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Abstract
Traumatic brain injury (TBI) is an insult to the brain resulting from an external force and is a
significant cause of morbidity and mortality in the United States. No effective clinical
therapeutics currently exist for this injury. Although several therapies and procedures have been
deemed successful for TBI treatment in preclinical research studies, they have yet to be
translated into human patients. These discouraging results have left many scientists questioning
the role of animal models in drug discovery for TBI.

One major hurdle in translating the knowledge obtained in the laboratory to the clinic is the
methodological variance across these studies. This variance can hinder the ability to draw
conclusions from conflicting studies and aggregate data across various research studies, which
ultimately impedes the ability to aggregate data across these studies. Therefore, addressing this
variance is crucial for bridging the gap between the laboratory and the clinic. The increasing
volume of papers and associated data being published every day makes this hurdle even more
difficult to overcome. The initial steps to address these knowledge gaps are identifying these
studies and creating a shared knowledge framework for mapping their terminology. We are
developing the Brain Injury Knowledge Ontology (BIKO) to create a standardized model to
describe methods and outcome measures used within preclinical and clinical TBI therapy studies
to facilitate comparison across studies and models. The first version of BIKO focuses on
modeling the major preclinical TBI models, e.g., Controlled Cortical Impact Model, Fluid
Percussion Model, and Weight-Drop Model), major neurological injuries related to these models
and their relationship to clinical pathophysiology. We show how BIKO provides a
machine-readable way to represent the methodologies used in TBI therapeutic studies to compare
models across clinically relevant features.
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Introduction
Traumatic brain injury (TBI) is a significant health issue predicted to be a leading cause of
disease burden globally by 2030 (Mathers and Loncar 2006). In the United States alone, TBI
affects an estimated 1.5 million people each year, claiming the lives of approximately 50,000
people annually (Korley et al. 2016) and leaving the remainder often with significant disabilities.
A TBI is caused by an insult to the brain by an external force originating from an injury event
(e.g., car accident, fall, motor vehicle accident, blast). TBI is a very complex injury involving
two distinct stages: primary and secondary. Primary injury is the initial injury to brain tissue
caused by mechanical disruption at the time of injury, activating many biological pathways.
Secondary injury represents the ongoing injury initiated by the primary injury that can last for
minutes, hours, or years. Due to the multitude of activated pathways, TBI is also a risk factor for
other neurological diseases that decrease life quality in these patients, including epilepsy (Salazar
et al. 1985; Jennett and Lewin 1960; Coulter et al. 1996), sleep disorders (Wilde et al. 2007;
Castriotta et al. 2007; Verma, Anand, and Verma 2007), stroke (Liu et al. 2017; Burke et al.
2013), Alzheimer dementia (Green et al. 2020; Masel and DeWitt 2010), and Parkinson disease
(Delic et al. 2020; Masel and DeWitt 2010).

Due to the complexity and potentially long time scale of the second stage of TBI, it has been
challenging to create successful treatments. In 2019 alone, the National Institutes of Health spent
an estimated 133 million dollars on TBI research, with approximately $12 million on preclinical
therapeutic studies (National Institutes of Health 2020). The majority of our current
understanding of how the brain responds to TBI and potential therapies comes from animal
studies. While many preclinical studies have successfully reduced neuronal cell death following
injury, these results have not successfully translated to human patients. In hopes of understanding
this gap in translation, several groups have examined potential reasons why these therapies have
not been successfully translated to clinical studies. Their conclusions identified insufficient
preclinical sample size, functional outcome measurements, and biomarkers used, or potential
interactions between therapy and anesthetic used in preclinical animals (Kabadi and Faden 2014;
Loane and Faden 2010; Loane, Stoica, and Faden 2015). As the pre-clinical literature is vast,
comprising several thousand published studies, it is difficult for a human to compare these
studies to gain an understanding of how methodological variance impacts outcomes.

An initial step towards addressing the translation of knowledge within and to the clinic is to
provide a structured framework for standardizing terminology and relationships between TBI
concepts within the TBI field - an ontology. There is currently no ontology to organize and aid
TBI translational research. In simple terms, an ontology is a map or framework that assists
computers in processing and categorizing information about a specific domain to facilitate
scientific discovery and data integration. Ontologies have been successful in organizing a field,
with efforts like Gene Ontology to align gene products over multiple species and biological,
molecular, and cellular function (Botstein et al. 2000; Gene Ontology Consortium 2001; “[PDF]
A Short Study on the Success of the Gene Ontology ..,” n.d.). The use of GO as an annotation
standard has resulted in large knowledge bases that allow scientists around the world to identify
genes and functions across species and create gene networks predicting the relationships between
genes (The Gene Ontology Consortium 2019; Pirooznia et al. 2012; Montojo et al. 2014; Maere,
Heymans, and Kuiper 2005).
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The Brain Injury Knowledge Ontology (BIKO) is designed to provide a standardized method to
assert experimental design parameters (injury models and methods) and outcome measures used
in preclinical and clinical TBI therapy studies. We describe here the first release of BIKO, which
is focused on modeling the relationship between clinical and preclinical TBI, the major
preclinical TBI models and assessments used to assess pathological, cognitive, and behavioral
outcomes of TBI.

Methods
BIKO-TBI (RRID:  SCR_024628) was developed using the OWL 2 Web Ontology Language and
RDF Schema. We used WebProtege (RRID: SCR_024627), Protege (RRID: SCR_003299,
version 5.5.0), and the Python RDFlib (RRID: SCR_024629, version 7.0.0) ontology
development tools to structure and build the ontology and Hermit (RRID:SCR_016006), version
1.4.3.456) was used for the reasoning. Each BIKO entity is assigned both a compact identifier of
the form BIKO:###### and has an Internationalized Resource Identifier (IRI) -
https://www.bikotbi.org/uri/{compact_identifier}. Relevant terms were imported from
pre-existing ontologies identified and accessed through Bioportal (Musen et al. 2008; Salvadores
et al. 2013; Whetzel et al. 2011) or Ontology Lookup Service (Côté et al. 2006, 2008; Harrow et
al. 2018; Jupp et al. 2015).

BIKO was designed in accordance with best practices espoused by the Open Biological and
Biomedical Ontology (OBO)(The OBO Foundry 2021) and FAIR principles (Wilkinson et al.
2016; Guizzardi 2020; Garijo and Poveda-Villalón 2020). Such practices include providing open
access to BIKO (Final Github version #), using a common formal language (OWL) to enhance
interoperability, and adopting a modular design. We used components from the Basic Formal
Ontology (BFO) upper ontology to promote interoperability with similar ontologies, principally
the Regenebase ontology for pre-clinical spinal cord injury (Callahan et al. 2016)(Figure 1),
Alzheimer's Disease Ontology (ADO,(Malhotra et al. 2014)) and Epilepsy Ontology (EPIO,
(Sargsyan et al. 2023)). Thus, the top structure of BIKO-TBI comprises 4 classes: attribute,
information content entity, material entity, and process, a subset of the upper-level RegenBase
ontology (Fig 1). BIKO is accessible in multiple formats (.owl, .ttl, .rdf), including as a single
file. The merged version of BIKO underwent manual curation to integrate ontology slims into the
core structure of BIKO.
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Figure 1. Top Level Ontology Schema. BIKO-TBI was developed to align with similar ontologies like Regenbase,
Alzheimer's Disease Ontology (ADO), and Epilepsy Ontology (EPIO). This figure illustrates the alignment of the
top-level schema across the two ontologies and the associated BIKO subclasses, with BIKO containing the same
upper-level classes, allowing for interoperability across the two neurotrauma knowledge bases.

The structure and content of BIKO are constructed from multiple knowledge sources to increase
reuse and interoperability, including:

1) pre-existing terms within community ontologies: Relevant terms and classes from
community ontologies were identified through BioPortal. All mapped terms were
mapped by one of two methods. For branches containing less than 10 terms, they were
linked to their IRIs using the rdfs:SeeAlso (“RDF 1.2 Schema” n.d.) annotation property.
For branches containing 10 or more terms, a second method involved creating a slim
version, a condensed subset of an external ontology branch. These slim modules
underwent manual curation and were integrated into the core structure of the merged
version of BIKO. Branches of Foundational Model of Anatomy (FMA, Brain Segment -
FMA:55676, version 5.0.0) and National Cancer Institute Thesaurus (NCIT, Organism -
NCIT:C14250, version 23.09d). Future versions will include a merged slim from
Uber-anatomy ontology (UBERON). Using these two mapping approaches, we aimed to
streamline BIKO's management, maintenance, and organization.

2) the scientific literature: Major classes and entities related to clinical and preclinical
TBI were derived from reviews and primary experimental papers on TBI identified
through multiple manually curated PubMed searches related to preclinical models of TBI.

3) TBI domain experts: Domain experts from the PRECISE-TBI initiative provided
expert knowledge and feedback on BIKO structure and content. PRECISE-TBI
(PREClinical Interagency reSearch resourcE for Traumatic Brain Injury) is an
interagency (VA, NIH, DoD) project designed to elevate “rigor, reproducibility,
transparency” in preclinical TBI research to improve translation to the clinic.
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4) PRECISE Model Catalog (RRID:SCR_024626) and pre-clinical TBI CDE’s:
BIKO-TBI is an application ontology and an information system that will be used by
downstream tools such as knowledge bases and other computational methods to integrate
and analyze TBI data. As such, we aligned preclinical TBI CDEs (Smith et al. 2015;
Hicks et al. 2013) to BIKO classes and added sample metadata from 42 studies listed in
the PRECISE-TBI model catalog. These studies were considered instances of the major
pre-clinical model types. The Model Catalog is a queryable online knowledge base to
discover and compare preclinical TBI models and link them to additional information
such as protocols and datasets model literature metadata (scicrunch.org/precise-tbi,
precise-tbi.org).

Evaluation of BIKO-TBI

To ensure the methodological rigor of the model and the associated system performance, a set of
competency questions was developed to guide development and check accuracy. The queries
listed below were developed to the current version’s performance.

● CQ1: Find all preclinical models of open head injury.
● CQ2: Find all open head injury models with predominant focal damage.
● CQ3: Show all preclinical assessments of motor function.

Results
Overview of BIKO V1.0: Figure 2 provides an overview of the contents of BIKO-TBI V1.0.
BIKO-TBI (Fig 2) contains 15543 terms with imports from FMA and NCIT. Most of the terms in
BIKO-TBI v.1.0 contains associated synonyms or abbreviations, definition, definition source,
and external identifier.

Figure 2 - Current status of BIKO as of October 2023. A pre-release of the ontology .owl file is available at
https://github.com/MCSZ/bikotbi.io/releases

BIKO v1 focuses on modeling both TBI and pre-clinical models of TBI. Following the modeling
in RegenBase, a TBI is considered a type of injury resulting from an injury event involving a
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force applied to the head. The injury itself is considered a process, also following RegenBase.
The advantage of modeling injuries like TBI as a process, as opposed to a continuant (something
that exists at discrete time points), is that it provides the flexibility to capture the dynamic nature
of the injury and allows for additional modeling of its temporal aspects.

In BIKO, injuries are classified into two types, controlled or uncontrolled, to distinguish between
the injuries experienced by subjects in the laboratory versus clinical injuries sustained in the real
world through events such as accidents, explosions, etc. (Fig 3).

Figure 3 - Modeling traumatic brain injury (TBI) as a process. The model distinguishes between preclinical TBI
models and clinical TBI via the paradigms used to produce TBI.

TBI Model
As BIKO was designed to facilitate the comparison of preclinical models of TBI to the clinical
condition, we focused in the initial version on creating definitions of the major model types (Fig
3). Specifically, we concentrated our efforts on the 4 major TBI models: the controlled cortical
impact, fluid percussion, weight drop, and blast models to make the development more
manageable. Within BIKO, define a preclinical model of TBI as a process whereby a laboratory
animal in a controlled laboratory environment receives a TBI according to a specification
provided in a protocol. Protocols are, therefore, represented as information content entities
comprising instructions, procedures, and methods created by and used in the TBI field to cause a
brain injury. Each protocol records the intended mechanism of injury (e.g., fluid wave impact)
and the materials and methods required, e.g., devices used to effect the injury. Protocols are then
executed in a laboratory, initiating the injury event (blast, controlled cortical injury) within an
animal, resulting in a TBI (Fig 4). This injury protocol is one of the distinguishing differences
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between a TBI occurring in the lab (controlled setting) versus a clinical TBI (uncontrolled
setting).

Execution of the standard protocol for each model results in TBIs in animals that share
phenotypic features with the clinical condition, including injury type (focal vs diffuse injury),
integrity of the skull (closed versus open injury), and the general area of injury (e.g., midline,
lateral to bregma). To relate pre-clinical TBI to outcomes, we have also included the major types
of assessments used to measure anatomical, physiological, and behavioral outcomes of TBI as
types of planned processes (BIKO:000073). For the latter, we include the most common
preclinical behavioral tests and relate them to the domain they are asserted to measure e.g.,
cognitive or motor function.

Lastly, with the significant effort being put into the development and use of CDEs for
pre-clinical TBI (La Placa et al., 2021) via the PRECISE project (https://www.precise-tbi.org/) to
harmonize across datasets, we have started to align the concepts in BIKO with these CDEs.
CDEs clearly distinguish between the different types of models and the associated data obtained
from these preclinical models. When these CDEs are harmonized with concepts in BIKO, it
enhances data interoperability, enabling data sharing across diverse injuries, and plays an
important role in the development of downstream applications like knowledge bases.

Figure 4 - Modeling preclinical TBI protocol and the injury caused by implementing the protocol in BIKO. The
figure illustrates the relationship between a controlled injury and a TBI model, where a controlled injury
hasProtocol Preclinical TBI model protocol.

Modeling TBI injury
As noted previously, the classification of a preclinical model of traumatic brain injury as a

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 1, 2023. ; https://doi.org/10.1101/2023.10.29.564650doi: bioRxiv preprint 

https://www.precise-tbi.org/
https://doi.org/10.1101/2023.10.29.564650
http://creativecommons.org/licenses/by-nc-nd/4.0/


process offers the advantage of capturing the dynamic aspects of a TBI, which evolves over time.
This alignment with the real-world complexity and clinical implications of TBI is crucial. It's
important to note that the classification of a preclinical TBI model differs from that of a clinical
TBI. While the preclinical model encompasses certain injury components found in the real
world, it is executed in a controlled laboratory environment. TBIs are often categorized in
several ways, e.g., by the mechanism of initial injury to the skull - open vs closed injury. For
clinical situations, an open head injury occurs when there is some penetrating object that
breaches the skull or severe skull fracture upon initial injury. In contrast, in a closed head injury,
the skull is intact, e.g., a concussion. Animal models of open head injury typically consist of a
portion of the skull being mechanically removed (controlled breach), e.g., by a craniotomy or
craniectomy. The skull is not removed in a closed-head injury model.

In BIKO, skull integrity is modeled as a traumatic brain injury attribute in addition to impact
depth, impact duration, and severity of injury. An animal who has received a surgical procedure
to remove part of the skull, e.g., a craniotomy, is modeled as having a hasSkullFeature skull
breach. This manual skull breach of the skull occurs after ‘some’ hasInjuryMechanism
craniotomy in a preclinical TBI model.

Table 1 shows the major characteristics of the four types of preclinical models included in BIKO
v1: Controlled Cortical Impact, Weight-Drop (and major variants), Blast and Fluid percussion
injury models (and major variants). In the following section, we show how these models can be
retrieved by query according to knowledge encoded in BIKO by working through the
competency questions described in the methods section.

Table 1- List of the injury features associated with the preclinical model in BIKO

Preclinical
Model

Skull Integrity Focal/Diffuse
structural
damage

Site of primary
injury

References

Weight Drop
Model

Feeney's Weight
Drop

Manual Skull
breach

Focal Cortex (Marmarou et al.
1994; Foda and
Marmarou 1994;
Dail et al. 1981;
Feeney et al.
1981)

Shohami's Weight
Drop

Non-breach skull Predominately
Focal

Global (Chen et al. 1996;
Shapira et al.
1988)

Marmarou's
Weight Drop

Non-breach skull Predominantly
Diffuse

Global (Marmarou et al.
1994; Foda and
Marmarou 1994;
Flierl et al. 2009)
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Maryland’s
Weight Drop

Non-breach skull Predominantly
Diffuse

Frontal Cortex (Kilbourne et al.
2009; Hayes et al.
1987; McIntosh et
al. 1987)

Controlled
Cortical Impact
Model

Manual Skull
breach

Predominantly
Focal

Cortex (Osier and Dixon
2016; Dixon et al.
1991; Lighthall
1988; Lighthall,
Goshgarian, and
Pinderski 1990;
Hannay et al.
1999; Manley et
al. 2006)

Blast Model Non-breach
skull

Predominantly
Diffuse

Global (Cernak et al.
1996; Goldstein
et al. 2012;
Bauman et al.
2009)

Fluid Percussion

Middle Skull breach Predominantly
Diffuse

Cortex (Hayes et al.
1987; McIntosh et
al. 1987; Millen,
Glauser, and
Fairman 1985;
Pfenninger et al.
1989; Dixon et al.
1987)

Lateral Skull breach Predominantly
Focal

Cortex (McIntosh et al.
1989; Carbonell et
al. 1998)
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Figure 5: Modeling and results for Competency Question 1 (CQ1). (5b) CQ1 queries BIKO for all existing
preclinical models with an open head injury. (5a) Within BIKO, a preclinical TBI is categorized as an open-head
injury if there is some manual removal of the skull (craniotomy).

● Competency queries
To guide the development of BIKO-TBI v1 and to test for accuracy and completeness, we
focused on 3 basic competency questions. These queries are listed below with a detailed
explanation of the modeling, the expected answer, and the answer provided by the ontology.

● Competency query 1 - Find all preclinical models of open head injury.

This query was translated as “Find preclinical TBI model and isAboutTBI some 'Open head
injury’ and returned correctly only the 5 pre-clinical models which involved a breach of skull.
Note that all models were asserted to be about a TBI that has skullFeature “removal of some
portion of skull”. BIKO successfully traversed the hierarchy to correctly classify these as types
of open head injury as shown in Fig. 5.

● Competency query 2 - A) Find all open head injury models with predominant focal
damage; B) Find all preclinical TBI models of focal damage.

Clinical injuries are not solely categorized as closed and open-head injuries; but also be
classified based on the extent of damage that occurred as part of the primary injury. This
classification allows an injury to be categorized as focal, where the primary damage is
predominantly confined to a specific region of the brain, or diffuse, where the initial damage is
more widespread throughout the brain. We manually asserted TBI models as predominantly
exhibiting focal or diffuse characteristics. This was carried out with the
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“hasPredominatelyInjury'' relationship, including the multitude of associated injury components.

For query 2, the objective was to identify TBI models that are both open-head injury models, as
per CQ1, with predominant focal damage. As expected, the query returned the expected results
(Fig 6a): Feeney Weight Drop, Middle Fluid Percussion Injury, Lateral Fluid Percussion Injury,
and Controlled cortical impact (Xiong, Mahmood, and Chopp 2013). Fig 6b shows the result of
a related query: “Find all preclinical models of focal injury.” In this case, the Shohami weight
drop model creates a closed head injury model but results in focal damage. Thus, BIKO was able
to distinguish among models along the various dimensions of TBI, including the extent of the
damage. These queries required no additional reasoning beyond CQ1, as focal vs diffuse is an
asserted property. However, they were used to test the accuracy of the knowledge in BIKO with
domain experts to ensure that models were accurately represented in this dimension.

Figure 6: Screenshots of Protege DL query showing competency queries (CQ)2. (a) Find all closed head injury
models with predominant focal damage. (b) Find all preclinical models of focal brain injury.

Competency query 3 - Show all preclinical assessments of motor function.

As with any preclinical study of disease/injury, it is important to relate a preclinical behavioral
test to the behavior it purports to measure. This connection is especially essential to relate
preclinical tests to their counterparts in human studies. In this version of BIKO, we use a coarse
characterization of behavioral tests as measuring predominately cognition, learning, memory,
motor, sensory, or affective functions. These functions are then assigned to specific assessments
via the “isAboutFunction” property (Fig 7). In future versions of BIKO, we will expand this
feature to include more specific behaviors, e.g., spatial memory.

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 1, 2023. ; https://doi.org/10.1101/2023.10.29.564650doi: bioRxiv preprint 

https://paperpile.com/c/9HJ9ji/UKCa4
https://doi.org/10.1101/2023.10.29.564650
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 7: Competency queries (CQ) 3. Show all preclinical assessments that have a role in some motor function
assessment.

Use case: Applying BIKO to describe pre-clinical studies of TBI

As previously mentioned, the primary objective of BIKO is to serve as an application ontology,
which implies its utility in practical scenarios. To illustrate this concept, we conducted a
proof-of-concept exercise using data from a key BIKO stakeholder, PRECISE-TBI.
PRECISE-TBI is a collaborative community of TBI experts dedicated to accelerating the
development of therapies for TBI by increasing rigor, reproducibility, and transparency in
preclinical research. The PRECISE catalog, a searchable online repository of metadata from
preclinical TBI model papers in PubMed contains the four fundamental models in the current
version of BIKO: Controlled Cortical Impact, Weight-Drop, Blast, and Fluid percussion injury
models(Fig 8). The catalog provides a detailed search of curated preclinical TBI article metadata
updated quarterly. For this exercise, we aligned the metadata from 42 research papers in the
model catalog with BIKO, focusing on the citation, models, sex, species, strain, and TBI model.
Subsequently, we performed Query 1 to "Find all instances of preclinical models of open head
injury "Our goal was to identify studies of models referenced within the papers according to
semantics encoded in BIKO. This allows us to query for clinically useful concepts such as “open
head injury” that are not explicitly encoded in the Model Catalog. Using both together, we can
compare attributes of these studies, e.g., sex and age of animals and devices used to study open
head injury detailed in Query 1 (Fig 9).
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Figure 8 - Screenshot of the PRECISE-TBI model catalog accessible at
https://scicrunch.org/precise-tbi/about/model-catalog.

Figure 9: Use-case for BIKO with metadata from the PRECISE-TBI model catalog. Forty-two papers correctly
classified as an open head injury based on the TBI model in each paper in the catalog from CQ1.
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Discussion
Here, we document the first version of BIKO, a machine-readable application ontology designed
to standardize the reporting of methods, experimental parameters, and outcomes utilized in
translational TBI research. The current version is tailored to address the specific needs of
preclinical TBI research, with a future goal of adding clinical data to semantically bridge the
divide between the bench and bedside. BIKO-TBI currently contains over 300 terms and 2000
statements about 4 major preclinical models relating explicit definitions of a preclinical TBI
model with preclinical model attributes, phenotypes, and the measures used to assess them.

In order to create a formalized representation of preclinical TBI research, we made a few design
choices. First, in BIKO, a TBI is caused by an injury event to the brain. To distinguish between
preclinical TBI models and clinical TBI, the event is asserted to be either controlled, i.e.,
occurring in a lab through execution of a planned protocol, or uncontrolled - occurring in a
natural environment, e.g., due to a fall at home, motor vehicle accident or sports injury. In either
case, the result is a TBI in an organism. Each model results in some baseline phenotypes in the
experimental subject that are relevant to the clinical condition, allowing researchers to retrieve
models based on clinically meaningful phenotypes. For instance, as part of a controlled cortical
impact model, a surgical procedure is used to remove a portion of the skull to expose the dura to
mimic an open head injury.

We chose to model TBI as a process to reflect the evolution of injury over primary and secondary
phases (Prins et al. 2013; Werner and Engelhard 2007). In fact, diseases and injuries are difficult
concepts to model within ontologies from a realist perspective (Grenon and Smith 2004,
Maynard et al. 2013). The BFO (Grenon, Smith, and Goldberg 2004), which is based on the
realist perspective, divides entities into occurrents and continuants. A process is a subclass of
occurrent. At its most basic level, an occurrent evolves through time while a continuant persists
through time. In TBI, while the primary injury occurs at the moment of injury, it evolves over
time to develop into a secondary injury or the secondary phase of the TBI. This second phase can
last years after the initial injury, changing the profile of the injury. These temporal slices are
often captured in disease classifications andcan rightly be considered as parts of temporal
processes. On the other hand, , one can look at a brain and point to the brain injury and measure
its extent in many cases. A review of the 40 ontologies in in Bioportal of ontologies tagged as
neurological disease (n=29) and neurological disorders (n=28) ontologies showed great variation
in how disease or disorder was or was not classified. Of the 40 ontologies with the classification,
they either: did not use BFO structure (n=27), did not have a disease or disorder as an explicit
class (n= 3), were not in English (n=1), classified diseases as occurants (n= 2), classified diseases
as disease continuants (n=4) and disease components were classified as occurants and
continuants (n=3). Within the ontologies that used BFO structure, most ontologies only modeled
diseases as continuants (67%) versus occurants (33%). Of interest, three ontologies had disease
concepts components asserted as continuants and occurrents, namely the Alzheimer’s disease
ontology (Malhotra et al. 2014), Neuropsychological Integrative Ontology (Gomez-Valades,
Martinez-Tomas, and Rincon 2021) and the Epilepsy and Seizure Ontology (Sahoo et al. 2014).
For instance, in the Alzheimer’s disease ontology the concept “Alzheimer Disease” was asserted
as material entity (continuant), while the amyloid-beta deposition is a process. In a future version
of BIKO, we are considering distinguishing between the injury course vs the injury itself,
modeling the former as an occurrent and the latter as a continuant or disposition. In that way, the
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spatial extent of an injury such as might be measured histologically or in an MRI can be
characterizes.

BIKOv1 focuses on modeling the basic preclinical concepts, ensuring flexibility in the design to
allow for the extension of BIKO across preclinical and clinical studies. Future development will
include deeper modeling of aspects of controlled injury that are known to differ across studies
and to be clinically relevant, e.g., injury dynamic force. Additionally, future iterations will also
include a formal way of describing more complex phenotypes associated with both the
preclinical and clinical TBI and the intersection between the two. Finally, we will continue to
utilize knowledge encoded in BIKO to provide semantics to individual or groups of preclinical
CDEs (Kim et al. 2019; O’Connor et al. 2019). The semantics will serve as a bridge between
the raw data and knowledge . For example, mapping data elements that comprise a behavioral
test like the Barnes Maze to formal semantics can link the test to the types of functions it
measures, e.g., memory. With significant efforts to improve rigor and reproducibility in TBI field
many more potential use cases may materialize to further the development of BIKO, such as
from initiatives like TRACK-TBI (Nelson et al. 2019; Meeuws et al. 2020), the Brain Trauma
Blueprint TBI State of the Science (Pugh et al. 2021) development of precision diagnostics and
therapeutics, ODC-TBI (Espin et al. 2019; Chou et al. 2022).

Bibliography

Bauman, Richard A., Geoffrey Ling, Lawrence Tong, Adolph Januszkiewicz, Dennis Agoston,
Nihal Delanerolle, Young Kim, et al. 2009. “An Introductory Characterization of a
Combat-Casualty-Care Relevant Swine Model of Closed Head Injury Resulting from
Exposure to Explosive Blast.” Journal of Neurotrauma 26 (6): 841–60.

Botstein, David, J. Michael Cherry, Michael Ashburner, Catherine A. Ball, Judith A. Blake,
Heather Butler, Allan P. Davis, et al. 2000. “Gene Ontology: Tool for the Unification of
Biology.” Nature Genetics 25 (1): 25–29.

Burke, James F., Jessica L. Stulc, Lesli E. Skolarus, Erika D. Sears, Darin B. Zahuranec, and
Lewis B. Morgenstern. 2013. “Traumatic Brain Injury May Be an Independent Risk Factor
for Stroke.” Neurology 81 (1): 33–39.

Callahan, Alison, Saminda W. Abeyruwan, Hassan Al-Ali, Kunie Sakurai, Adam R. Ferguson,
Phillip G. Popovich, Nigam H. Shah, Ubbo Visser, John L. Bixby, and Vance P. Lemmon.
2016. “RegenBase: A Knowledge Base of Spinal Cord Injury Biology for Translational
Research.” Database: The Journal of Biological Databases and Curation 2016 (April).
https://doi.org/10.1093/database/baw040.

Carbonell, W. S., D. O. Maris, T. McCall, and M. S. Grady. 1998. “Adaptation of the Fluid
Percussion Injury Model to the Mouse.” Journal of Neurotrauma 15 (3): 217–29.

Castriotta, Richard J., Mark C. Wilde, Jenny M. Lai, Strahil Atanasov, Brent E. Masel, and
Samuel T. Kuna. 2007. “Prevalence and Consequences of Sleep Disorders in Traumatic
Brain Injury.” Journal of Clinical Sleep Medicine: JCSM: Official Publication of the
American Academy of Sleep Medicine 3 (4): 349–56.

Cernak, I., J. Savic, Z. Malicevic, G. Zunic, P. Radosevic, I. Ivanovic, and L. Davidovic. 1996.
“Involvement of the Central Nervous System in the General Response to Pulmonary Blast

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 1, 2023. ; https://doi.org/10.1101/2023.10.29.564650doi: bioRxiv preprint 

https://paperpile.com/c/9HJ9ji/76ZZ+ZMs6
https://paperpile.com/c/9HJ9ji/W0zF+Td7Nm
https://paperpile.com/c/9HJ9ji/IIP8
https://paperpile.com/c/9HJ9ji/F4t8+CuuT
http://paperpile.com/b/9HJ9ji/HwR3
http://paperpile.com/b/9HJ9ji/HwR3
http://paperpile.com/b/9HJ9ji/HwR3
http://paperpile.com/b/9HJ9ji/HwR3
http://paperpile.com/b/9HJ9ji/m5bT9
http://paperpile.com/b/9HJ9ji/m5bT9
http://paperpile.com/b/9HJ9ji/m5bT9
http://paperpile.com/b/9HJ9ji/p4e5h
http://paperpile.com/b/9HJ9ji/p4e5h
http://paperpile.com/b/9HJ9ji/p4e5h
http://paperpile.com/b/9HJ9ji/3JtUr
http://paperpile.com/b/9HJ9ji/3JtUr
http://paperpile.com/b/9HJ9ji/3JtUr
http://paperpile.com/b/9HJ9ji/3JtUr
http://paperpile.com/b/9HJ9ji/3JtUr
http://dx.doi.org/10.1093/database/baw040
http://paperpile.com/b/9HJ9ji/3JtUr
http://paperpile.com/b/9HJ9ji/NCO2
http://paperpile.com/b/9HJ9ji/NCO2
http://paperpile.com/b/9HJ9ji/lICf3
http://paperpile.com/b/9HJ9ji/lICf3
http://paperpile.com/b/9HJ9ji/lICf3
http://paperpile.com/b/9HJ9ji/lICf3
http://paperpile.com/b/9HJ9ji/sgwr
http://paperpile.com/b/9HJ9ji/sgwr
https://doi.org/10.1101/2023.10.29.564650
http://creativecommons.org/licenses/by-nc-nd/4.0/


Injury.” The Journal of Trauma 40 (3 Suppl): S100–104.
Chen, Y., S. Constantini, V. Trembovler, M. Weinstock, and E. Shohami. 1996. “An

Experimental Model of Closed Head Injury in Mice: Pathophysiology, Histopathology, and
Cognitive Deficits.” Journal of Neurotrauma 13 (10): 557–68.

Chou, Austin, Abel Torres-Espín, J. Russell Huie, Karen Krukowski, Sangmi Lee, Amber Nolan,
Caroline Guglielmetti, et al. 2022. “Empowering Data Sharing and Analytics through the
Open Data Commons for Traumatic Brain Injury Research.” Neurotrauma Reports 3 (1):
139–57.

Côté, Richard G., Philip Jones, Rolf Apweiler, and Henning Hermjakob. 2006. “The Ontology
Lookup Service, a Lightweight Cross-Platform Tool for Controlled Vocabulary Queries.”
BMC Bioinformatics 7 (February): 97.

Côté, Richard G., Philip Jones, Lennart Martens, Rolf Apweiler, and Henning Hermjakob. 2008.
“The Ontology Lookup Service: More Data and Better Tools for Controlled Vocabulary
Queries.” Nucleic Acids Research 36 (Web Server issue): W372–76.

Coulter, D. A., A. Rafiq, M. Shumate, Q. Z. Gong, R. J. DeLorenzo, and B. G. Lyeth. 1996.
“Brain Injury-Induced Enhanced Limbic Epileptogenesis: Anatomical and Physiological
Parallels to an Animal Model of Temporal Lobe Epilepsy.” Epilepsy Research 26 (1):
81–91.

Dail, W. G., D. M. Feeney, H. M. Murray, R. T. Linn, and M. G. Boyeson. 1981. “Responses to
Cortical Injury: II. Widespread Depression of the Activity of an Enzyme in Cortex Remote
from a Focal Injury.” Brain Research 211 (1): 79–89.

Delic, Vedad, Kevin D. Beck, Kevin C. H. Pang, and Bruce A. Citron. 2020. “Biological Links
between Traumatic Brain Injury and Parkinson’s Disease.” Acta Neuropathologica
Communications. https://doi.org/10.1186/s40478-020-00924-7.

Dixon, C. E., G. L. Clifton, J. W. Lighthall, A. A. Yaghmai, and R. L. Hayes. 1991. “A
Controlled Cortical Impact Model of Traumatic Brain Injury in the Rat.” Journal of
Neuroscience Methods 39 (3): 253–62.

Dixon, C. E., B. G. Lyeth, J. T. Povlishock, R. L. Findling, R. J. Hamm, A. Marmarou, H. F.
Young, and R. L. Hayes. 1987. “A Fluid Percussion Model of Experimental Brain Injury in
the Rat.” Journal of Neurosurgery 67 (1): 110–19.

Espin, Abel Torres, Russell Huei, Austin Chou, Karen Krukowski, Amber Nolan, Elma Frias,
Sangmi Lee, et al. 2019. “DATA SHARING IN TBI RESEARCH: OPEN DATA
COMMONS FOR TRAUMATIC BRAIN INJURY (ODC-TBI ALPHA).” In JOURNAL
OF NEUROTRAUMA, 36:A12–A12. MARY ANN LIEBERT, INC 140 HUGUENOT
STREET, 3RD FL, NEW ROCHELLE, NY 10801 USA.

Feeney, D. M., M. G. Boyeson, R. T. Linn, H. M. Murray, and W. G. Dail. 1981. “Responses to
Cortical Injury: I. Methodology and Local Effects of Contusions in the Rat.” Brain
Research 211 (1): 67–77.

Flierl, Michael A., Philip F. Stahel, Kathryn M. Beauchamp, Steven J. Morgan, Wade R. Smith,
and Esther Shohami. 2009. “Mouse Closed Head Injury Model Induced by a Weight-Drop
Device.” Nature Protocols 4 (9): 1328–37.

Foda, M. A., and A. Marmarou. 1994. “A New Model of Diffuse Brain Injury in Rats. Part II:
Morphological Characterization.” Journal of Neurosurgery 80 (2): 301–13.

Garijo, Daniel, and María Poveda-Villalón. 2020. “Best Practices for Implementing FAIR
Vocabularies and Ontologies on the Web.” arXiv [cs.DL]. arXiv.
https://books.google.com/books?hl=en&lr=&id=gS4NEAAAQBAJ&oi=fnd&pg=PA39&dq

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 1, 2023. ; https://doi.org/10.1101/2023.10.29.564650doi: bioRxiv preprint 

http://paperpile.com/b/9HJ9ji/sgwr
http://paperpile.com/b/9HJ9ji/HMJz
http://paperpile.com/b/9HJ9ji/HMJz
http://paperpile.com/b/9HJ9ji/HMJz
http://paperpile.com/b/9HJ9ji/CuuT
http://paperpile.com/b/9HJ9ji/CuuT
http://paperpile.com/b/9HJ9ji/CuuT
http://paperpile.com/b/9HJ9ji/CuuT
http://paperpile.com/b/9HJ9ji/6dnFy
http://paperpile.com/b/9HJ9ji/6dnFy
http://paperpile.com/b/9HJ9ji/6dnFy
http://paperpile.com/b/9HJ9ji/z7HQP
http://paperpile.com/b/9HJ9ji/z7HQP
http://paperpile.com/b/9HJ9ji/z7HQP
http://paperpile.com/b/9HJ9ji/uN6KI
http://paperpile.com/b/9HJ9ji/uN6KI
http://paperpile.com/b/9HJ9ji/uN6KI
http://paperpile.com/b/9HJ9ji/uN6KI
http://paperpile.com/b/9HJ9ji/6KqO
http://paperpile.com/b/9HJ9ji/6KqO
http://paperpile.com/b/9HJ9ji/6KqO
http://paperpile.com/b/9HJ9ji/s0hPr
http://paperpile.com/b/9HJ9ji/s0hPr
http://paperpile.com/b/9HJ9ji/s0hPr
http://dx.doi.org/10.1186/s40478-020-00924-7
http://paperpile.com/b/9HJ9ji/s0hPr
http://paperpile.com/b/9HJ9ji/fGFf
http://paperpile.com/b/9HJ9ji/fGFf
http://paperpile.com/b/9HJ9ji/fGFf
http://paperpile.com/b/9HJ9ji/IWK3
http://paperpile.com/b/9HJ9ji/IWK3
http://paperpile.com/b/9HJ9ji/IWK3
http://paperpile.com/b/9HJ9ji/F4t8
http://paperpile.com/b/9HJ9ji/F4t8
http://paperpile.com/b/9HJ9ji/F4t8
http://paperpile.com/b/9HJ9ji/F4t8
http://paperpile.com/b/9HJ9ji/F4t8
http://paperpile.com/b/9HJ9ji/Z2Q7
http://paperpile.com/b/9HJ9ji/Z2Q7
http://paperpile.com/b/9HJ9ji/Z2Q7
http://paperpile.com/b/9HJ9ji/6lgy
http://paperpile.com/b/9HJ9ji/6lgy
http://paperpile.com/b/9HJ9ji/6lgy
http://paperpile.com/b/9HJ9ji/sw9Q
http://paperpile.com/b/9HJ9ji/sw9Q
http://paperpile.com/b/9HJ9ji/JfusB
http://paperpile.com/b/9HJ9ji/JfusB
https://books.google.com/books?hl=en&lr=&id=gS4NEAAAQBAJ&oi=fnd&pg=PA39&dq=Best+practices+for+implementing+fair+vocabularies+and+ontologies+on+the+web&ots=5GA4sKkVty&sig=Cl--PVV7Wdjq9jSzf6vYA1du3Hw
https://doi.org/10.1101/2023.10.29.564650
http://creativecommons.org/licenses/by-nc-nd/4.0/


=Best+practices+for+implementing+fair+vocabularies+and+ontologies+on+the+web&ots=
5GA4sKkVty&sig=Cl--PVV7Wdjq9jSzf6vYA1du3Hw.

Gene Ontology Consortium. 2001. “Creating the Gene Ontology Resource: Design and
Implementation.” Genome Research 11 (8): 1425–33.

Goldstein, Lee E., Andrew M. Fisher, Chad A. Tagge, Xiao-Lei Zhang, Libor Velisek, John A.
Sullivan, Chirag Upreti, et al. 2012. “Chronic Traumatic Encephalopathy in Blast-Exposed
Military Veterans and a Blast Neurotrauma Mouse Model.” Science Translational Medicine
4 (134): 134ra60.

Gomez-Valades, Alba, Rafael Martinez-Tomas, and Mariano Rincon. 2021. “Integrative Base
Ontology for the Research Analysis of Alzheimer’s Disease-Related Mild Cognitive
Impairment.” Frontiers in Neuroinformatics 15 (February): 561691.

Green, Tabitha R. F., J. Bryce Ortiz, Sue Wonnacott, Robert J. Williams, and Rachel K. Rowe.
2020. “The Bidirectional Relationship Between Sleep and Inflammation Links Traumatic
Brain Injury and Alzheimer’s Disease.” Frontiers in Neuroscience.
https://doi.org/10.3389/fnins.2020.00894.

Grenon, Pierre, and Barry Smith. 2004. “SNAP and SPAN: Towards Dynamic Spatial Ontology.”
Spatial Cognition and Computation 4 (1): 69–104.

Grenon, Pierre, Barry Smith, and Louis Goldberg. 2004. “Biodynamic Ontology: Applying BFO
in the Biomedical Domain.” Studies in Health Technology and Informatics 102: 20–38.

Guizzardi, Giancarlo. 2020. “Ontology, Ontologies and the ‘I’ of FAIR.” Data Intelligence 2
(1-2): 181–91.

Hannay, H. J., Z. Feldman, P. Phan, A. Keyani, N. Panwar, J. C. Goodman, and C. S. Robertson.
1999. “Validation of a Controlled Cortical Impact Model of Head Injury in Mice.” Journal
of Neurotrauma 16 (11): 1103–14.

Harrow, Ian, Ernesto Jimenez-Ruiz, Thomas Liener, and Simon Jupp. 2018. “Progress towards
an Ontology Mapping Service.” pdfs.semanticscholar.org. 2018.
https://pdfs.semanticscholar.org/f8bd/7379fe1a613b76a47a6be65d2c09f246e845.pdf.

Hayes, R. L., D. Stalhammar, J. T. Povlishock, A. M. Allen, B. J. Galinat, D. P. Becker, and H.
H. Stonnington. 1987. “A New Model of Concussive Brain Injury in the Cat Produced by
Extradural Fluid Volume Loading: II. Physiological and Neuropathological Observations.”
Brain Injury: [BI] 1 (1): 93–112.

Hicks, Ramona, Joseph Giacino, Cynthia Harrison-Felix, Geoffrey Manley, Alex Valadka, and
Elisabeth A. Wilde. 2013. “Progress in Developing Common Data Elements for Traumatic
Brain Injury Research: Version Two--the End of the Beginning.” Journal of Neurotrauma
30 (22): 1852–61.

Jennett, W. B., and W. Lewin. 1960. “Traumatic Epilepsy after Closed Head Injuries.” Journal of
Neurology, Neurosurgery, and Psychiatry 23 (November): 295–301.

Jupp, Simon, Tony Burdett, Catherine Leroy, and Helen E. Parkinson. 2015. “A New Ontology
Lookup Service at EMBL-EBI.” SWAT4LS 2: 118–19.

Kabadi, Shruti V., and Alan I. Faden. 2014. “Neuroprotective Strategies for Traumatic Brain
Injury: Improving Clinical Translation.” International Journal of Molecular Sciences 15
(1): 1216–36.

Kilbourne, Michael, Reed Kuehn, Cigdem Tosun, John Caridi, Kaspar Keledjian, Grant
Bochicchio, Thomas Scalea, Volodymyr Gerzanich, and J. Marc Simard. 2009. “Novel
Model of Frontal Impact Closed Head Injury in the Rat.” Journal of Neurotrauma 26 (12):
2233–43.

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 1, 2023. ; https://doi.org/10.1101/2023.10.29.564650doi: bioRxiv preprint 

https://books.google.com/books?hl=en&lr=&id=gS4NEAAAQBAJ&oi=fnd&pg=PA39&dq=Best+practices+for+implementing+fair+vocabularies+and+ontologies+on+the+web&ots=5GA4sKkVty&sig=Cl--PVV7Wdjq9jSzf6vYA1du3Hw
https://books.google.com/books?hl=en&lr=&id=gS4NEAAAQBAJ&oi=fnd&pg=PA39&dq=Best+practices+for+implementing+fair+vocabularies+and+ontologies+on+the+web&ots=5GA4sKkVty&sig=Cl--PVV7Wdjq9jSzf6vYA1du3Hw
http://paperpile.com/b/9HJ9ji/JfusB
http://paperpile.com/b/9HJ9ji/1lLUK
http://paperpile.com/b/9HJ9ji/1lLUK
http://paperpile.com/b/9HJ9ji/X1J5
http://paperpile.com/b/9HJ9ji/X1J5
http://paperpile.com/b/9HJ9ji/X1J5
http://paperpile.com/b/9HJ9ji/X1J5
http://paperpile.com/b/9HJ9ji/rUj1
http://paperpile.com/b/9HJ9ji/rUj1
http://paperpile.com/b/9HJ9ji/rUj1
http://paperpile.com/b/9HJ9ji/2YhQu
http://paperpile.com/b/9HJ9ji/2YhQu
http://paperpile.com/b/9HJ9ji/2YhQu
http://paperpile.com/b/9HJ9ji/2YhQu
http://dx.doi.org/10.3389/fnins.2020.00894
http://paperpile.com/b/9HJ9ji/2YhQu
http://paperpile.com/b/9HJ9ji/VwPS
http://paperpile.com/b/9HJ9ji/VwPS
http://paperpile.com/b/9HJ9ji/WVfo
http://paperpile.com/b/9HJ9ji/WVfo
http://paperpile.com/b/9HJ9ji/cahRg
http://paperpile.com/b/9HJ9ji/cahRg
http://paperpile.com/b/9HJ9ji/aR9f
http://paperpile.com/b/9HJ9ji/aR9f
http://paperpile.com/b/9HJ9ji/aR9f
http://paperpile.com/b/9HJ9ji/3IBvm
http://paperpile.com/b/9HJ9ji/3IBvm
https://pdfs.semanticscholar.org/f8bd/7379fe1a613b76a47a6be65d2c09f246e845.pdf
http://paperpile.com/b/9HJ9ji/3IBvm
http://paperpile.com/b/9HJ9ji/iESt
http://paperpile.com/b/9HJ9ji/iESt
http://paperpile.com/b/9HJ9ji/iESt
http://paperpile.com/b/9HJ9ji/iESt
http://paperpile.com/b/9HJ9ji/3k7P4
http://paperpile.com/b/9HJ9ji/3k7P4
http://paperpile.com/b/9HJ9ji/3k7P4
http://paperpile.com/b/9HJ9ji/3k7P4
http://paperpile.com/b/9HJ9ji/CcsXd
http://paperpile.com/b/9HJ9ji/CcsXd
http://paperpile.com/b/9HJ9ji/KHJtI
http://paperpile.com/b/9HJ9ji/KHJtI
http://paperpile.com/b/9HJ9ji/wgx0
http://paperpile.com/b/9HJ9ji/wgx0
http://paperpile.com/b/9HJ9ji/wgx0
http://paperpile.com/b/9HJ9ji/6DjN
http://paperpile.com/b/9HJ9ji/6DjN
http://paperpile.com/b/9HJ9ji/6DjN
http://paperpile.com/b/9HJ9ji/6DjN
https://doi.org/10.1101/2023.10.29.564650
http://creativecommons.org/licenses/by-nc-nd/4.0/


Kim, Hye Hyeon, Yu Rang Park, Kye Hwa Lee, Young Soo Song, and Ju Han Kim. 2019.
“Clinical MetaData Ontology: A Simple Classification Scheme for Data Elements of
Clinical Data Based on Semantics.” BMC Medical Informatics and Decision Making 19 (1):
1–11.

Korley, Frederick K., Gabor D. Kelen, Courtney M. Jones, and Ramon Diaz-Arrastia. 2016.
“Emergency Department Evaluation of Traumatic Brain Injury in the United States,
2009-2010.” The Journal of Head Trauma Rehabilitation 31 (6): 379–87.

Lighthall, J. W. 1988. “Controlled Cortical Impact: A New Experimental Brain Injury Model.”
Journal of Neurotrauma 5 (1): 1–15.

Lighthall, J. W., H. G. Goshgarian, and C. R. Pinderski. 1990. “Characterization of Axonal
Injury Produced by Controlled Cortical Impact.” Journal of Neurotrauma 7 (2): 65–76.

Liu, Shih-Wei, Liang-Chung Huang, Wu-Fu Chung, Hsuan-Kan Chang, Jau-Ching Wu, Li-Fu
Chen, Yu-Chun Chen, Wen-Cheng Huang, Henrich Cheng, and Su-Shun Lo. 2017.
“Increased Risk of Stroke in Patients of Concussion: A Nationwide Cohort Study.”
International Journal of Environmental Research and Public Health 14 (3).
https://doi.org/10.3390/ijerph14030230.

Loane, David J., and Alan I. Faden. 2010. “Neuroprotection for Traumatic Brain Injury:
Translational Challenges and Emerging Therapeutic Strategies.” Trends in Pharmacological
Sciences 31 (12): 596–604.

Loane, David J., Bogdan A. Stoica, and Alan I. Faden. 2015. “Neuroprotection for Traumatic
Brain Injury.” Handbook of Clinical Neurology.
https://doi.org/10.1016/b978-0-444-52892-6.00022-2.

Maere, Steven, Karel Heymans, and Martin Kuiper. 2005. “BiNGO: A Cytoscape Plugin to
Assess Overrepresentation of Gene Ontology Categories in Biological Networks.”
Bioinformatics 21 (16): 3448–49.

Malhotra, Ashutosh, Erfan Younesi, Michaela Gündel, Bernd Müller, Michael T. Heneka, and
Martin Hofmann-Apitius. 2014. “ADO: A Disease Ontology Representing the Domain
Knowledge Specific to Alzheimer’s Disease.” Alzheimer’s & Dementia: The Journal of the
Alzheimer's Association 10 (2): 238–46.

Manley, Geoffrey T., Guy Rosenthal, Maggie Lam, Diane Morabito, Donghong Yan, Nikita
Derugin, Andrew Bollen, M. Margaret Knudson, and S. Scott Panter. 2006. “Controlled
Cortical Impact in Swine: Pathophysiology and Biomechanics.” Journal of Neurotrauma 23
(2): 128–39.

Marmarou, A., M. A. Foda, W. van den Brink, J. Campbell, H. Kita, and K. Demetriadou. 1994.
“A New Model of Diffuse Brain Injury in Rats. Part I: Pathophysiology and Biomechanics.”
Journal of Neurosurgery 80 (2): 291–300.

Masel, Brent E., and Douglas S. DeWitt. 2010. “Traumatic Brain Injury: A Disease Process, Not
an Event.” Journal of Neurotrauma 27 (8): 1529–40.

Mathers, Colin D., and Dejan Loncar. 2006. “Projections of Global Mortality and Burden of
Disease from 2002 to 2030.” PLoS Medicine 3 (11): e442.

Maynard, Sarah M., Christopher J. Mungall, Suzanna E. Lewis, Fahim T. Imam, and Maryann E.
Martone. 2013. “A Knowledge Based Approach to Matching Human Neurodegenerative
Disease and Animal Models.” Frontiers in Neuroinformatics 7 (May): 7.

McIntosh, T. K., L. Noble, B. Andrews, and A. I. Faden. 1987. “Traumatic Brain Injury in the
Rat: Characterization of a Midline Fluid-Percussion Model.” Central Nervous System
Trauma: Journal of the American Paralysis Association 4 (2): 119–34.

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 1, 2023. ; https://doi.org/10.1101/2023.10.29.564650doi: bioRxiv preprint 

http://paperpile.com/b/9HJ9ji/76ZZ
http://paperpile.com/b/9HJ9ji/76ZZ
http://paperpile.com/b/9HJ9ji/76ZZ
http://paperpile.com/b/9HJ9ji/76ZZ
http://paperpile.com/b/9HJ9ji/4iFZ2
http://paperpile.com/b/9HJ9ji/4iFZ2
http://paperpile.com/b/9HJ9ji/4iFZ2
http://paperpile.com/b/9HJ9ji/3KSg
http://paperpile.com/b/9HJ9ji/3KSg
http://paperpile.com/b/9HJ9ji/USPu
http://paperpile.com/b/9HJ9ji/USPu
http://paperpile.com/b/9HJ9ji/yq6qB
http://paperpile.com/b/9HJ9ji/yq6qB
http://paperpile.com/b/9HJ9ji/yq6qB
http://paperpile.com/b/9HJ9ji/yq6qB
http://paperpile.com/b/9HJ9ji/yq6qB
http://dx.doi.org/10.3390/ijerph14030230
http://paperpile.com/b/9HJ9ji/yq6qB
http://paperpile.com/b/9HJ9ji/jl3r
http://paperpile.com/b/9HJ9ji/jl3r
http://paperpile.com/b/9HJ9ji/jl3r
http://paperpile.com/b/9HJ9ji/xxvV
http://paperpile.com/b/9HJ9ji/xxvV
http://paperpile.com/b/9HJ9ji/xxvV
http://dx.doi.org/10.1016/b978-0-444-52892-6.00022-2
http://paperpile.com/b/9HJ9ji/xxvV
http://paperpile.com/b/9HJ9ji/bwpbA
http://paperpile.com/b/9HJ9ji/bwpbA
http://paperpile.com/b/9HJ9ji/bwpbA
http://paperpile.com/b/9HJ9ji/WK5A
http://paperpile.com/b/9HJ9ji/WK5A
http://paperpile.com/b/9HJ9ji/WK5A
http://paperpile.com/b/9HJ9ji/WK5A
http://paperpile.com/b/9HJ9ji/9YPv
http://paperpile.com/b/9HJ9ji/9YPv
http://paperpile.com/b/9HJ9ji/9YPv
http://paperpile.com/b/9HJ9ji/9YPv
http://paperpile.com/b/9HJ9ji/zn2s
http://paperpile.com/b/9HJ9ji/zn2s
http://paperpile.com/b/9HJ9ji/zn2s
http://paperpile.com/b/9HJ9ji/oFwYK
http://paperpile.com/b/9HJ9ji/oFwYK
http://paperpile.com/b/9HJ9ji/3xJXT
http://paperpile.com/b/9HJ9ji/3xJXT
http://paperpile.com/b/9HJ9ji/IZaa
http://paperpile.com/b/9HJ9ji/IZaa
http://paperpile.com/b/9HJ9ji/IZaa
http://paperpile.com/b/9HJ9ji/hL2E
http://paperpile.com/b/9HJ9ji/hL2E
http://paperpile.com/b/9HJ9ji/hL2E
https://doi.org/10.1101/2023.10.29.564650
http://creativecommons.org/licenses/by-nc-nd/4.0/


McIntosh, T. K., R. Vink, L. Noble, I. Yamakami, S. Fernyak, H. Soares, and A. L. Faden. 1989.
“Traumatic Brain Injury in the Rat: Characterization of a Lateral Fluid-Percussion Model.”
Neuroscience 28 (1): 233–44.

Meeuws, Sacha, John K. Yue, Jilske A. Huijben, Nandesh Nair, Hester F. Lingsma, Michael J.
Bell, Geoffrey T. Manley, and Andrew I. R. Maas. 2020. “Common Data Elements: Critical
Assessment of Harmonization between Current Multi-Center Traumatic Brain Injury
Studies.” Journal of Neurotrauma 37 (11): 1283–90.

Millen, J. E., F. L. Glauser, and R. P. Fairman. 1985. “A Comparison of Physiological Responses
to Percussive Brain Trauma in Dogs and Sheep.” Journal of Neurosurgery 62 (4): 587–91.

Montojo, Jason, Khalid Zuberi, Harold Rodriguez, Gary D. Bader, and Quaid Morris. 2014.
“GeneMANIA: Fast Gene Network Construction and Function Prediction for Cytoscape.”
F1000Research 3 (July): 153.

Musen, M. A., N. H. Shah, N. F. Noy, B. Y. Dai, M. Dorf, N. Griffith, J. Buntrok, C. Jonquet, M.
J. Montegut, and D. L. Rubin. 2008. “BioPortal: Ontologies and Data Resources with the
Click of a Mouse.” AMIA ... Annual Symposium Proceedings / AMIA Symposium. AMIA
Symposium, November, 1223–24.

National Institutes of Health. 2020. “Estimates of Funding for Various Research, Condition, and
Disease Categories (RCDC).” NIH RePORT Research Portfolio Online Reporting Toools.
February 24, 2020. https://report.nih.gov/funding/categorical-spending#/.

Nelson, Lindsay D., Nancy R. Temkin, Sureyya Dikmen, Jason Barber, Joseph T. Giacino, Esther
Yuh, Harvey S. Levin, et al. 2019. “Recovery After Mild Traumatic Brain Injury in Patients
Presenting to US Level I Trauma Centers: A Transforming Research and Clinical
Knowledge in Traumatic Brain Injury (TRACK-TBI) Study.” JAMA Neurology, June.
https://doi.org/10.1001/jamaneurol.2019.1313.

O’Connor, Martin J., Denise B. Warzel, Marcos Martínez-Romero, Josef Hardi, Debra Willrett,
Attila L. Egyedi, Aras Eftekhari, John Graybeal, and Mark A. Musen. 2019. “Unleashing
the Value of Common Data Elements through the CEDAR Workbench.” AMIA ... Annual
Symposium Proceedings / AMIA Symposium. AMIA Symposium 2019: 681–90.

Osier, Nicole, and C. Edward Dixon. 2016. “The Controlled Cortical Impact Model of
Experimental Brain Trauma: Overview, Research Applications, and Protocol.” Methods in
Molecular Biology 1462: 177–92.

“[PDF] A Short Study on the Success of the Gene Ontology ..” n.d.
https://www.semanticscholar.org/paper/A-short-study-on-the-success-of-the-Gene-Ontology
-Bada-Stevens/f258913a3ef5f720c411c52dd434a78e23433575.

Pfenninger, E. G., A. Reith, D. Breitig, A. Grünert, and F. W. Ahnefeld. 1989. “Early Changes of
Intracranial Pressure, Perfusion Pressure, and Blood Flow after Acute Head Injury. Part 1:
An Experimental Study of the Underlying Pathophysiology.” Journal of Neurosurgery 70
(5): 774–79.

Pirooznia, Mehdi, Tao Wang, Dimitrios Avramopoulos, David Valle, Gareth Thomas, Richard L.
Huganir, Fernando S. Goes, James B. Potash, and Peter P. Zandi. 2012. “SynaptomeDB: An
Ontology-Based Knowledgebase for Synaptic Genes.” Bioinformatics 28 (6): 897–99.

Prins, Mayumi, Tiffany Greco, Daya Alexander, and Christopher C. Giza. 2013. “The
Pathophysiology of Traumatic Brain Injury at a Glance.” Disease Models & Mechanisms 6
(6): 1307–15.

Pugh, Mary Jo, Eamonn Kennedy, Eric M. Prager, Jeffrey Humpherys, Kristen Dams-O’Connor,
Dallas Hack, Mary Katherine McCafferty, et al. 2021. “Phenotyping the Spectrum of

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 1, 2023. ; https://doi.org/10.1101/2023.10.29.564650doi: bioRxiv preprint 

http://paperpile.com/b/9HJ9ji/AFp1
http://paperpile.com/b/9HJ9ji/AFp1
http://paperpile.com/b/9HJ9ji/AFp1
http://paperpile.com/b/9HJ9ji/Td7Nm
http://paperpile.com/b/9HJ9ji/Td7Nm
http://paperpile.com/b/9HJ9ji/Td7Nm
http://paperpile.com/b/9HJ9ji/Td7Nm
http://paperpile.com/b/9HJ9ji/bsln
http://paperpile.com/b/9HJ9ji/bsln
http://paperpile.com/b/9HJ9ji/0fPgE
http://paperpile.com/b/9HJ9ji/0fPgE
http://paperpile.com/b/9HJ9ji/0fPgE
http://paperpile.com/b/9HJ9ji/2Uthb
http://paperpile.com/b/9HJ9ji/2Uthb
http://paperpile.com/b/9HJ9ji/2Uthb
http://paperpile.com/b/9HJ9ji/2Uthb
http://paperpile.com/b/9HJ9ji/YCOnl
http://paperpile.com/b/9HJ9ji/YCOnl
http://paperpile.com/b/9HJ9ji/YCOnl
https://report.nih.gov/funding/categorical-spending#/
http://paperpile.com/b/9HJ9ji/YCOnl
http://paperpile.com/b/9HJ9ji/W0zF
http://paperpile.com/b/9HJ9ji/W0zF
http://paperpile.com/b/9HJ9ji/W0zF
http://paperpile.com/b/9HJ9ji/W0zF
http://paperpile.com/b/9HJ9ji/W0zF
http://dx.doi.org/10.1001/jamaneurol.2019.1313
http://paperpile.com/b/9HJ9ji/W0zF
http://paperpile.com/b/9HJ9ji/ZMs6
http://paperpile.com/b/9HJ9ji/ZMs6
http://paperpile.com/b/9HJ9ji/ZMs6
http://paperpile.com/b/9HJ9ji/ZMs6
http://paperpile.com/b/9HJ9ji/yyRD
http://paperpile.com/b/9HJ9ji/yyRD
http://paperpile.com/b/9HJ9ji/yyRD
http://paperpile.com/b/9HJ9ji/nC1aQ
https://www.semanticscholar.org/paper/A-short-study-on-the-success-of-the-Gene-Ontology-Bada-Stevens/f258913a3ef5f720c411c52dd434a78e23433575
https://www.semanticscholar.org/paper/A-short-study-on-the-success-of-the-Gene-Ontology-Bada-Stevens/f258913a3ef5f720c411c52dd434a78e23433575
http://paperpile.com/b/9HJ9ji/nC1aQ
http://paperpile.com/b/9HJ9ji/LBDY
http://paperpile.com/b/9HJ9ji/LBDY
http://paperpile.com/b/9HJ9ji/LBDY
http://paperpile.com/b/9HJ9ji/LBDY
http://paperpile.com/b/9HJ9ji/V82kG
http://paperpile.com/b/9HJ9ji/V82kG
http://paperpile.com/b/9HJ9ji/V82kG
http://paperpile.com/b/9HJ9ji/LiyL
http://paperpile.com/b/9HJ9ji/LiyL
http://paperpile.com/b/9HJ9ji/LiyL
http://paperpile.com/b/9HJ9ji/IIP8
http://paperpile.com/b/9HJ9ji/IIP8
https://doi.org/10.1101/2023.10.29.564650
http://creativecommons.org/licenses/by-nc-nd/4.0/


Traumatic Brain Injury: A Review and Pathway to Standardization.” Journal of
Neurotrauma 38 (23): 3222–34.

“RDF 1.2 Schema.” n.d. Accessed October 28, 2023.
https://www.w3.org/TR/rdf12-schema/#:~:text=rdfs%3AseeAlso%20is%20an%20instance,i
nformation%20about%20the%20subject%20resource.&text=states%20that%20the%20reso
urce%20O,but%20this%20is%20not%20required.

Sahoo, Satya S., Samden D. Lhatoo, Deepak K. Gupta, Licong Cui, Meng Zhao, Catherine
Jayapandian, Alireza Bozorgi, and Guo-Qiang Zhang. 2014. “Epilepsy and Seizure
Ontology: Towards an Epilepsy Informatics Infrastructure for Clinical Research and Patient
Care.” Journal of the American Medical Informatics Association: JAMIA 21 (1): 82–89.

Salazar, A. M., B. Jabbari, S. C. Vance, J. Grafman, D. Amin, and J. D. Dillon. 1985. “Epilepsy
after Penetrating Head Injury. I. Clinical Correlates: A Report of the Vietnam Head Injury
Study.” Neurology 35 (10): 1406–14.

Salvadores, Manuel, Paul R. Alexander, Mark A. Musen, and Natalya F. Noy. 2013. “BioPortal
as a Dataset of Linked Biomedical Ontologies and Terminologies in RDF.” Semantic Web 4
(3): 277–84.

Sargsyan, Astghik, Philipp Wegner, Stephan Gebel, Abish Kaladharan, Priya Sethumadhavan,
Vanessa Lage-Rupprecht, Johannes Darms, et al. 2023. “The Epilepsy Ontology: A
Community-Based Ontology Tailored for Semantic Interoperability and Text Mining.”
Bioinformatics Advances 3 (1): vbad033.

Shapira, Y., E. Shohami, A. Sidi, D. Soffer, S. Freeman, and S. Cotev. 1988. “Experimental
Closed Head Injury in Rats: Mechanical, Pathophysiologic, and Neurologic Properties.”
Critical Care Medicine 16 (3): 258–65.

Smith, Douglas H., Ramona R. Hicks, Victoria E. Johnson, Debra A. Bergstrom, Diana M.
Cummings, Linda J. Noble, David Hovda, et al. 2015. “Pre-Clinical Traumatic Brain Injury
Common Data Elements: Toward a Common Language Across Laboratories.” Journal of
Neurotrauma 32 (22): 1725–35.

The Gene Ontology Consortium. 2019. “The Gene Ontology Resource: 20 Years and Still GOing
Strong.” Nucleic Acids Research 47 (D1): D330–38.

The OBO Foundry. 2021. “Principles: Overview.” The OBO Foundry. February 1, 2021.
http://www.obofoundry.org/principles/fp-000-summary.html.

Verma, Arunima, Vivek Anand, and Narayan P. Verma. 2007. “Sleep Disorders in Chronic
Traumatic Brain Injury.” Journal of Clinical Sleep Medicine: JCSM: Official Publication of
the American Academy of Sleep Medicine, June. https://doi.org/10.5664/jcsm.26856.

Werner, C., and K. Engelhard. 2007. “Pathophysiology of Traumatic Brain Injury.” British
Journal of Anaesthesia 99 (1): 4–9.

Whetzel, Patricia L., Natalya F. Noy, Nigam H. Shah, Paul R. Alexander, Csongor Nyulas, Tania
Tudorache, and Mark A. Musen. 2011. “BioPortal: Enhanced Functionality via New Web
Services from the National Center for Biomedical Ontology to Access and Use Ontologies
in Software Applications.” Nucleic Acids Research 39 (Web Server issue): W541–45.

Wilde, Mark C., Richard J. Castriotta, Jenny M. Lai, Strahil Atanasov, Brent E. Masel, and
Samuel T. Kuna. 2007. “Cognitive Impairment in Patients with Traumatic Brain Injury and
Obstructive Sleep Apnea.” Archives of Physical Medicine and Rehabilitation 88 (10):
1284–88.

Wilkinson, Mark D., Michel Dumontier, Ijsbrand Jan Aalbersberg, Gabrielle Appleton, Myles
Axton, Arie Baak, Niklas Blomberg, et al. 2016. “The FAIR Guiding Principles for

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 1, 2023. ; https://doi.org/10.1101/2023.10.29.564650doi: bioRxiv preprint 

http://paperpile.com/b/9HJ9ji/IIP8
http://paperpile.com/b/9HJ9ji/IIP8
http://paperpile.com/b/9HJ9ji/otyg
https://www.w3.org/TR/rdf12-schema/#:~:text=rdfs%3AseeAlso%20is%20an%20instance,information%20about%20the%20subject%20resource.&text=states%20that%20the%20resource%20O,but%20this%20is%20not%20required
https://www.w3.org/TR/rdf12-schema/#:~:text=rdfs%3AseeAlso%20is%20an%20instance,information%20about%20the%20subject%20resource.&text=states%20that%20the%20resource%20O,but%20this%20is%20not%20required
https://www.w3.org/TR/rdf12-schema/#:~:text=rdfs%3AseeAlso%20is%20an%20instance,information%20about%20the%20subject%20resource.&text=states%20that%20the%20resource%20O,but%20this%20is%20not%20required
http://paperpile.com/b/9HJ9ji/otyg
http://paperpile.com/b/9HJ9ji/JAMT
http://paperpile.com/b/9HJ9ji/JAMT
http://paperpile.com/b/9HJ9ji/JAMT
http://paperpile.com/b/9HJ9ji/JAMT
http://paperpile.com/b/9HJ9ji/Danyv
http://paperpile.com/b/9HJ9ji/Danyv
http://paperpile.com/b/9HJ9ji/Danyv
http://paperpile.com/b/9HJ9ji/pOXco
http://paperpile.com/b/9HJ9ji/pOXco
http://paperpile.com/b/9HJ9ji/pOXco
http://paperpile.com/b/9HJ9ji/f1br
http://paperpile.com/b/9HJ9ji/f1br
http://paperpile.com/b/9HJ9ji/f1br
http://paperpile.com/b/9HJ9ji/f1br
http://paperpile.com/b/9HJ9ji/hHpn
http://paperpile.com/b/9HJ9ji/hHpn
http://paperpile.com/b/9HJ9ji/hHpn
http://paperpile.com/b/9HJ9ji/14Rkv
http://paperpile.com/b/9HJ9ji/14Rkv
http://paperpile.com/b/9HJ9ji/14Rkv
http://paperpile.com/b/9HJ9ji/14Rkv
http://paperpile.com/b/9HJ9ji/YdeQX
http://paperpile.com/b/9HJ9ji/YdeQX
http://paperpile.com/b/9HJ9ji/7uuL1
http://www.obofoundry.org/principles/fp-000-summary.html
http://paperpile.com/b/9HJ9ji/7uuL1
http://paperpile.com/b/9HJ9ji/C2o3F
http://paperpile.com/b/9HJ9ji/C2o3F
http://paperpile.com/b/9HJ9ji/C2o3F
http://dx.doi.org/10.5664/jcsm.26856
http://paperpile.com/b/9HJ9ji/C2o3F
http://paperpile.com/b/9HJ9ji/45tQ
http://paperpile.com/b/9HJ9ji/45tQ
http://paperpile.com/b/9HJ9ji/jHslk
http://paperpile.com/b/9HJ9ji/jHslk
http://paperpile.com/b/9HJ9ji/jHslk
http://paperpile.com/b/9HJ9ji/jHslk
http://paperpile.com/b/9HJ9ji/0pOOE
http://paperpile.com/b/9HJ9ji/0pOOE
http://paperpile.com/b/9HJ9ji/0pOOE
http://paperpile.com/b/9HJ9ji/0pOOE
http://paperpile.com/b/9HJ9ji/MMqsy
http://paperpile.com/b/9HJ9ji/MMqsy
https://doi.org/10.1101/2023.10.29.564650
http://creativecommons.org/licenses/by-nc-nd/4.0/


Scientific Data Management and Stewardship.” Scientific Data 3 (1): 1–9.
Xiong, Ye, Asim Mahmood, and Michael Chopp. 2013. “Animal Models of Traumatic Brain

Injury.” Nature Reviews. Neuroscience 14 (2): 128–42.

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 1, 2023. ; https://doi.org/10.1101/2023.10.29.564650doi: bioRxiv preprint 

http://paperpile.com/b/9HJ9ji/MMqsy
http://paperpile.com/b/9HJ9ji/UKCa4
http://paperpile.com/b/9HJ9ji/UKCa4
https://doi.org/10.1101/2023.10.29.564650
http://creativecommons.org/licenses/by-nc-nd/4.0/

