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which does not comply with these terms. - Precision cardiovascular medicine reframes disease heterogeneity from

an obstacle to a leveraged signal, shifting from treatments that work
moderately well for most patients to those that work exceptionally well
for molecularly defined subgroups.

- The convergence of systems biology, artificial intelligence, and
emerging therapeutic modalities—including RNA medicines, gene
editing, and biologics—now enables targeting of mechanisms once
considered “undruggable” through upstream molecular intervention
rather than only downstream protein inhibition.

- Realizing the potential of precision medicine demands interdisciplinary
collaboration and proactive equity approaches, as the use of
sophisticated diagnostics risks exacerbating disparities unless diverse
populations are included—from drug discovery onward.

Cardiovascular diseases (CVDs) remain the leading global cause of mortality despite
decades of progress (1). In their lead article, Aikawa et al. (2) outline a roadmap for
precision cardiovascular medicine that recognizes and leverages fundamental heterogeneity
in disease mechanisms and patient responses across molecular, cellular, and clinical scales.

Reframing heterogeneity: from obstacle to
opportunity

Cardiovascular medicine has long struggled with the “fallacy of averages,” which is the
assumption that treatments optimized for population averages will work uniformly across
individuals (3). This one-size-fits-all paradigm has yielded important successes, from
statins to proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitors, yet leaves

Frontiers in Science 01 frontiersin.org


https://www.frontiersin.org/journals/science/articles/10.3389/fsci.2025.1703653
https://www.frontiersin.org/journals/science/articles/10.3389/fsci.2025.1703653
https://www.frontiersin.org/journals/science/articles/10.3389/fsci.2025.1703653
https://doi.org/10.3389/fsci.2025.1703653
https://www.frontiersin.org/journals/science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fsci.2025.1703653&domain=pdf&date_stamp=2025-10-07
mailto:joewu@stanford.edu
https://doi.org/10.3389/fsci.2025.1703653
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/science/about#about-scope
https://www.frontiersin.org/journals/science/about#about-scope
https://doi.org/10.3389/fsci.2025.1703653
https://www.frontiersin.org/journals/science

Rhee and Wu

substantial residual risk for many patients. The central insight in the
lead article by Aikawa et al. is to reframe heterogeneity from
challenges to possibilities, looking at the patient-to-patient
variability as signals to be dissected rather than noise to be averaged.

This paradigm shift may represent one of the most important
conceptual advances in cardiovascular therapeutics since the
recognition of cholesterol as a modifiable risk factor. The authors
document how heterogeneity manifests across multiple scales
(Figure 1A): genomic variations and exposomic differences at the
molecular level; diverse cellular responses revealed by state-of-the-
art single-cell technologies; and variation in clinical presentations
and therapeutic responses at the patient level. Rather than viewing
this complexity as an impediment to therapeutic development,
precision medicine treats it as valuable insight into why current
strategies work for some patients but not others.

The implications of this reframing extend beyond therapeutic
development to fundamental questions about clinical trial design,
regulatory approval, and clinical practice. Instead of looking for
treatments that are just “effective enough” for most patients,
precision approaches aim to identify treatments that work
exceptionally well for specific patient subgroups, reaching patients
who do not respond well to conventional therapies. This shift
necessitates new methodologies for patient stratification,
biomarker discovery, and ways of measuring different types of
outcomes that reflect how molecular heterogeneity translates into
clinical benefit.

The authors’ emphasis on systems biology and network
medicine reflects a mature understanding that CVD cannot be
simplified to a single pathway or target. Considering the genetic
predisposition, environmental exposures, the cellular environment
within an organism, and the complexity of CVD, newer approaches
that can manage multidimensional data and search for emergent
properties created from system-wide interactions are needed. A
systems-level perspective not only manages complexity but also
effectively organizes it, allowing identification of disease modules
and therapeutic opportunities that reductionist approaches
may overlook.

Technological convergence enabling
transformation

The precision medicine revolution is taking place at an
optimal time due to unprecedented technological advances that
are coming together to permit a systems-level understanding of
CVD (Figure 1B). High-throughput omics platforms enable
simultaneous sampling across genomic, transcriptomic,
proteomic, and metabolomic dimensions to help generate
combined molecular snapshots. Single-cell technologies provide
insights into cellular heterogeneity that bulk analyses mask,
whereas spatial omics approaches can provide information about
tissue context that is crucial for understanding disease mechanisms.
Artificial intelligence (AI) algorithms extract patterns from datasets
too complex for human interpretation alone, and network medicine
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approaches make use of computational frameworks to find disease
modules and possible drug targets (4).

Perhaps nowhere is this technological revolution more evident
than in the expansion of therapeutic modalities beyond traditional
small molecules. The discussion of RNA therapeutics by Aikawa et al.
highlights a particularly transformative frontier. With tools such as
antisense oligonucleotides, small interfering RNAs (siRNAs), and
clustered regularly spaced short palindromic repeats (CRISPR)-based
approaches, researchers can now modulate targets previously
considered “undruggable.” The recent successes of inclisiran for
PCSKO9 inhibition (5) and pelacarsen for lipoprotein(a) reduction are
examples of promising RNA-based approaches that produce clinically
meaningful outcomes in patients, while also having the potential to
alleviate some traditional concerns around dosing frequency and
patient adherence (6).

This expansion of available therapeutic options is more than
simply having additional options; it is also a major step forward in
targeting mechanisms of disease at their source. Rather than
inhibiting proteins after they are produced, RNA therapeutics
intervene earlier by preventing the translation of harmful
proteins, offering longer-lasting effects with less frequent dosing,
fundamentally reshaping the risk-benefit assessment for chronic
cardiovascular disease.

The integration of AI into this technological ecosystem
represents both tremendous promise and significant
responsibility. AI applications span from diagnostic imaging and
risk prediction to drug discovery and patient stratification, but the
most powerful applications will work to enhance human capabilities
to manage complexity rather than replace clinical judgment.
Aikawa et al. (2) rightly point out that the success of AI will
depend on the quality, representativeness of data, and algorithmic
transparency. If algorithms are trained on homogeneous
populations, they risk reinforcing rather than resolving disparities.
Diversity is both an ethical imperative and a scientific requirement
for developing rigorous, generalizable approaches.

The COVID-19 pandemic showed the possibilities available
when technological capabilities supported urgent clinical needs with
adequate resources (7, 8). The impressive speed and scale of the
messenger RNA (mRNA) vaccines demonstrated that timelines for
therapeutic development that used to take years could be shortened
to months when regulatory latitude, robust funding, and historic
stakeholder collaboration were channeled toward a common life-
saving goal. The challenge for cardiovascular medicine is to
maintain this level of integrated urgency for conditions that cause
an even greater cumulative burden than COVID-19, albeit
progressing over longer timescales rather than in acute surges.

The implementation imperative for
collaboration, equity, and global
impact

One of the most significant challenges facing precision
cardiovascular medicine may not be technological but
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One-size-fits-all to precision cardiovascular medicine
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FIGURE 1

The transformation from one-size-fits-all to precision cardiovascular medicine requires technological convergence and implementation imperatives.
(A) Traditional cardiovascular medicine assumes global population homogeneity, whereas precision medicine leverages heterogeneity across
multiple biological scales—from genomic and protein variation to cellular diversity and population-level differences—as informative signals for
patient stratification and targeted therapeutics. (B) Technological advances, including artificial intelligence and machine learning for pattern
recognition, multiomics platforms, and single-cell analysis technologies, enable mechanistic investigation through approaches such as network
medicine and personalized treatment strategies, including RNA therapeutics for upstream molecular targeting. (C) Successful implementation
requires collaboration between industry, academia, and policy leadership networks, supported by the following: interdisciplinary/intersectional/
international collaboration; robust data science infrastructure with appropriate collection and sharing policies; regulatory innovation to
accommodate precision medicine paradigms; and equitable policies ensuring patient access to precision therapeutics across diverse populations
and healthcare systems. Adapted in part from Aikawa et al. (2).
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organizational and social (Figure 1C). Systems-based approaches
are inherently complex and require unprecedented cooperation
across disciplines that have historically operated in relative
isolation. Molecular biologists must work closely with data
scientists, clinicians must partner with engineers, and
pharmaceutical companies must engage productively with
academic researchers. The advocacy of Aikawa et al. for breaking
down “silos” in research reflects hard-won experience showing that
precision medicine cannot be fashioned out of traditional
disciplinary compartmentalization.

The academia-industry collaboration paradigm discussed by
these authors represents an especially important evolution.
Standard academic research is typically good at exploring novel
mechanisms and pursuing high-risk, high-reward approaches,
whereas industry brings expertise in drug development, regulatory
navigation, and manufacturing scale-up. Precision cardiovascular
medicine will require new collaboration models that utilize their
respective strengths while fulfilling scientific rigor and properly
disclosing potential conflicts of interest. Aikawa et al. highlight
several successful examples of partnerships, but broadening these
models at scale across the research enterprise will require
institutional adjustments to how academic and industry
organizations measure their successes and distribute resources.

Perhaps the most difficult challenge is ensuring global equity in
access to precision therapeutics. Sophisticated molecular
diagnostics and personalized therapeutics will have little impact if
they remain limited to affluent populations. The COVID-19
pandemic exposed stark global inequities in access to vaccines
and therapeutics, underscoring the risk that precision medicine
could deepen disparities unless it is proactively addressed. The
authors accurately reveal the importance of a policy framework that
supports equitable access while forging new pathways of access for
further innovation.

Beyond access, the equity challenge also encompasses
representation in research itself. The molecular signatures that
define disease subtypes may vary across populations with different
genetic backgrounds and environmental exposures. Models of
precision medicine that have only been developed in populations
primarily with European ancestry may not be applicable to other
populations, potentially widening—not narrowing—health
disparities (9). Addressing this challenge requires not only
technology transfer and capacity building in low- and middle-
income countries, but also collaborative research partnerships
that are mindful of including diverse populations in drug
discovery and development from the outset.

The regulatory implications of precision cardiovascular
medicine also demand careful consideration. Traditional drug
development and approval processes rely on assumptions of
homogeneity in patient populations and binary efficacy endpoints.
Precision approaches may require new regulatory strategies to
evaluate therapeutics intended for molecularly defined subgroups,
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companion diagnostics that direct treatment selection, and
combination therapies that address disease through multiple
pathways at once. The authors note encouraging precedents from
precision oncology, but CVDs present unique challenges around
endpoint selection, patient stratification, and long-term safety
monitoring that may necessitate regulatory adaptation and new
evaluation frameworks.

Looking forward, the success of precision cardiovascular medicine
will ultimately be evaluated not by the sophistication of the
technologies used, but through the lens of the clinical impact.
Aikawa et al. offer compelling evidence that the tools and knowledge
necessary for transformation are either in existence or are developing
rapidly. What is now required is the collective courage and willingness
to embrace greater complexity while maintaining scientific rigor, to
engage in creative collaborations across traditional boundaries while
honoring individual contributions, and to develop sophisticated
therapeutic approaches while enabling equitable access. The path
from one-size-fits-all to precision cardiovascular medicine will not be
easy or quick, but with annual global CVD mortality projected to reach
26 million by 2030, we cannot afford to wait for perfect solutions. We
must act on the knowledge we already possess while advancing the
frontiers as outlined by Aikawa and colleagues.

The transition toward precision cardiovascular medicine is
underway. The key challenge lies in how effectively and rapidly it
can be implemented. Given the global burden of disease, sustained
and coordinated efforts will be essential to maximize its impact.
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