systematic curriculum transformation.

Structural barriers to educational reform

Even as educational needs and model curric-
ula are increasingly well defined, systemic barri-
ers hinder their widespread adoption.

Curriculum overload and faculty limitations

McCarthy [11] reports that the crowded cur-
riculum in medical and health sciences education
leaves little room for new content, making inte-
gration difficult. Additionally, many institutions
lack faculty with the expertise necessary to teach
genomics, bioinformatics and PMN-related content.

Limited awareness and

motivation among providers

Frueh & Gurwitz [8] and Conti et al. [27] note
that clinicians may exhibit hesitancy or apprehen-
sion toward genomics due to uncertainty about its
clinical utility or concerns about interpretation.
Without clear incentives or support, providers
may not pursue additional training.

Ethical and legal complexity

Brothers & Rothstein [18] highlight the ex-
panding ethical landscape associated with genom-
ic data-privacy, discrimination, informed consent,
return of results, and requiring educational pro-
grams to incorporate sophisticated ELSI content.
Few existing curricula address these aspects com-
prehensively.

Interdisciplinary gaps

Personalized medicine inherently requires
collaboration across disciplines. Haiech & Kilhoffer
[23] argue that training must prepare clinicians to
work with engineers, data scientists and model-
ers. Yet interprofessional education remains limit-
ed, with siloed medical training insufficient for the
systems-level thinking PM requires.

Infrastructure and technology challenges

Overby & Tarczy-Hornoch [15] and Najafi
et al. [28] note that genomic integration into clini-
cal practice depends on EHR-linked decision sup-
port tools and interoperable data systems. Train-
ing must therefore include instruction in digital
health technologies, yet most programs lack this
infrastructure.

Synthesis: toward a comprehensive
educational framework

The literature reveals an overarching con-
sensus: effective implementation of personalized
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medicine requires a fundamentally restructured
educational landscape. This includes: longitudi-
nal genomic education spanning undergraduate
training through continuing professional develop-
ment; integration of multi-omics literacy, not just
genetics; competency-based curricula informed
by validated frameworks; interdisciplinary training
models that mirror real-world PM practice; eth-
ics-centered instruction addressing privacy, eq-
uity, and patient communication; digital literacy,
including comfort with bioinformatics tools and
EHR decision support; experiential learning, such
as laboratory rotations, case studies, and personal
genomic analysis; institutional support for facul-
ty development and curriculum redesign. These
needs underscore that education is not a periph-
eral component but a foundational determinant of
personalized medicine’s success. Without a work-
force equipped to interpret genomic data, engage
patients and collaborate across disciplines, the
promise of PM cannot be realized.

Interdisciplinary challenges in
implementing personalized
medicine education

Personalized medicine is not merely a scien-
tific advancement but an interdisciplinary enter-
prise that requires integration across genomics,
bioinformatics, clinical practice, ethics, policy,
engineering, and social sciences. As such, pre-
paring the healthcare workforce for PM involves
far more than updating biomedical curricula; it
necessitates confronting a constellation of chal-
lenges emerging from the complexity of genomic
information, data infrastructures, ethical and le-
gal considerations, organizational structures, and
cultural dynamics among stakeholders.

Multi-omics data complexity and
the computational turn in medicine

One of the defining challenges of contem-
porary PM education is the explosive growth and
heterogeneity of biological data. Studies con-
sistently highlight the difficulty of integrating
genomic, transcriptomic, proteomic, metabolom-
ic, imaging and clinical data into coherent clinical
workflows. Molla & Bitew identify the complexity
of multi-omics integration and the high cost of
comprehensive data generation as central obsta-
cles. The heterogeneous nature of omics datasets
requires advanced computational tools capable of
harmonizing different data types and validating
their clinical relevance.

Alyass et al. [16] similarly argue that systems
medicine’s reliance on large scale data demands a
workforce capable of understanding the biological

underpinnings of data integration as well as the
statistical and informatics methods required to in-
terpret it. They emphasize that interpreting mul-
ti-omics data necessitates collaboration among
clinicians, epidemiologists, biologists, computer
scientists, statisticians and mathematicians, teams
far more diverse than those traditionally involved
in clinical care.

Xue et al. [17] expand on this challenge by de-
tailing the difficulties inherent in genomic variant
analysis. Capturing the full spectrum of genetic
variation, reliably calling germline and somatic
variants, and identifying previously undetected
variant types all require sophisticated computa-
tional skills. These tasks surpass the traditional
scope of biomedical training and call for new ed-
ucational approaches that blend biological under-
standing with computational literacy.

Collectively, these insights underscore a fun-
damental interdisciplinary challenge: the conver-
gence of biology and data science necessitates
educational programs that cultivate dual fluen-
cy in molecular mechanisms and computational
tools. Without this, clinicians risk misinterpreting
genomic data or relying excessively on automated
systems without understanding their limitations.

Bioinformatics, decision support, and
electronic health record integration

Education in personalized medicine must
also prepare learners to navigate the informatics
infrastructures that support genomic care. Overby
& Tarczy-Hornoch [15] identify major barriers to
implementing genomics applications, including
validating genetic-disease correlations, assessing
actionability, protecting patient privacy, and incor-
porating decision-support systems into electronic
health records (EHRs). These challenges highlight
a need for providers to understand not only clini-
cal genomics but also the principles of translation-
al bioinformatics. Najafi et al. [28] offer a detailed
analysis of functional and non-functional integra-
tion requirements for linking genomics data with
EHRs. Functional requirements include standard-
ized terminologies, structured data entry, uniform
interpretation of genetic tests, integrated patient
portals, and pharmacogenomic decision-support
capabilities. Non-functional requirements encom-
pass interoperability, ethical and legal safeguards,
security, and big data computational capacity.

These informatics challenges carry direct
educational implications: clinicians must learn to
interpret EHR-embedded genomic decision-sup-
port tools; learners must understand the princi-
ples of data standards, interoperability, and ter-
minology harmonization; training must address
the limitations and potential biases of algorith-
mic tools; providers must be educated on how to
manage uncertain or evolving genomic evidence.
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Without training that bridges clinical reasoning
and informatics, clinicians may misinterpret auto-
mated recommendations or fail to recognize when
genomic data should override traditional decision
rules. Thus, PM education must integrate infor-
matics literacy as a core competency, not an op-
tional specialization.

Ethical, legal, and social implications (elsi):
a critical educational frontier

Ethical, legal and social implications repre-
sent one of the most demanding interdisciplinary
domains of personalized medicine. As genomic
information becomes more deeply embedded in
healthcare, providers must navigate issues that
extend beyond traditional biomedical ethics.
Brothers & Rothstein [18] identify several conse-
quences of the expanding volume of health infor-
mation associated with PM. These include: privacy
concerns related to sensitive genomic data; risk of
discrimination based on genetic profiles; changes
in physician-patient relationships; liability con-
cerns regarding interpretation and disclosure of
genomic results; potential exacerbation of exist-
ing health disparities.

Joly et al. [19] further highlight challeng-
es around biobanking, informed consent, confi-
dentiality, return of results, direct-to-consumer
genetic testing, and the stratification of patient
populations based on ethnicity. They note that
ELSI issues are particularly pronounced in pri-
mary care, where providers often lack training in
genomics yet remain responsible for interpreting
genetic information and guiding patient decisions.

These insights demonstrate that PM edu-
cation must include comprehensive training in:
ethical frameworks for genomic data use; legal
regulations governing privacy, discrimination, and
consent; social implications of genomics, includ-
ing equity and disparities; cultural competence in
communicating risk; policies on return of results
and secondary findings.

This ELSI literacy is essential not only for
ethical practice but also for effective clinical de-
cision-making. Without understanding the broad-
er social and policy context, healthcare providers
may inadvertently contribute to disparities, mis-
interpret data, or undermine patient trust.

Institutional, organizational, and
infrastructure barriers to
interdisciplinary practice

Effective interdisciplinary care requires
structural support within healthcare systems. Yet
several studies document persistent institutional
obstacles that hinder interdisciplinary collabora-
tion and thus complicate PM education.

Erskine et al. [24] show that complex inherit-
ed cardiac conditions require coordinated exper-
tise across genetics, psychology, cardiology, and
ethics needs poorly met by the traditional refer-
ral-based model of care. They reveal that hospital
and insurance infrastructures often impede inter-
disciplinary collaboration, necessitating signifi-
cant modifications to current models of practice.

Cinti et al. [25] reinforce this by emphasiz-
ing that PM requires involvement from all stake-
holder groups, including healthcare profession-
als, researchers, patients and the public. Training
programs must reflect this diversity, yet institu-
tional norms remain oriented toward siloed pro-
fessional roles.

Haiech & Kilhoffer [23] argue that PM repre-
sents a paradigm shift from reactive medicine to
predictive, model-based science, requiring clini-
cians to work with engineers, data scientists, and
other non-medical professionals. However, most
medical curricula are not designed to promote
cross-disciplinary collaboration, limiting students’
exposure to systems thinking and team-based
problem solving.

These findings highlight the need to restruc-
ture educational environments to model the inter-
disciplinary teamwork that PM practice demands.
Without institutional support, shared teaching
platforms, interprofessional courses, team-based
clinical rotations, students may never acquire the
collaborative competencies essential for PM.

Cultural, evidence-based, and policy-related
challenges across stakeholders

Interdisciplinary challenges also arise from
broader cultural, evidentiary and policy contexts.
Conti et al. [27] note that the slow translation of
genomics into clinical practice is partly due to
stakeholder apprehension: many providers, pa-
tients, and payers are uncertain about the effec-
tiveness, cost-effectiveness and evidence base
of genomic tools. Limited randomized controlled
trial evidence for many pharmacogenomic tests
contributes to this hesitation.

Bush et al. [29] identify a cultural gap across
stakeholders - scientists, clinicians, patients, pol-
icymakers and payers, that complicates commu-
nication and slows adoption. Geneticists and in-
formaticians often struggle to engage bioethicists,
economists, and patient communities, while poli-
cy and reimbursement frameworks lag behind sci-
entific advances.

These cultural and institutional misalignments
underscore the need for educational programs
that prepare professionals to: evaluate evidence
critically; communicate genomic uncertainty; col-
laborate with policymakers and ethicists; under-
stand reimbursement and regulatory landscapes;
engage with patient belief systems and values.
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Without such training, providers risk be-
coming isolated from broader implementation
processes and unprepared for the complex socio-
technical environment of genomic medicine.

Synthesis: interdisciplinary challenges as
drivers of educational transformation

Across the literature, a consistent theme
emerges: personalized medicine is fundamentally
interdisciplinary, and its successful implementa-
tion depends on a workforce capable of integrat-
ing knowledge across diverse scientific, ethical, in-
formatic and organizational domains. Educational
models must therefore evolve to: embed data sci-
ence, bioinformatics, and system-level reasoning;
integrate ethical, legal, and social dimensions as
core competencies; support interprofessional col-
laboration and team-based learning; prepare pro-
viders to engage with evolving policy, regulatory,
and reimbursement frameworks; address cultur-
al apprehensions and improve communication
across stakeholder groups. These interdisciplinary
challenges do not merely complicate education-
al design; they define it. Training healthcare pro-
fessionals to navigate the genomics era requires
a reimagining of medical education that aligns
theoretical foundations, technological capabili-
ties, and institutional realities into a coherent, fu-
ture-ready framework.

Toward a new paradigm: integrating
theory, technology and education

The convergence of historical insights, con-
ceptual frameworks, multi-omics technologies,
systems medicine and interdisciplinary ethics
presents both an opportunity and a mandate to re-
imagine how education for personalized medicine
(PM) is structured. As the genomics era reshapes
the epistemology, methodology and organization
of medical practice, educational programs must
evolve from additive models, where new content
is simply appended to existing curricula, to trans-
formative models that prepare professionals for a
fundamentally different paradigm of care.

Integrating theoretical foundations into
clinical and educational practice

The theories that underpin personalized
medicine, from Hippocratic individuality and con-
stitutional medicine to systems biology and P4
frameworks, carry practical implications for how
clinicians are trained to think, reason, and act.
Modern PM practice is rooted in the conceptual
shift from viewing disease as an isolated entity to
understanding it as a dynamic, historically situ-
ated process shaped by interactions among mo-

lecular, environmental, and social factors. Rein-
forcing this conceptual foundation in training can
help learners cultivate a flexible mindset capable
of integrating multi-level biological information.
Systems medicine, as articulated by Hampel et al.
[21] for central nervous system disorders, offers
a model for education: multimodal biomarkers,
digital technologies, and data science converge to
provide holistic, predictive, and mechanism-based
clinical insights. Embedding this systems-thinking
approach into medical education can help stu-
dents navigate the inherent complexity of PM. It
shifts the focus from memorizing static facts to-
ward developing analytical frameworks for inter-
preting biological variability, contextual influenc-
es, and patient-specific trajectories.

Furthermore, the conceptual Cclarifica-
tions offered by Schleidgen et al., 2013 [5] and
Pokorska-Bocci et al., 2014 [3] delineating per-
sonalized, precision, stratified, and P4 medicine,
suggest that educational programs must teach
not only how to use genomic tools but why they
are used. Clarifying the goals of PM (stratification
versus individualization, prediction versus partic-
ipation) anchors students’ understanding of how
genomic evidence informs clinical care and poli-
cy. In this way, theory becomes a navigational tool
rather than an abstract academic exercise.

Integrating technology: building digital,
bioinformatic and multi-omics literacy

As personalized medicine becomes increas-
ingly data - driven, technological fluency becomes
a foundational competence. The integration of
genomic sequencing, proteomics, metabolomics,
and advanced analytics into clinical workflows de-
mands that educational programs cultivate mul-
ti-omics literacy, bioinformatics competencies,
and digital health proficiency across the health-
care workforce.

Molla & Bitew emphasize that data integra-
tion across omics layers is one of the most sig-
nificant hurdles to PM implementation. Similarly,
Alyass et al. [16] and Xue et al. [17] detail how inter-
preting genomic variants, integrating heterogene-
ous datasets, and managing data uncertainty re-
quire advanced computational tools and analytical
skills. These competencies cannot be confined to
specialists; they must be woven into general med-
ical and health sciences education.

Informatics integration introduces further
educational demands. Overby & Tarczy-Hornoch
[15] highlight the necessity of embedding deci-
sion support systems within electronic health re-
cords (EHRs) to enable the clinical use of genomic
data. Najafi et al. [28] define both functional and
non-functional integration requirements for EHR-
genomics integration, including standardized ter-
minologies, uniform interpretation frameworks
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and security measures. Training programs that in-
corporate these informatics principles - through
simulation, hands-on modules, and case-based
EHR exercises can equip learners to navigate
emerging digital ecosystems confidently.

Moreover, digital health technologies, includ-
ing mobile health tools, clinical decision support
dashboards, and patient portals, must be under-
stood as integral components of PM rather than
peripheral add-ons. As Hampel et al. [21] suggest,
these tools are part of the architecture of preci-
sion medicine and should therefore be embedded
in educational design from the outset.

Integrating ethics and social context:
preparing providers for complex
decision-making

A new paradigm for PM education must in-
corporate ethical, legal and social implications
(ELSI) as central features rather than optional
supplements. Brothers & Rothstein [18] demon-
strate that personalized medicine carries pro-
found consequences for privacy, discrimination
and health disparities, while Joly et al. [19] high-
light the unique ethical challenges that arise in
primary care contexts, including informed con-
sent, biobanking and the return of results.

Educational programs must therefore pro-
vide: robust grounding in genomic privacy frame-
works; training in non-discrimination laws and
anti-stigma communication; instruction on risk
communication, uncertainty, and patient-cen-
tered counselling; structured engagement with
the equity implications of genomic testing; skills
for navigating cultural and belief systems related
to genetics.

This ELSI literacy is essential not only for
ethical practice but also for effective clinical de-
cision-making. Without understanding the broad-
er social and policy context, healthcare providers
may inadvertently contribute to disparities, mis-
interpret data, or undermine patient trust. Inte-
grating ethics with scientific and informatic train-
ing reflects the core interdisciplinarity of PM.

Integrating interprofessional
learning: building teams
for systems medicine

Personalized medicine is inherently collabo-
rative, requiring coordinated efforts across clini-
cal specialties, laboratory science, bioinformatics,
engineering, ethics, and policy. Haiech & Kilhoffer
[23] argue that PM represents a paradigm shift
toward predictive, model-driven medicine that
demands multidisciplinary teamwork. Similar-
ly, Erskine et al. [24] demonstrate that managing
complex genetic disorders requires integrated

teams, as traditional referral-based models are
insufficient.

Educational systems must therefore mod-
el the collaborative structures that PM practice
requires. This entails: interprofessional courses
bringing together medicine, nursing, pharmacy,
genetics, computer science, and data science stu-
dents; joint simulation exercises using genomic
cases requiring multi-expert input; clinical rota-
tions in interdisciplinary environments such as
cardiogenetics clinics; collaborative capstones
integrating genomics, ethics and digital health
technologies. Such approaches support the de-
velopment of communication, coordination, and
problem-solving skills competencies essential for
functioning in the genomics era.

Integrating policy, evidence appraisal
and stakeholder engagement

The broader socio-political context of per-
sonalized medicine also shapes educational needs.
Conti et al. [27] emphasize that translational hur-
dles include limited evidence for clinical utili-
ty and stakeholder apprehension regarding the
cost-effectiveness and value of genomic interven-
tions. Bush et al. [29] identify cultural and logisti-
cal gaps across scientists, clinicians, policymakers
and payers, which complicate implementation.
Educating future providers requires: critical ap-
praisal skills for genomic evidence; awareness of
regulatory frameworks and reimbursement struc-
tures; understanding of stakeholder perspectives,
including patient beliefs and payer priorities; fa-
miliarity with health technology assessment in
genomics. Such competencies prepare clinicians
not only to use genomic tools but also to par-
ticipate in shaping the policies and systems that
govern them.

Synthesis: toward a coherent paradigm
of integrated education for
personalized medicine

The literature makes clear that personalized
medicine requires a fully integrated educational
paradigm, one that unites: theoretical foundations
from history, philosophy, and systems science;
technological fluency in genomics, multi-omics,
bioinformatics, and digital health; ethical and so-
cial literacy addressing privacy, equity, consent,
and discrimination; interprofessional collabora-
tion modelled on real-world PM infrastructures;
policy awareness and evidence evaluation for in-
formed decision-making. In this integrated para-
digm, theory informs practice, technology oper-
ationalizes theory and education align clinicians’
competencies with the complex demands of mod-
ern healthcare systems. Achieving this alignment
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requires institutional commitment, interdisci-
plinary leadership, and sustained curricular in-
novation. Personalized medicine’s future and its
equitable implementation will depend not only on
scientific advances but on the capacity of educa-
tional systems to adapt, transform, and integrate
across the full spectrum of knowledge domains
that shape the genomics era.

Future directions

Personalized medicine represents both a
continuation of longstanding medical traditions
that seek to understand the individual in context
and a transformative shift driven by genomics,
systems biology, digital health, and multi-omics
technologies. This review has examined the theo-
retical foundations of personalization, the expand-
ing educational demands in the genomics era and
the interdisciplinary challenges that shape imple-
mentation. Across diverse lines of evidence, from
historical analyses and conceptual frameworks to
empirical studies and policy critiques, a consist-
ent conclusion emerges: education is the critical
determinant of whether personalized medicine
can be responsibly and effectively integrated into
healthcare systems.

The theoretical landmarks of PM, rooted in
Hippocratic and Galenic traditions, constitutional
medicine, pharmacogenetics and contemporary
systems thinking, reveal that personalized medi-
cine is not a wholly new enterprise but an evolving
conceptual continuum. However, the technologi-
cal landscape of the 21 century has transformed
the scale and granularity of personalization, mak-
ing genomic literacy, multi-omics interpretation,
and data-driven decision-making core compe-
tencies for modern practitioners. As Schleidgen
et al., Pokorska-Bocci et al., and Nardini et al. [3-5]
show, the very definition of personalized or pre-
cision medicine is complex, dynamic and deeply
intertwined with methodological advances and
evolving epistemological commitments. These
theoretical insights underscore the need for edu-
cational approaches that foster conceptual clarity
and systems-level reasoning. From an educational
standpoint, the literature identifies significant de-
ficiencies that hinder PM implementation: insuffi-
cient genomic literacy, limited pharmacogenomic
training, lack of bioinformatics exposure, and in-
adequate preparation for ethical and communica-
tion challenges [8-10]. Competency frameworks,
such as those defined by Martin-Sanchez et al.
[12], offer structured pathways to address these
gaps, outlining the domains and profiles neces-
sary for a genomics-ready workforce. Curricular
innovations - ranging from specialty-specific pro-
grams [13] to interprofessional genomics courses
with experiential learning [14] demonstrate prom-

ising models but remain fragmented and insuffi-
cient without broader institutional support.

Interdisciplinary challenges further compli-
cate the educational landscape. The integration of
multi-omics data, the need for advanced compu-
tational literacy, and the incorporation of bioinfor-
matic tools into electronic health records require
clinicians to collaborate with data scientists, engi-
neers, and informaticians. Ethical, legal, and social
issues such as privacy, genomic discrimination, bio-
banking governance, and health disparities demand
training that extends beyond scientific knowledge
to include policy awareness and ethical reasoning.
Structurallimitations within healthcare systems-re-
ferral models unsuited for genomic complexity and
cultural gaps among stakeholders, underscore the
need for interprofessional education and a sys-
tems-level approach to clinical implementation.
Taken together, these findings indicate that the
future of PM education requires a paradigm shift.
Moving forward, several key directions emerge:
build fully integrated, competency-based curricula
spanning all stages of professional training; devel-
op interprofessional and systems-oriented training
models reflecting real-world PM practice; expand
ethical, legal, and social literacy to equip provid-
ers for responsible genomic care; strengthen dig-
ital and data-science competencies necessary for
multi-omics, EHR integration, and decision-sup-
port; promote institutional transformation includ-
ing faculty development, infrastructure, and policy
adaptation; enhance public and patient education
to foster trust and informed engagement; support
rigorous research on educational effectiveness to
guide best practices and policy.

Conclusion

Personalized medicine is often portrayed as
a scientific revolution driven by genomics. Yet the
literature reviewed here makes clear that its suc-
cess hinges not only on technology but on peo-
ple, their knowledge, skills, ethical sensitivity, and
capacity to work across disciplinary boundaries.
The future of personalized medicine will depend
on an educational paradigm capable of integrating
theory, technology and practice into a coherent
framework that prepares healthcare profession-
als for the complexities of genomic era medicine.
In this sense, education is not simply one pillar of
personalized medicine; it is the foundation upon
which all other pillars: biomarkers, systems biolo-
gy, digital health and data science.
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