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INTRODUCTION
Undoubtedly, we have become deeply 

omics.  In our quest to achieve precision 
medicine, we have attempted to unpeel 
several omic layers in cancer, including 
the genome, epigenome, transcriptome, 
proteome, lipidome, glycome, metab-
olome, and microbiome.  These ap-
proaches have yielded an unparalleled 
wealth of data and breakthrough dis-
coveries that have enabled us to better 
deconvolute the biology and aggressive-
ness of tumors, decipher the process of 
metastatic dissemination and tropism, 
characterize patterns of inheritance, 
identify candidate biomarkers, and un-
derstand mechanisms of therapeutic 
response and resistance.  For the clini-
cian and the individual patient, howev-
er, this information becomes relevant 
only if it can be translated into inform-
ing prognosis, guiding therapeutic deci-
sions, and improving outcomes overall.
As more sophisticated omic levels are 
introduced, the integration of these 

data becomes increasingly complex, and 
the clinical interpretation is made even 
more challenging.  Furthermore, the 
necessary technical and bioinformatics 

-
pense of executing omic studies makes 
it impractical to routinely implement 
such studies in the clinical setting.

As we delve into deeper layers of tu-
mor omics, it is worth taking a step back 
and revisiting these tumors on a more 
phenotypic level—both pathologically 
and radiographically—which is easily 
overlooked with this newfound molec-
ular knowledge.  In particular, a closer 
assessment of the histopathology and 
morphologic architecture of tumors and 
their microenvironment reveals that, 
indeed, the appearance of tumor cells 
and their surroundings under the mi-
croscope can serve as a microcosm of 

tumors.  That is, precise histologic fea-
tures conceivably appear the way they 
do as a consequence of omics.  Likewise, 
with improvements in anatomical and 

functional imaging techniques, cor-
relating the radiographic appearance of 

termed radiomics—may similarly re-
veal heretofore uncaptured information 
about a tumor’s biology from radiogra-
phy alone.  Novel approaches that inte-
grate the pathologic and radiographic 
phenotypes of cancers with their inher-
ent omics may thus serve as a powerful 
means by which to glean information 
about their biological behavior and po-
tentially inform clinical outcomes and 
therapeutic responsiveness in a more 
cost-sensitive and practical manner.

This concept forms the fundamen-
tal basis of machine learning in preci-

-
telligence strategies in medicine are 
designed to distill big data into practi-
cally useful means by streamlining the 
analysis, decreasing cost, increasing 
accuracy via automation, and yielding 
clinically relevant information at the pa-
tient level.  Conceptually, a deep learn-
ing model could be trained to harness 
and integrate clinical data, radiographic 
data, histopathologic data, and molecu-
lar (omic) data to yield information that 
could be used by the clinician in coun-
seling patients and in guiding treatment 
strategies (Figure 1).  Following training 
and validation of the initial model, the 
machine learning algorithm would then 
be able to output similar information 
with a high degree of accuracy, but with 
the need for less inputs.

As a case study, clear cell renal cell 

these concepts.  By virtue of its consid-
erable histologic and molecular intratu-
moral heterogeneity, broad spectrum of 
biological and clinical behavior, and re-
cent groundbreaking discoveries, ccRCC 
serves as a robust platform to illustrate 
the utility of machine learning in guid-
ing precision oncology.  Arguably the 
most comprehensive molecular charac-
terization of ccRCC to date, Clark et al. 
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-
topathologic or radiographic appearance of tumors and their microenviron-
ment—a phenotypic microcosm of their inherent molecular biology—has the 
potential to output relevant diagnostic, prognostic, and therapeutic patient-le-
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information about the biological behavior of the patient’s tumor(s), clinical prognosis, and treatment responsiveness.

r e c e n t l y 
conducted a multi-level omics analysis 
of ccRCC tumors and matched normal 
tissue by combining genomics, epig-
enomics, transcriptomics, proteomics, 
and phosphoproteomics.1  Through pro-
teogenomic integration, they discerned 
the functional impact of genomic alter-
ations in ccRCC and further character-
ized novel immune signatures in the tu-

provide evidence for rational selection 
of personalized therapies for patients 
based on ccRCC pathobiology, which is 
urgently needed in an era in which mul-
tiple frontline therapeutic regimens are 
available for metastatic ccRCC without 
a clear algorithmic approach.2  On a bio-
logical and prognostic level, the study by 

of the TRACERx Renal Consortium, 
who, in a series of three elegant studies, 
used multiregional targeted genomic 
analyses to describe clonal evolutionary 
patterns and explain metastatic compe-
tence of ccRCC tumors.3-5

-
ducting analyses of such depth, Cai et 
al. employed an alternative approach 
based entirely on histopathology to de-
velop a systematic ontology of ccRCC 
phenotypic variability across tumor 

architecture, cytology, and the micro-
environment.6  Remarkably, the authors 
reveal that a meticulous analysis of the 
histopathology alone may recapitulate 
clonal evolutionary trajectories, portend 
patient outcomes, and even inform dif-
ferential response to therapies, in much 
the same way that Clark et al. and the 
TRACERx Renal Consortium implicated 
using molecular data.1,3-5  They suggest 
that the morphologic appearance of tu-
mors captures their molecular environ-
ment on a phenotypic level.  Logically, 
this rather traditional approach of ana-
lyzing tumors pathologically, when inte-
grated with multi-level omics, may serve 
as the basis to train future deep learning 
models that may then require less data 
input to yield the same prognostic and 
therapeutic patient-level information 
relevant to personalized medicine.

Indeed, a similar conceptual frame-

applied across other cancer types as 
well.  As we traverse an age of big data, 
the challenge we will increasingly face 
is not so much how to generate more 
information, but rather how to use the 
information we gather.  Through multi-
disciplinary integration of radiology, pa-
thology, bioinformatics, and bench sci-
ence, machine learning will likely hold 

the key 
-

ly and help translate precision oncology 
into a clinical reality.
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