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Developing a molecular taxonomy for
traumatic brain injury: a perspective to
enable the development of diagnostics and

therapeutics

“Prodigious advances in genomics, proteomics and biomarker
development provide unparalleled opportunities for unraveling
TBI heterogeneity and complexity... in addition to refining
disease characterization, holding promise for precision medicine
to enhance patient care and outcomes.”
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Traumatic brain injury (TBI) is a major
cause of death and disability and one of the
greatest unmet needs in medicine and public
health [12]. It is considered “the most com-
plex disease of our most complex organ”,
strikingly heterogeneous in terms of mecha-
nisms, pathology, severity and treatment,
with widely varying outcomes [3]. To date,
traditional, unidimensional and insensitive
methods discretely categorize TBI as mild/
moderate/severe giving little insight into the
disease phenotype and individual specific
molecular pathophysiology behind the injury.
On the other hand, characterization and clas-
sification of TBI would require multidimen-
sional approaches able to encompass the clini-
cal reality of TBI consisting of a continuum
of severity and a spectrum of pathobiological
processes. Thus, there is a glaring need for
more objective and informative criteria to
support ‘softer’ clinical criteria and enhance
the pathophysiological specificity of the diag-
nosis and treatment. Prodigious advances in
genomics, proteomics and biomarker devel-
opment provide unparalleled opportunities
for unraveling TBI heterogeneity and com-
plexity, in addition to refining disease charac-
terization, holding promise for precision med-
icine to enhance patient care and outcomes
(National Research Council 2011).

Drug development in TBI has also faced
challenges due to the heterogeneity of the tar-
get population, inappropriateness of conven-
tional clinically based classification of TBI,
lack of mechanistic measures of efficiency
and safety of the treatment, limited trans-
lational value of preclinical data to human
studies and the use of variable and insensitive
outcomes measures [4]. Consequently, devel-
oping a molecular taxonomy for TBI might
have a substantial value in drug development
setting as well as in clinical trials, which
include:

¢ Indicating whether a TBI patient is likely
to benefit from a treatment and monitoring
the biochemical effects of the therapeutic
interventions (‘theragnostic’ biomarkers);

* Reducing diagnostic uncertainty and
screening for discrete and specific disease
mechanisms, enabling enrollment in clinical

trials of more homogeneous patient cohorts;

e Being used as a surrogate end point in a
clinical trial;

¢ Generating data regarding the pathophysi-
ological mechanisms and describing novel
molecular patterns that can represent an
innovative approach for drug discovery.
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Markers for reliable diagnosis, accurate classifica-
tion and to track disease course are indispensable for
research development and patient care.

The current status of biomarkers toward an
improved taxonomy for TBI

Biochemical markers have been proposed to offer addi-
tional value for better characterization and categoriza-
tion of TBI in individuals, potentially leading to more
targeted pathways for clinical management and care by
tailoring intervention to patient-specific pathophysiol-
ogy and phenotype [3]. Three main directions of clini-
cal research on biomarkers in TBI can be recognized
in the acute and sub-acute phases. In the more chronic
phases, biomarkers may indicate ongoing progressive
damage with neuronal and glial cell loss.

Biomarkers can potentially be used to differentiate
between neuronal and glial damage [5], thus reflect-
ing the central pathogenic processes in TBI, but also
extend to inflammatory, neurodegenerative and regen-
erative processes and alterations of the blood—brain
barrier.

“Biochemical markers have been proposed to
offer additional value for better characterization
and categorization of TBI in individuals, potential-
ly leading to more targeted pathways for clinical
management and care by tailoring intervention to
patient-specific pathophysiology and phenotype.

Discoveries and progress in the evaluation of multi-
modal biomarkers in TBI have been previously
described [6] and are not the subject of this article.
Based on the specific clinical utilities and applica-
tions, different technologies and modalities (imaging
and blood-based biomarkers) serve complementary
roles and their comparative value will have to be estab-
lished in prospective studies. An integrated multidisci-
plinary approach using biomarkers and imaging-based
assessments to improve diagnosis and classification
is required. This vision is now being realized within
the International Initiative for Traumatic Brain Injury
Research (InTBIR), a collaboration of funding agen-
cies [7]. For example, in the USA, the Transforming
Research and Clinical Knowledge in Traumatic Brain
Injury Pilot Study, a NINDS-funded multicenter, pro-
spective, collaboration has tested and refined Com-
mon Data Elements and explored neuro-imaging stan-
dards, and best practices for genetics and biomarkers
in TBI studies [8,9]. Several international collabora-
tive efforts are starting or ongoing in Europe such as
CENTER-TBI 1710] and TBICARE [18].

Biomarker panels are providing new insights into
the biology of disease. Broader definitions include
general laboratory values, genetic disposition, metabo-

lomic data and results of neuroimaging studies (CT,
MR, DTI, etc). To date, a variety of putative markers
with potential clinical utility in TBI and which pro-
vide opportunities for the development of a classifi-
cation scheme based on molecular profiles have been
discovered [11-14]. Ideally, biochemical biomarkers for
TBI should be brain-specific and also appear early
after injury. Nevertheless, many general lab assess-
ments, which are routinely performed, may provide
important therapeutic and prognostic information.
Some laboratory parameters may mainly reflect the
degree of injuries, but others may be related to pro-
gressive damage and delayed recovery processes. For
example, coagulopathy can cause more rapid increase
of contusional lesions, hyperglycemia may aggravate
pathophysiological pathways and hyponatremia may
enhance cerebral edema. Despite a large number of
biomarker studies in TBI, there is no hard high level
evidence that biomarkers can make the key transition
from technically demanding research tools to robust
clinical management tools that can be used in every-
day practice. Besides relatively small patient numbers
in studies, other specific issues confound an easy and
simple transition. These include heterogeneous charac-
teristics of patient population, brain specificity, trans-
port from brain to blood, influence of sample handling
and requirements for analytical standardization. Dif-
ferent transport mechanisms (resorption into capillar-
ies versus drainage into the CSF) will influence time
profiles and biomarker levels may not only depend
on the extent of cellular damage but also in particu-
lar on the degree of edema formation, which may be
indirectly related to blood pressure.

Initiatives in other CNS disorders to

develop molecular taxonomies & their
relevance to TBI

Similar strategies are being developed in other CNS
diseases such as neurodegeneration (AD, PD), oncol-
ogy and other therapeutic areas. CSF biomarkers
which track the key elements of Alzheimer’s pathology,
have been developed [15] to the point that revised diag-
nostic criteria for AD incorporating biomarker infor-
mation as diagnostic adjuncts in predementia stages
have been published by the Alzheimer’s Association
and the National Institute of Aging of the NIH [19].
Importantly, such efforts demonstrated a substantial
biological variability for biomarkers in addition to
intercenter and interlaboratory variation (due to pre-
analytical, analytical and postanalytical factors) across
studies, highlighting the need for extensive standard-
ization at different levels. To overcome this situation,
several standardization efforts have been initiated and
an international quality control (QC) program by
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the Alzheimer’s Association was launched in 2009 [16]
to monitor analytical variability for CSF biomarkers
and to provide a network where sources of variation
could be identified. The TBI community should learn
these lessons and use as a foundation to guide further
biomarker development and improvement.

Future perspective & Conclusion
The current unidimensional approach to TBI classifi-
cation has caused us to be like the prisoners chained
in Plato’s cave watching shadows projected on the wall.
A multimodal biomarker profile offers opportunities to
characterize and refine categorization and risk stratifica-
tion of patients with TBI by informing on the patholog-
ical characteristics of the injury, and pathophysiological
response of the brain.

However, only an integrated approach combining
use of biochemical and genetic markers and advanced
imaging with clinical examination will determine
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