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We previously developed a network phenotyping strategy (NPS), a graph theory-based
transformation of clinical practice data, for recognition of two primary subgroups of
hepatocellular cancer (HCC), called S and L, which differed significantly in their tumor masses.
In the current study, we have independently validated this result on 641 HCC patients from
another continent. We identified the same HCC subgroups with mean tumor masses 9 cm X n
S and22cmxn ), P < 10, The means of survival distribution (not available previously) for
this new cohort were also significantly different (S was 12 months, L was 7 months, P <107).
We characterized nine unique reference patterns of interactions between tumor and clinical
environment factors, identifying four subtypes for S and five subtypes for L phenotypes,
respectively. In L phenotype, all reference patterns were portal vein thrombosis (PVT)-positive,
all platelet/alpha fetoprotein (AFP) levels were high, and all were chronic alcohol consumers.
L had phenotype landmarks with worst survival. S phenotype interaction patterns were PVT-
negative, with low platelet/AFP levels. We demonstrated that tumor—clinical environment
interaction patterns explained how a given parameter level can have a different significance
within a different overall context. Thus, baseline bilirubin is low in S; and S,4, but high in S, and
S5, yet all are S subtype patterns, with better prognosis than in L. Gender and age, representing
macro-environmental factors, and bilirubin, prothrombin time, and AST levels representing
micro-environmental factors, had a major impact on subtype characterization. Clinically
important HCC phenotypes are therefore represented by complete parameter relationship

patterns and cannot be replaced by individual parameter levels.
Semin Oncol 41:185-194 © 2014 Elsevier Inc. All rights reserved.

he idea that tumors grow in part due to the

influence of their environment is not new.'

We understand tumor clinical environment
to be any aspect of the milieu in which a tumor
arises, that can potentially influence its behavior.
Thus, age”> and genderi can influence the hormonal
milieu of the liver. We regard such clinical factors as
macro-environmental. The altered liver function that
is part of the changed cytokine and inflammatory
marker cascade resulting from alcoholism or

9Department of Medicine and Center for Craniofacial and Dental
Genetics, University of Pittsburgh, Pittsburgh, PA.

bDepau‘tment of Liver Tumor Biology IRCCS de Bellis, National
Institute for Digestive Diseases, Castellana Grotte , BA, Italy.

Conflicts of interest: none.

Grant support: ERZ-CZ LL1201 (CORES) to P.P. and NIH grant CA

82723 to B.L.C.

Address correspondence to Brian 1. Carr, MD, FRCP, PhD, IRCCS *S.
de Bellis’, via Turi 27, 70013 Castellana Grotte (BA), Italy. E-mail:
brianicarr @hotmail.com

0093-7754/ - see front matter

© 2014 Elsevier Inc. All rights reserved.

http:/dx.doi.org/10.1053/j.seminoncol.2014.03.001

Seminars in Oncology, Vol 41, No 2, April 2014, pp 185-194

hepatitis and that is reflected in blood bilirubin,
albumin, INR, or ALT/AST levels, we consider to be
clinically micro-environmental.>*® Both the processes
of hepatocarcinogenesis and growth of hepatocellu-
lar carcinoma (HCC) involve a two-way influence of
the effects of hepatitis viruses, alcohol or carcino-
genic mycotoxins on the liver, as well as the reaction
of liver components to these chronic and damaging
agents. At the level of tissue organization, there are
changes in extra cellular matrix components, as well
as angiogenesis and chronic inflammation, that are
both consequent on the damage and then become
necessary components of the developing tumor
environment. Some of the biochemical processes
have been identified to include oxidative stress,
apoptosis, autophagy, and the immune system. ™’
The tumor stroma and micro-environment both have
been shown to have characteristic and prognostic
molecular signatures,'*™'> but their components also
are seen to be an attractive target for the new
molecularly designed therapies.®”' Some of the
cell types that are involved, and their products, are
now becoming identified.'®™'? The effects of clinical
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environment (macro and micro) on tumor biology
are not simple, nor are the studies and questions and
tools for finding answers. At the same time, novel
experimental methods bringing detailed insights
about the micro-environmental contributions to
disease mechanisms are increasingly powerful.
A methodology is needed for finding the optimal
intersection of the clinical and molecular directions
in tumor-environment research and its clinical
interpretation and application. Ideally, tumor-envi-
ronment models and their diagnostic and prognostic
results should use these two information resources
simultaneously, in the full mutual context. In this
article, we open a clinical direction towards this
unification with an approach prepared for incorpo-
rating both avenues. Our motivation is that if the
standard clinical characterization of the patient in
terms of our understanding of micro- and macro-
environmental clinical factors and the disease status
can bring new insights. This would allow direct
integration of the results of novel experimental and
molecular biology studies with clinical practice data
and thus improve the “bedside translation”. We
suggest and demonstrate here that with better
characterization of the clinical disease heterogeneity,
it is more likely that relevant hypotheses can be
formulated and tested through complex studies with
better design and patient status identification.

We present several novel results. First, we vali-
dated the Network Phenotyping Strategy (INPS)-
based classification model,” developed by us pre-
viously for recognition of HCC subtypes using the
extensive screening data on 4,139 subjects.”’ We
applied this model without change, to independ-
ently collected data from another continent, and
confirmed that the same HCC subtypes and the
characteristic patterns of relationships were also
identified. Since we had survival data for this new
data set (which was not available in the previous
study), we next showed that the identified HCC
subtypes have significantly different survival and
thus prognosis. With this additional validation, we
then analyzed the clinical and relationship pattern-
based characteristics of the identified HCC subtypes
and provided their interpretation in terms of the
tumor—clinical environmental interactions.

METHODS

We approached the extraction of novel informa-
tion from a standard set of baseline clinical param-
eter data at diagnosis, used in routine clinical
practice clinic for HCC evaluation, in a way that
allows us to better characterize HCC clinical hetero-
geneity. We have previously demonstrated that this
can be done by application of graph theory tools.
Mathematical graphs, when properly selected, can

capture what at first sight are complicated relation-
ship patterns, in an elegant and, most importantly, in
a manageable and clinically understandable way. We
call this new graph-based approach the Network
Phenotyping Strategy (NPS).>>*' NPS transformation
of clinical practice data enabled us to adopt a new
paradigm in which we examined the levels of
individual typical parameters used in standard base-
line evaluation and clinical categorization of HCC
within the context of all the other identified clinical
parameters.

In the concrete application of this general
approach to problems of HCC, the changed para-
digm allowed us to use common clinical blood test
parameters together with demographic descriptors,
and gain novel information from analyzing the
relationship patterns by considering their values
and levels simultaneously. This novel paradigm is a
mathematical incarnation of the common clinical
question of the following type: a single 8-cm HCC
mass in an apparently normal liver carries a quite
different prognosis and treatment approach from a
similar 8-cm mass in the presence of multiple
cirrhotic nodules, elevated bilirubin, and/or ascites.
We considered how to take all these important inter-
relationships simultaneously into account and under-
stand their impact on the prognosis or treatment of a
concrete patient. We demonstrate here that NPS
transformation of the data enables not only high-
level analysis of information in the relationship
patterns between all used clinical variables, but it
also provides results in a form that is directly and
simply interpretable in clinical terms.

Our NPS approach uses the clinical study and/or
clinical practice data and with the consideration of
all available clinical information that is relevant for
the disease. This pre-processing of the data allows us
to encode the standard clinical information in a
consistent manner for very diverse data types as
the partitions and vertices of a network graph,
which in turn represent complete relationship pat-
terns between the clinical data levels and types.
Once this is done, it is trivial to represent a personal
relationship pattern for every patient, since we
generate a k-partite graph in which the actual
clinical variable levels, found through the baseline
diagnostic tests and data collection for an individual
patient, are represented by separate vertices in
the respective partitions. These actual levels are
then connected by edges (lines), representing all
co-occurrences of these levels in the concrete per-
sonal clinical profile.

The advantage of this approach is the simplicity of
the next step, in which we capture the relationship
pattern information from an entire cohort into a
“study graph”. The study graph is simply a union
(generated by addition of all personal clinical profile
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