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INTRODUCTION

The classification of cancer has traditionally relied on
organ of origin and histological characteristics observ-
able through microscopy. This approach has been foun-
dational to our understanding of cancer biology and
treatment for over a century, shaping how we diagnose,
research, and treat various forms of cancer. However, as
our knowledge of cancer biology has advanced, it has be-
come increasingly clear that the traditional classification
system is at odds with the principles of modern precision
oncology.

Recent developments in molecular profiling and ad-
vanced imaging techniques have revealed a more complex
picture of cancer biology. We now understand that tumors
arising in different organs can share key molecular and
morphological features, while tumors in the same organ
can be strikingly heterogeneous at multiple levels of anal-
ysis. This heterogeneity extends beyond simple histolog-
ical differences to encompass a wide range of genetic,
epigenetic, and functional characteristics.

Traditional cancer classification based on organ of origin and histology is in-
creasingly at odds with precision oncology. Tumors in different organs can share
molecular features, while those in the same organ can be heterogeneous. This
disconnect impacts clinical trials, drug development, and patient care. Recent
advances in artificial intelligence (AI), particularly machine learning and deep
learning, offer promising avenues for reclassifying cancers through comprehen-
sive integration of molecular, histopathological, imaging, and clinical character-
istics. Al-driven approaches have the potential to reveal novel cancer subtypes,
identify new prognostic variables, and guide more precise treatment strategies for
improving patient outcomes.

The disconnect between traditional organ-based classi-
fication and emerging multimodal approaches has signif-
icant implications for various aspects of cancer research
and treatment. It affects the design and interpretation of
clinical trials, potentially obscuring important subgroup
effects or leading to the development of therapies that
are effective only in a subset of patients within a broadly
defined cancer type. In drug development, this discrep-
ancy can result in missed opportunities or the pursuit of
therapies that may not be optimally targeted. Ultimately,
this impacts patient care, as treatment decisions based on
broad classifications may not always align with the spe-
cific biological characteristics of an individual's tumor.

In recent years, artificial intelligence (AI), particularly
machine learning and deep learning, has emerged as an
important tool for addressing these challenges. Al offers
new avenues for reclassifying cancers based on a compre-
hensive integration of molecular, imaging, histopatholog-
ical, and clinical characteristics. Advanced computational
methods can analyze vast amounts of multimodal data,
identifying patterns and relationships that may not be
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apparent through traditional disease classification meth-
ods. By embracing the full complexity of tumor biology
through Al-enabled multimodal analyses, we can move
beyond the historical constraints of organ-based and his-
tological classifications and towards a new era that truly
delivers on the promise of personalized medicine for pa-
tients with cancer.

THE EVOLUTION OF CANCER
CLASSIFICATION

The evolution of cancer diagnosis reflects the progression
of medical science, from ancient empirical observations to
contemporary molecular techniques. The earliest docu-
mented description of cancer dates to ancient Egyptian
papyri, with Hippocrates subsequently introducing the
terms “carcinos” and “carcinoma” to describe solid tu-
mors.! Advances in surgical exploration, microscopy, and
immunohistochemistry have incrementally enhanced our
capacity to diagnose and classify neoplasms.

The surgical treatment of cancer patients in the 18th
and 19th centuries led to the codification of anatomi-
cal tumor classification, as surgeons categorized tumors
based on their location and gross appearance. This ap-
proach was further refined with the advent of microscopy
in the late 19th century, which enabled the development
of histological classification systems. Recent years have
witnessed the emergence of sophisticated molecular pro-
filing techniques, including next-generation sequencing,
transcriptomics, and proteomics at single-cell resolution,
providing unprecedented insights into cellular heteroge-
neity and molecular pathways.

Despite the recent advances, current disease classifica-
tion systems remain predominantly anchored in anatom-
ical location and histological features. This framework,
rooted in historical medical practices rather than reflective
of our evolving understanding of underlying biological
processes, constrains the full exploitation of cutting-edge
diagnostic modalities, impeding the development of more
precise therapeutic strategies.

LIMITATIONS OF CURRENT
CLASSIFICATION SYSTEMS

The current cancer classification system, based primarily
on anatomical origin, is a historical artifact with signifi-
cant limitations. For example, terms such as “lung can-
cer” stem from early surgical observations of anatomic
tumor locations and past diagnostic constraints. This
approach can be misleading in modern oncology, as can-
cers from the same organ often exhibit diverse molecular

drivers and biological behaviors. Non-small cell lung can-
cer (NSCLC) exemplifies this problem, paradoxically de-
fining what the cancer is not, rather than what it is. This
classification, based on human visual inspection of histo-
pathology, groups together a heterogeneous array of ma-
lignancies with distinct molecular profiles and treatment
responses, obscuring crucial differences at the mechanis-
tic and molecular levels of analysis.

The essential tenet of precision medicine postulates
that administering the right therapy to the right patient at
the right time and dose should theoretically result in 100%
response to treatment. However, in practice, we often fall
short of this goal, not because the principle is flawed,
but because our current disease classification methods
frequently fail in matching the right therapy to the right
patient. This is demonstrated by the inherent inter- and
intra-observer variability in human sensory-based assess-
ments across multiple diagnostic modalities, including
histopathology and radiology.”

The distribution of tumor responses observed across
cancer clinical trials and the point of care consistently
reveals a heterogeneous patient population with variable
degrees of clinical benefit, with a substantial proportion
of patients with metastatic disease deriving minimal to no
therapeutic advantage due to reliance on traditional dis-
ease classification schemas for treatment selection.

THE PROMISE OF AI-DRIVEN
MULTIMODAL DISEASE
CLASSIFICATION

Al is emerging as a critical tool in oncology, offering un-
precedented opportunities for reimagining current cancer
classification standards. The integration of AI method-
ologies with diverse data modalities can take us beyond
the limitations of traditional classification systems and
toward a more nuanced, mechanistic understanding of
cancer biology.

Digital pathology and Al-assisted
histopathology

Convolutional neural networks (CNNs) have demon-
strated remarkable capabilities in analyzing whole slide
images (WSIs). These deep learning models, inspired
by the human visual cortex, employ multiple layers of
interconnected nodes to automatically learn hierarchi-
cal features from images, enabling them to recognize
complex patterns with high accuracy.’ For instance,
a deep learning system for Gleason grading of pros-
tate biopsies achieved a level of agreement with expert
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uropathologists, and a higher performance compared
with general pathologists.> Such level of performance
not only enhances diagnostic accuracy but also has the
potential to standardize grading across institutions, ad-
dressing a critical need in clinical practice. Moreover,
Al-assisted digital histopathology can dramatically im-
prove workflow efficiency, having been shown, for ex-
ample, to reduce diagnosis time by up to 62% for plasma
cell identification and 33% for lymph node metastasis
detection, while also decreasing diagnostic uncertainty
and additional testing requests by over 60%.*

Perhaps the most transformative potential of Al in dig-
ital histopathology for disease reclassification lies in its
ability to identify de novo features that speak to new dis-
ease phenotypes, transcending the limitations of human
visual assessment and traditional staining methods. Deep
learning models can analyze WSIs at a level of detail and
dimensionality far beyond human capability. These mod-
els can identify subtle patterns and features in tissue ar-
chitecture, cellular morphology, and spatial relationships
that may be imperceptible or overlooked by human observ-
ers.” For instance, deep learning methods have identified a
novel prognostic marker for patients with colorectal can-
cer by classifying variations in the stromal microenviron-
ment of tumors.® A recent pan-cancer analysis applying
deep learning to histopathology images across multiple
cancer types discovered novel morphological features
predictive of specific gene mutations.” These mutation-
associated features represented previously unrecognized
patterns in tissue architecture and cellular morphology. In
endometrial cancer, an Al-powered analysis of WSIs has
identified a distinct subset of patients with significantly
inferior progression-free and disease-specific survival.®

Bridging the gap between morphology and
molecular features

The ability of Al to integrate information across multiple
scales, from subcellular features to tissue-wide patterns,
offers a unique opportunity to bridge the gap between
morphological and molecular classifications. Deep learn-
ing model have been able to predict a range of molecu-
lar features, including gene mutations and microsatellite
instability, directly from H&E-stained WSIs in colorectal
cancer.” A recent study has shown that a deep learning
framework can predict genome-wide tumor mRNA ex-
pression from WSI while being capable of predicting re-
sponses to targeted and immune therapies based on the
inferred expression values.'

The convergence of morphological and molecular data
facilitated by Al-driven analysis has significant implica-
tions for reclassifying oncological diseases. By correlating
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visual patterns observed in histological samples with spe-
cific genomic alterations and expression profiles, these
methods can yield classifications that are both biologi-
cally meaningful and clinically relevant. This integrative
approach enable the identification of new cancer pheno-
types characterized by unique combinations of morpho-
logical and molecular features.

Radiomics and Al-enhanced imaging
analysis

Al-enhanced radiomics has demonstrated remarkable ef-
ficacy in improving the accuracy and consistency of can-
cer detection, characterization, and staging across various
imaging modalities. Deep learning models, particularly
CNNs, have shown exceptional performance in tasks such
as lung nodule detection and classification on CT scans.
For example, a lung cancer screening study utilizing CNNs
achieved a performance surpassing that of experienced
radiologists in tumor detection."’ Moreover, Al-driven
radiomics has shown promise in identifying new patients
groups with superior response to radiotherapy, offering
valuable information to guide clinical decision-making.'*

Al-enhanced radiomics can also identify de novo im-
aging features and patterns that may reveal new disease
phenotypes or provide insights into underlying biological
processes. A recent study identified four novel radiomics
features common to three malignancies, with each feature
having unique molecular characteristics and prognos-
tic implications."® Such studies demonstrate the value of
quantitative imaging features in identification of novel
phenotypes in traditionally-defined tumor types, paving
the way for the development of more mechanistically-
aligned predictive and prognostic biomarkers.

Multimodal and multi-omics integration

Multimodal deep learning approaches, such as attention-
based networks and graph neural networks (GNNs), can
combine imaging, histopathology, and molecular data to
offer a more comprehensive view of tumor biology. In
multi-omics analysis, techniques such as autoencoders
and variational autoencoders (VAEs) have demonstrated
remarkable capabilities in integrating genomic, transcrip-
tomic, and proteomic data. These methods can compress
high-dimensional data into lower-dimensional latent
spaces, revealing novel cancer subtypes.'*!> Advanced
dimensionality reduction techniques, including self-
organizing maps (SOMs), t-distributed stochastic neighbor
embedding (t-SNE), and uniform manifold approximation
and projection (UMAP) have been successfully applied
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Al-driven classification

Integration of molecular,
imaging, histopathological, and
clinical characteristics

Reflective of evolving
understanding of biological

Potentially more objective and

Comprehensive integration of

Feature Current classification system
Primary basis Anatomical location and

histological features
Origin Historical medical practices

processes

Precision Limited by inter- and intra-

observer variability reproducible
Molecular Limited integration of molecular
insight data multi-omics data

Novel features

Data integration

Limited ability to identify new
subtypes

Primarily relies on single
modality

Can identify de novo features
and patterns

Integrates multiple data
modalities (imaging, pathology,
genomics, etc.)

Potential for improved precision
in treatment selection

Aims to reflect underlying
disease mechanisms more

Potential for improved
standardization of diagnostic

Treatment Often leads to suboptimal
matching therapy matching
Biological May group heterogeneous
relevance cancers together

accurately
Standardization Varies across institutions

criteria
Prognostic value  Limited by broad groupings

Can reveal new prognostic
indicators

TABLE 1 Comparison of current and
artificial intelligence (AI)-driven cancer
classification systems.

of heterogenous patient
populations

to visualize high-dimensional omics data. These meth-
ods project complex, multi-dimensional datasets onto
two-dimensional spaces, facilitating the identification of
patterns and relationships within the data.'® Such visu-
alizations can reveal intricate molecular landscapes and
novel subgroups, challenging existing classification para-
digms and providing insights into biological processes and
disease mechanisms.

DISCUSSION

Al is a powerful tool for reimagining existing cancer clas-
sification standards, offering the potential to bridge the
gap between the promise of precision oncology and its full
clinical realization. Al-powered cancer classification in-
verts the current diagnostic paradigm by leveraging high-
resolution, multi-omic profiling strategies and de novo
features extracted using computational methods that aim
to closely reflect underlying disease mechanisms, forming
the foundation of a new disease classification system. This
bottom-up methodology reduces reliance on subjective
human interpretation of diagnostic results, prioritizing
molecular and functional characteristics over traditional

anatomical and histological features. By anchoring clas-
sification in comprehensive multi-omics profiles and ob-
jectively reproducible image-based assessments, we can
achieve a more nuanced and biologically relevant taxon-
omy of cancer (Table 1).

The implementation of a computationally-powered
cancer classification system necessitates addressing sev-
eral challenges, including data standardization and inte-
gration, algorithm interpretability, appropriate methods
for clinical validation, ethical considerations, and compu-
tational infrastructure requirements. The path forward re-
quires close collaboration among clinicians, researchers,
and AI specialists to ensure that the applied methodolo-
gies are rigorously validated and appropriately integrated
into clinical practice. This interdisciplinary effort is essen-
tial to ensure the biological relevance and clinical utility of
the derived classifications. By moving beyond the histori-
cal constraints of organ-based and histological classifica-
tion systems, we can move closer to a new era of precision
oncology that truly delivers on the promise of personal-
ized medicine for patients with cancer.
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