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Abstract
Traumatic brain injury (TBI) has long been a leading cause of death and disability, yet research has
failed to successfully translate findings from the pre-clinical, animal setting into the clinic. One factor
that contributes significantly to this struggle is the heterogeneity observed in the clinical setting where
patients present with injuries of varying types, severities, and comorbidities. Modeling this highly varied
population in the laboratory remains challenging. Given feasibility constraints, individual laboratories
often focus on single injury types and are limited to an abridged set of outcome measures.
Furthermore, laboratories tend to use different injury or outcome methodologies from one another,
making it difficult to compare studies and identify which pre-clinical findings may be best suited for
clinical translation. The NINDS-funded Translational Outcomes Project in Neurotrauma (TOP-NT) is a
multi-site consortium designed to address the reproducibility, rigor, and transparency of pre-clinical
development and validation of clinically relevant biomarkers for TBI. The current overview article pro-
vides a detailed description of the infrastructure and strategic approach undertaken by the consortium.
We outline the TOP-NT strategy to address three goals: (1) selection and cross-center validation of bio-
marker tools, (2) development and population of a data infrastructure to allow for the sharing and reuse
of pre-clinical, animal research following findable, accessible, interoperable, and reusable data guide-
lines, and (3) demonstration of feasibility, reproducibility, and transparency in conducting a multi-
center, pre-clinical research trial for TBI biomarker development. The synthesized scientific analysis and
results of the TOP-NT efforts will be the topic of future articles.
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Introduction
The traumatic brain injury (TBI) research field has been
plagued by failed clinical trials despite numerous promis-
ing therapeutics in pre-clinical animal studies.1,2 Address-
ing this crisis in bench-to-bedside translation requires
better alignment between the pre-clinical and clinical
realms of the field through a more thorough handling of
the heterogeneity that exists on both sides.3 The develop-
ment of pathophysiological biomarkers has the potential
to help. To advance pre-clinical translation for neuro-
trauma, the Vivian L. Smith Foundation donated funds to
National Institutes of Health/National Institute of Neuro-
logical Disorders and Stroke (NIH/NINDS) for develop-
ing a Translational Outcomes Project in Neurotrauma
(TOP-NT) consortium framework. NINDS issued a com-
petitive funding opportunity announcement in the form of
a UG3/UH3-phased cooperative agreement funding
mechanism with the specific intention of assembling an
inter-institutional team to develop, characterize, and vali-
date novel biomarkers that are both clinically relevant
and able to be standardized across multiple centers.4 The
UG3/UH3 cooperative agreement supporting TOP-NT is
structured as a two-phase funding mechanism that began
with site-specific biomarker selection milestones that had
to be accomplished by each of the individually funded
sites at the end of an initial 2-year period (UG3 phase).
Following successful completion of the UG3 milestones,
NINDS generated cross-center milestones for second
phase (UH3 phase) with 3 additional years of support,
charging the individual sites with assessing the reproduci-
bility and rigor of imaging and biofluid biomarker end-
points and standardizing approaches across centers of the
consortium. An interesting feature of the funding mecha-
nism is that the five sites selected for funding by NIH
study section had no prior collaborations or knowledge of
the other projects prior to funding. In this sense, the pro-
ject represents a social experiment in scientific team
building as well as a multi-center scientific project on
biomarkers.

To better align bench-to-bedside translation, the TOP-
NT researchers approached this challenge by focusing
specifically on non-invasive assessment tools that are
either currently used or could feasibly be implemented to
evaluate patients in the clinic (e.g., neuroimaging and
blood-based biomarkers). As clinical practice moves
toward implementing biomarkers and magnetic reso-
nance imaging (MRI) into evaluation of patient with
TBI, it becomes increasingly important to gain a better
understanding of their pathophysiological underpinnings,

and thus quantitative histopathology and neurobehavioral
assessments are being undertaken to correlate with the
non-invasive biometrics.

The primary goal of TOP-NT was to advance bio-
markers through distinct phases of initial discovery,
internal validation and go/no-go decision-making (phase
1: NIH UG3 award) followed by external cross-
validation and multi-laboratory reproducibility testing
(phase 2: NIH UH3 award) (Fig. 1). In phase 1 (UG3),
candidate biomarkers proposed by the TOP-NT centers
were developed in the individual TOP-NT laboratories
with pre-negotiated go/no-go criteria. In this initial
phase, each individual center employed TBI models that
were well established in their laboratory. Biomarkers
selected for advancement were then tested in phase 2
across several models of TBI in multiple consortium lab-
oratories. The identification and extensive characteriza-
tion of TOP-NT biomarkers aims to improve the to
improve the rigor, reproducibility, transparency, and set
the stage for future translation of TBI biomarkers into
clinical implementation. Although the TOP-NT project
focuses on the internal and external validation of repro-
ducible, clinically feasible biomarker assessments, the
goal of the present article is to present the infrastructure
and strategic plan developed for this consortium. The
present synopsis may serve as an informative framework
for future multi-center efforts that wish to test other
important aspects of TBI research such as emerging
treatment strategies.

The five independently funded TOP-NT centers were:
University of California, Los Angeles (UCLA), George-
town University/Uniformed Service University (GU/
USU), Johns Hopkins University (JHU), University of
California, San Francisco (UCSF), and University of Flor-
ida which transitioned to Morehouse School of Medicine
(UF/MSM) upon investigator relocation. The initiation of
the consortium was guided by NINDS programs staff who
provided “teaming” milestones which assembled the inde-
pendently funded laboratories into one team. In order to
facilitate a productive “team science” approach, NINDS
program staff joined team meetings to provide focused
guidance and serve as a facilitator.5 In addition, the TOP-
NT consortium award notices included milestones focused
on structural governance with data-sharing agreements, a
publication policy, weekly web-conference meetings, an
annual all-hands meeting, group-based project deliver-
ables, and go/no-go decision-making regarding which
pathophysiological biomarkers should advance to phase 2
(UH3 award phase).
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A second major goal of TOP-NT involved the genera-
tion of harmonized, publicly available datasets for both
UG3 and the UH3 phases. Each institution was responsi-
ble for carrying out the agreed-upon assessments and for-
matting the data according to common data elements
(CDEs), outlined in the companion article [Wanner et al.,
Prospective Harmonization, Common Data Elements and
Sharing Strategies for Multicenter Preclinical TBI
research: A Translational Outcomes Project in Neuro-
Trauma (TOP-NT) Consortium Study]. UCLA, GU, UF/
MSM, and JHU acted as primary data collection sites and
UCSF served as the data coordinating center, overseeing
dataset harmonization, data sharing, and advanced ana-
lytics. Furthermore, TOP-NT is committed to adhering to
common data standards with the goal of making datasets
findable, accessible, interoperable, and reusable (FAIR).6

Results of prospective harmonization and detailed
descriptions of synthesized findings represent major sci-
entific deliverables of the TOP-NT effort that will be
reported in future articles and dataset publications.

Standardizing the collection and reporting of bio-
marker tools across centers presents an opportunity to
compare results across studies with broad inclusion of
injury models and for classifying a wide spectrum of TBI.
Furthermore, the aggregation and harmonization of data-
sets from multiple centers can increase the statistical

power of studies through the availability of more subjects.
Cross-center data pooling presents an opportunity to
apply powerful analytical techniques that are typically
reserved for much larger datasets (e.g., machine learning).
For this reason, the TOP-NT consortium formed a part-
nership with the Open Data Commons for TBI (ODC-TBI)
(odc-tbi.org), an NIH-supported specialist repository spe-
cifically designed to support TBI data stewardship and
sharing, compliant with the NIH 2023 Data Sharing and
Management policy.7

At project close, TOP-NT will publish digital object
identifiers (DOIs) for each of the datasets created by the
collaborating laboratories, generating citable data work
products that can be reused under an attribution creative
commons license (CC-BY 4.0). This means that datasets
are treated like scientific articles: authored, creative
works that can be reused in future research, provided that
primary data authors are cited for their contribution.
Below, we outline the specific and novel features that
make TOP-NT a template for next-generation pre-
clinical team science and collaboration.

TOP-NT background and structure
TOP-NT is supported by an NINDS-initiated phased
(UG3/UH3) cooperative agreement mechanism (Fig. 1).
The initial UG3 phase allowed investigators at the data

FIG. 1. Overview of the TOP-NT study design. TOP-NT is organized as a phased, multi-center consor-
tium study. The initial, UG3 phase, is characterized by the data collection centers internally validating an
extensive list of multimodal biomarkers. Those biomarkers that passed strict go/no-go criteria were
advanced. The second, UH3 phase, is characterized by the external validation of biomarkers and dissemi-
nation of all research products (e.g., datasets, protocols, and articles). TBI, traumatic brain injury; TOP-NT,
Translational Outcomes Project in Neurotrauma.
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collection centers (UCLA, GU/USU, JHU, UF/MSM) to
develop and internally validate pathophysiological bio-
markers for TBI and associate these biomarkers with
progressing symptoms and pathologies (e.g., behavior
and quantitative histology). During the UG3 phase, the
UCSF team was charged with retrospectively curating
data from 11 published articles by their multi-PI team, to
create large, multi-lab datasets with imaging and inflam-
matory biomarkers after TBI.7 Imaging and biofluid
biomarkers included functional MRI (fMRI), diffusion-
weighted imaging (DWI), amide proton transfer-weighted
imaging (APT), and both blood-based and cerebrospinal fluid
(CSF) biomarkers (glial fibrillary acidic protein [GFAP],
aldolase C [ALDOC], total tau [Tau], phosphorated-tau
[pTau], and neurofilament-light [NF-L]). This represents a
combination of established biomarkers already under clinical
study as well as newer biomarkers under development for
potential advancement into the clinic in the future. The inclu-
sion of both novel and established biomarkers provides side-
by-side assessment of developing biomarkers and positive
translational controls for cross-lab reproducibility.

In the UG3 phase, the pathophysiological underpin-
nings of biomarker end-points were established and vali-
dated by assessing their correlation to non-invasive
measures of functional recovery (e.g., behavioral assess-
ments) as well as their correlation to pathologies at cer-
tain time points (e.g., histopathology time-matched and
regionally co-registered to imaging modalities). In this
phase, each center utilized TBI models and protocols
well established by, and already used in their respective
labs. The models of TBI included in the UG3 phase were
controlled cortical impact (CCI), fluid percussion injury
(FPI), accelerated weight drop, and high-frequency head
impact. Biomarkers were deemed successful if they sur-
vived a priori go/no-go criteria established in conjunc-
tion with the NIH program directors and were then
advanced to the UH3 phase for multi-center cross-
validation. During the UH3 phase, the standardized
procedures required aligning biomarkers with quantita-
tive histopathology at 1-month post-injury and behav-
ioral assessments observed throughout recovery. As
a result, in the UH3 phase each center conducted
harmonized assessments and end-points in the models
of TBI established in multiple TOP-NT centers (CCI,
FPI, closed-head impact model of engineered rotational
acceleration [CHIMERA] in rats). Specifically, in the
UH3 phase, every center utilized the CCI model, two
centers employed the CHIMERA model, and the other
two centers employed the FPI model (Fig. 2).

Following the UG3 phase and prior to the initiation of
the UH3 phase, TOP-NT Investigators established
detailed, stepwise standard operating procedures (SOPs).
Each SOP was reviewed by all members to maximize
clarity and reproducibility. Consensus SOPs were then

shared, adopted, and applied at all sites for the UH3
phase. In parallel, these consensus SOPs led to the devel-
opment of TOP-NT CDEs that describe the variables
articulated in the SOPs. The TOP-NT CDE development
process is the topic of a companion article [Wanner
et al., Prospective Harmonization, Common Data Ele-
ments and Sharing Strategies for Multicenter Preclinical
TBI research: A Translational Outcomes Project in Neu-
roTrauma (TOP-NT) Consortium Study].

The thorough application of TOP-NT CDEs enabled
the streamlining of the data collection process across
centers and allowed for the aggregation of datasets into
large, multi-site research products. Application of the
consensus SOPs during the UH3 phase supported
cross-validation of the primary UG3 findings across
models and sites supporting the intended reproducibil-
ity, rigor, and transparency goals of TOP-NT. All
resulting datasets from TOP-NT have been compiled
and are being uploaded alongside detailed data diction-
aries to the ODC-TBI (odc-tbi.org). All datasets will be
assigned DOIs and be made publicly available.7

TOP-NT sites and expertise
The multi-center teaming and organization are shown in
Figure 2. At the initiation, proposals from five centers
were independently selected for testing and internally
validating pathophysiological biomarkers. These pro-
posals included four data collection centers (GU/USU,
UCLA, JHU, and UF/MSM) and one center responsible
for the centralized aggregation, management, and analy-
sis of both existing and resulting datasets (UCSF). The
phased TOP-NT consortium resulting from the NIH’s
selection of independent proposals and the successful
completion of the “team building milestones” took
careful advantage of the specific areas of expertise
present at each site, while requiring cooperation across
individual sites to complete certain milestones. From
GU/USU, the biomarker incorporated into TOP-NT
was a novel fMRI analysis called Hcorr. Hcorr is
a local, regional heterogeneity analysis that uses spon-
taneous changes in blood-oxygen-level-dependent
(BOLD) signal to infer neuronal selectivity, which may
have the potential to serve as an indirect measure of
synaptic function.8 From UCLA, the biomarkers incor-
porated included serum-based, astroglial injury-defined
biomarkers comprised of ALDOC and specific protein
fragments of GFAP alongside DWI to address edema
and microstructural disruption.9–11 From JHU, APT, a
recently developed molecular MRI technique sensitive
to tissue pH or concentrations of endogenous proteins
and peptides was selected to non-invasively visualize
ischemic damage, inflammatory responses, and several
other key pathological processes in TBI.12 Lastly, UF/
MSM proposed a multi-model biomarker approach
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including a biofluid analyte panel comprised of NF-L,
Tau, pTau, and GFAP. These measures were aligned
with MRI and applied following multiple models of
TBI to capture a more inclusive range of clinically
observed TBI pathologies, including axonal injury,
contusion/tissue necrosis, loss of synaptic continuity,
white matter injury, microvascular injury/brain hemor-
rhage and neuroinflammation.13–15

TOP-NT TBI models
The TOP-NT team tested biomarker candidates in a vari-
ety of TBI models, with the goal of providing insight
into the pathophysiological features linked to each spe-
cific biomarker (Table 1). This multi-model approach is
intended to inform future translation of TOP-NT bio-
marker applications for patient classification, subtyping,
and therapeutic stratification for precision medicine.

FIG. 2. Specifics of the TOP-NT study design. The UG3 phase was largely dictated by the five centers to
take advantage of the local expertise and availability of technologies. Following the transition period
where biomarkers were filtered using established go/no-go criteria, at least two centers were assigned to
test each variable in the UH3 phase. Standard protocols and training were provided to ensure inter-cen-
ter consistency. Where needed, samples were prepared and shipped between centers for testing (e.g.,
serum biomarkers ALDOC and GFAP processed by BRAINBox Solutions via UCLA) to collect the most
complete dataset feasible. ALDOC, aldolase C; GFAP, glial fibrillary acidic protein; TOP-NT, Translational
Outcomes Project in Neurotrauma; UCLA, University of California, Los Angeles.

Table 1. TOP-NT TBI Models: UG3 Initial Scope and UH3 Adaption

UG3-sites UG3 animal TBI models used Selection for UG3–UH3 transition UH3-adapted TBI models Type of injury administered

GU/USU CCI (mouse), CCI, HFHI (mouse) Go/no-go criteria CCI
CHIMERA

CCI as a model for focal, con-
tusive, and diffuse injury

JHU CCI CCI
CHIMERA

UCLA CCI CCI
FPI

FPI as model for mild-moderate
diffuse injury

UF CCI, l-FPI, AWD CCI
FPI

CHIMERA as a model of
impact-acceleration induced
concussion and repeated injuryUCSF Data Management and analysis Data integration/harmonization

Unless otherwise specified, all TBIs were administered in the rat model.
AWD, accelerated weight drop; CCI, cortical impact; CHIMERA, closed-head impact model of engineered rotational acceleration; FPI, fluid percus-

sion injury; HFHI, high-frequency head impact; JHU, Johns Hopkins University; TBI, traumatic brain injury; TOP-NT, Translational Outcomes Project in
Neurotrauma; UCLA, University of California, Los Angeles; UCSF, University of California, San Francisco; UF, University of Florida; USU, Uniformed
Service University.
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Models established at multiple centers were best suited
for cross-center validation testing of the UH3 phase and
are described below. Furthermore, the CCI and FPI mod-
els are prevalent throughout the TBI pre-clinical litera-
ture including detailed reports regarding physiological
responses to these injury types. The inclusion of these
clinically relevant and common models of TBI was
vitally important to test the reproducibility of outcome
measures across multiple sites in such a way that is
informative for the field as a whole.

CCI injury. To model TBI resulting from a focal
impact, the TOP-NT used the CCI rat model. CCI is per-
formed by extending a rigid impactor tip through a para-
sagittal craniectomy onto the exposed dura resulting in a
transient displacement of the underlying dura and neuro-
nal tissue.16,17 This approach has been well-characterized
in the literature as a method of TBI that generates a focal
injury to the cortex resulting in contusion and pericontu-
sional areas as well as diffuse fiber damage in both adja-
cent and remote regions.16,18,19 The mechanical insult
from the impactor is capable of resulting in vast and pro-
gressive histopathological, structural, and functional
impairments consistent with clinical observations such as
cerebrovascular alterations, cell death and dysfunction,
ventricular enlargement, and learning and memory defi-
cits. In the TOP-NT study, multiple impact parameters
were included to capture a spectrum of pathologies (pis-
ton penetration ranged from 1.0 to 2.8 mm; 20 psi; 200
ms dwell time) and model a typical, varied clinical
cohort. Differences across parameters and potential impli-
cations for injury severity indices will be assessed using
imaging and histological assessments able to quantify tis-
sue damage and described in upcoming articles. Equal
number of randomly selected male and female adult
Sprague Dawley rats were used to determine whether sex
is a significant confounding factor in all assessments and
predictors. In females, the status of the estrous cycle on
injury day added further information on possible influ-
ence of female cycling hormone levels on injury and bio-
markers.20,21 Furthermore, the CCI model was used by all
data collection centers in the UH3 phase to enable direct
cross-validation across sites.

Fluid percussion injury. To model diffuse, open head
TBI, TOP-NT used the FPI rat model. FPI is a well-
characterized model of TBI that captures clinically rele-
vant deficits and pathologies.22–24 Similar to the CCI
model, FPI also applies a localized, mechanical insult
through a parasagittal craniectomy; however, an FPI is
administered via a pressurized fluid pulse rather than a
rigid impactor. This results in a diffuse injury with typi-
cally milder or absent focal lesions but expansive and
progressing white matter injury.25 Even in cases where
limited histopathology is observed, FPI subjects exhibit

manifold neurobehavioral deficits.23,26 This is consistent
with the literature where the majority of TBI cases do
not present on conventional (i.e., computed tomography
[CT]) imaging assessments, yet patients experience last-
ing and debilitating symptoms. Similar to CCI, multiple
device parameters were included (FPI device: 2.0 atm
and 2.5 atm).

Closed-head impact model of engineered rotational
acceleration. To model closed-head injuries TOP-NT
used the CHIMERA model. CHIMERA is a more
recently developed approach than CCI and FPI, devel-
oped to capture clinically relevant pathologies such as
diffuse axonal injury and neurophysiological impair-
ments.27,28 CHIMERA involves a closed-head, non-
surgical approach that incorporates both linear and angu-
lar acceleration in the sagittal plane. This model has been
characterized in both mice and rats with previous
descriptions of CHIMERA describing pathology consist-
ent with white matter injury in the corpus callosum and
optic tract, alongside behavioral impairments including
motor deficits and cognitive dysfunction.27–32 To further
adapt the rat CHIMERA model to meet the research
goals of TOP-NT, we introduced a 3D-printed interface,
placed between the impactor and the scalp to distribute
the energy over a larger surface area and avoid skull frac-
ture (as used in the mouse CHIMERA).31 This interface
allowed us to induce impacts at approximately 10 m/s
generating 5 J of kinetic energy. Mirroring the inclusion
of multiple parameters in the other two injury models,
one group received a single insult, and a second group
received four insults distributed over 2 days (two insults
at 1-h interval each day). Assessing the implications of
different model parameters with respect to injury severity
will be the topic of forthcoming articles.

Neuroimaging biomarkers
TOP-NT assessed the generalizability of the structural/
functional markers in different MRI facilities, with dif-
ferent field strengths, and using different TBI models
(Table 2). Neuroimaging biomarkers were selected by
the TOP-NT Executive Committee based on the UG3
go/no-go criteria and cross-validated in three models
(CCI, CHIMERA, and FPI) in four labs (GU/USU, JHU,
UCLA, and UF/MSM) during the UH3 phase. Three
neuroimaging sequences (fMRI, APT, and DWI) and
four biomarkers (Hcorr, APT, fractional anisotropy
[FA], and mean diffusivity [MD]) were selected repre-
senting a broad range of known TBI pathophysiologies.
Specifically, Hcorr serves as a biomarker for synaptic
damage/dysfunction (host site: GU/USU), APT imaging
serves as a biomarker for protein density associated with
neuroinflammation (host site: JHU), and FA and MD
quantify microstructural damage (scalar maps derived
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from fitting data to the diffusion tensor), including FA to
capture diffuse axonal injury and MD to reflect edema
(host site: UCLA).

MRI scanners, software, and coils were used at each
site in the UH3 phase including GU/USU (Bruker 7T,
ParaVision 6.0.1, 86-mm quadrature coil transmit/4-
channel phased array coil receive); JHU (Bruker 11.7T,
ParaVision 6.0.1, 72-mm birdcage volume coil transmit/4-
channel phased array coil receive); UF (Bruker 11.1T,
ParaVision 6.0.1, in house quadrature surface coil/trans-
ceive mode); and UCLA (Bruker 7T, ParaVision 5.1.0,
72-mm birdcage volume transmit coil/quadrature, receive-
only surface coil). Different MRI scanner hardware and
software (e.g., different field strengths, different software
versions, and different coils) may largely affect the cross-
lab validation. Based on the sequences established by the
host sites, the neuroimaging working group has worked
closely to harmonize all related MRI sequences at the
beginning of the UH3 phase. Our goal is to use the same
imaging parameters and analyses pipelines that are opti-
mized and acceptable for all labs (see Wanner et al., in
press)75. However, due to different field strengths and
scanner hardware limitations, reasonable adjustments
were made for some parameters, such as the acquisition
average number and echo time. To assess cross-site MRI
variability, the sites tested an MRI phantom but these
efforts were not successful due to the early state of techno-
logical development of the phantom. We therefore
adopted an approach of scanning rats that were obtained
from the same vendor/litter and used site-specific anes-
thetic sham rats to control for site–site variability.

fMRI and Hcorr. fMRI scans were applied to measure
the selected Hcorr, or local regional heterogeneity, bio-
marker which can effectively estimate synaptic dysfunc-
tion across brain regions through an fMRI scan. Synaptic
changes have been extensively reported after experimen-
tal TBI, with synapse loss occurring in multiple different
animal models. Thus, the loss of synapses appears to be
a common event, regardless of injury type and injury
severity. We have selected an assessment battery consist-
ing of validated techniques (including Hcorr from non-

invasive fMRI scans) to measure synapse integrity, path-
obiology, and function.

Amide proton transfer. APT is a relatively new,
protein-based molecular MRI technique. Early APT or
APT-weighted MRI studies have shown promise in
detecting tumors, stroke, and other diseases.12,33–35 This
application in TOP-NT aimed to demonstrate the feasibil-
ity, potential, and reproducibility of APT-MRI signals as
functional markers for TBI. Currently, there are no stand-
ard APT-MRI products available in Bruker MRI systems.
To run APT-MRI experiments, TOP-NT designed, tested,
and standardized novel pulse sequences.

Diffusion-weighted imaging. DWI tensor data were
used to derive maps of FA and MD. These two scalars
were determined by the prior G phase studies to be most
promising for determining group assignments and pre-
dicting outcomes. Data were processed using the same
pre-processing script shared among the sites in order to
harmonize methods (see companion article, Wanner
et al., in press)75. Data were co-registered to a common
brain (i.e., mean deformation template created from the
data at each site) followed by a computerized strict
threshold-determined voxel-based change from average
sham resulting in volumes of “injury burden” for each
injured animal.

TOP-NT biofluid biomarkers
The TOP-NT team developed and performed a cross-
validation assessment of selected blood-based bio-
markers after TBI (Table 3).

Astrocytic injury markers. GFAP is an intermediate fil-
ament found in astrocytes with strong expression pat-
terns reported in the hippocampus, cerebellum, and
white matter.36 Additionally, GFAP is highly induced in
the hippocampus and cortex following TBI.37 ALDOC is
a brain-specific isoform of a glycolysis enzyme and is
among the most abundant proteins found in the brain.
ALDOC is highly expressed in healthy gray matter and
white matter astrocytes.38,39 Both GFAP and ALDOC

Table 2. TOP-NT Neuroimaging-Based Biomarkers: Initial Scope in UG3 and Selection for UH3 Phase

UG3 Selection for UG3 to UH3 transition UH3 adapted biomarkers TBI pathological mechanism

Biomarker candidates including T2,
T2*, T1, DWI (MD, AD, RD,
FA), CBF, MTC, APT, resting
state fMRI, and Hcorr

Go/no-go criteria FA Axonal injury—white matter and
gray matter injury

MD Swelling and vasogenic edema
Diffuse white and gray matter injury

Hcorr Synaptic connectivity
APT Neuroinflammation, astrogliosis,

microgliosis

AD, axial diffusivity; APT, amide proton transfer-weighted imaging; CBF, cerebral blood flow; DWI, diffusion-weighted imaging; FA, fractional ani-
sotropy; fMRI, functional magnetic resonance imaging; MD, mean diffusivity; MTC, magnetization transfer contrast; RD, radial diffusivity; TBI, trau-
matic brain injury; TOP-NT, Translational Outcomes Project in Neurotrauma.
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are highly enriched markers of astrocytes whose expres-
sion is upregulated by the transcription factor STAT3;
thus, implicating their role as targets of reactive astro-
gliosis following injury.39,40 Additionally, GFAP and
ALDOC are elevated in biofluids of patients with TBI with
distinct profiles related to release kinetics and stability.9,37,41

Released GFAP proteolytic fragments are associated with
mortality and astrocyte demise, whereas ALDOC is released
from membrane-wounded astrocytes and has greater bio-
fluid stability.9,42 GFAP, together with neuronal ubiquitin
C-terminal hydrolase-L1, protein elevations in the blood are
associated with intracranial lesions on head CT scans sup-
porting their Food and Drug Administration approval for
identifying CT-positive patients with more severe TBI and
ruling out CT-negative patients with mild TBI.43 On the
contrary, ALDOC elevation has been reported in serum
samples of both patients with mild and severe TBI.9

Together, these two astroglial biomarkers capture white and
gray matter injuries with distinct kinetics and sensitivities
making them suitable for determining TBI types and under-
lying pathophysiology in pre-clinical studies.

Neurofilament-light. Neurofilaments (NFs) are neuron-
specific, class IV intermediate filament proteins (10 nm
diameter). NFs are major components of the axonal cyto-
skeleton, determine axon caliber, and support organelle
trafficking and synaptic activity.44 NFs are abundant in
axons, dendrites, and perikarya.45 The major neuronal
intermediate filaments in the CNS are those assembled
from the NF triplet proteins: the NF-L (68–70 kDa), NF-
medium (150 kDa), and NF-heavy (200 kDa). As a TBI
biomarker, NF-L is the most studied among neurofila-
ments. Shahim and colleagues reported CSF and serum
NF-L levels correlate with post-concussive symptoms
after sports-related concussion/mild TBI and relate to
diffusion tensor imaging measures, including atrophy
rates and FA.46 In a rat model of mild TBI, NF-L was
found to be substantially elevated at all acute (2 h, 1, and
3 days) and sub-acute time points (day 7–14) after a sin-
gle mild TBI, with a peak at 1 day.47 In a penetrating bal-
listic brain injury model in rats, Li et al. also found that
serum NF-L was elevated on both days 1 and 2 post-
injury.48

Tau and pTau. Tau protein is a microtubule-associated
protein that functions as a major structural element in the
axonal cytoskeleton.49 Tau protein is prone to different
post-translational modifications (PTMs) where phospho-
rylation at multiple epitopes is among the most assessed
PTM in the context of neurodegeneration. Tau and pTau
proteins are deposited in the brain in numerous neurodege-
nerative conditions including Alzheimer’s disease, frontal
temporal dementia, and TBI-linked chronic traumatic
encephalopathy. These conditions are, therefore, termed
tauopathies.49–51 Using an ultra-high sensitive assay (roll-
ing cycle amplification-surrounded optic fiber), Ruben-
stein and colleagues reported that both Tau and pTau
(Thr-231) are elevated acutely (day 1) in patients with
TBI (Glasgow Coma Score 3–15), and pTau (Thr-231)
remains elevated in chronic TBI (average >1 year post-
injury).52 In two mouse models of repeated close-head
injury, both serum Tau and pTau were elevated acutely
and sub-acutely (day 1 to day 30 following injury) with
pTau showing a higher fold increase.53 Furthermore,
Rubenstein et al. found both plasma Tau and pTau eleva-
tions on day 1 with Tau levels plateauing early but
remaining elevated and plasma levels of pTau continuing
to rise up to 12 months post-injury.54

TOP-NT neurobehavioral end-points
The TOP-NT team used several neurobehavioral end-
points to help assess and validate the neuroimaging and
biofluid biomarkers developed by the constituent labora-
tories (Table 4).

Neuroscore. The neurobehavioral status of the rats
was assessed using the neuroscore, a composite score
that includes tasks evaluating motor function, alertness,
and physiological behavior.55 Lower neuroscore values
indicate more severe deficits. Animals were scored on a
scale of 0 (severely impaired) to 4 (normal) for each of
the following seven indices: (a) left and right (two indi-
ces) forelimb flexion during a tail suspension task, (b)
left and right (two indices) hindlimb flexion when the
forelimbs remained on a hard surface and the hindlimbs
were lifted up and back by the tail, (c) ability to resist a
lateral pulsion toward the left and right (two indices),

Table 3. TOP-NT Blood-Based Biomarkers: Initial Scope in UG3 and Selection for UH3 Phase

UG3 phase
Selection for UG3 to UH3

transition
UH3 adapted
biomarkers TBI pathological mechanism

Biomarker candidates for neuronal
injury, astrocyte injury, axonal
injury, white matter injury, neu-
roinflammation, vascular injury

Go/no-go criteria GFAP Astrocyte demise, white matter injury
ALDOC Astrocyte membrane wounding, gray and white matter

injury
NF-L Axonal degeneration
Tau Neuronal cell injury
Tau/pTau Neurodegeneration

ALDOC, aldolase C; GFAP, glial fibrillary acidic protein; NF-L, neurofilament-light; pTau, phosphorated-tau; Tau, total tau; TBI, traumatic brain
injury; TOP-NT, Translational Outcomes Project in Neurotrauma.

TOP-NT INITIATIVE 905

D
ow

nl
oa

de
d 

by
 F

L
O

R
ID

A
 S

T
A

T
E

 U
N

IV
E

R
SI

T
Y

 C
O

L
L

E
G

E
 O

F 
M

E
D

IC
IN

E
 f

ro
m

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 0

6/
30

/2
5.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



and (d) performance on an angled board. The composite
neuroscore (ranging from 0 to 28) was generated by sum-
ming the scores from each of the seven tests.55,56

Rotarod. The rotarod test is a widely used method for
assessing the motor coordination of rats and mice.57 It
involves placing animals on a circular rod that rotates at
a constant or increasing speed. The test evaluates maxi-
mal motor performance as animals attempt to maintain
balance on the rotating rod rather than falling onto a plat-
form below. Automation of this test allows for simulta-
neous evaluation of multiple animals on the same rod,
facilitated by vertical barriers that separate them. Motor
performance on the rotarod can be influenced by various
factors, including motor coordination, learning ability,
and cardiopulmonary endurance.

Barnes maze. The Barnes maze was used to assess
spatial learning and memory impairments. The apparatus
for rats is a light gray circular platform (122 cm in diam-
eter) with 20 circular holes (10 cm in diameter) evenly
spaced around the periphery, with a platform located 90
cm above the floor. The platform is illuminated with a
bright light. An escape box that provides a dark cover
preferred by rats is located under 1 of the 20 holes, and
false bottom trays are placed below the other holes to pre-
vent the rat from falling. The escape box and all the false
bottoms are made of the same material as the platform. A
white curtain with visual cues is placed around the appa-
ratus. The task consists of one trial per day for 5 consecu-
tive days. For each trial, the rat is placed in the middle
and can freely explore the platform to enter the escape
box. If the rat does not enter the escape box within 90–
240 sec, it will be gently pulled into the escape box and
be allowed to stay for 60 sec before being returned to
home cage. The time for exploration to enter the escape
box and the path traveled are tracked with a video camera
and analyzed with Any-maze software.

Y-maze spontaneous alternation. This variant of the
Y-maze task was used to assess short-term, spatial work-
ing memory impairments.58,59 The apparatus is com-
prised of three identical arms (50 cm long, 10 cm wide,
and 20 cm high, at an angle of 120� with respect to the
other arms). Each individual rat is placed in the center of
the Y-maze field and allowed to explore the maze freely

for 8 min. The experimenter then leaves the room, and
the movement of the rat is video recorded. A valid entry
requires all four paws to be inside the arm. A spontane-
ous alternation is counted when the rat enters three dif-
ferent arms consecutively. Percentage of spontaneous
alternation is calculated = [(number of alternations)/(total
number of arm entries-2)] · 100.

Elevated zero maze. The elevated zero maze is used to
assess anxiety-related behavior in rodents.60 The appara-
tus consists of an annular platform where two diametri-
cally opposite quadrants of the maze are enclosed by
walls and adjacent to quadrants open to room light. Rats
are randomly placed at the boundary between open and
closed-walled quadrants, facing the closed zone, and per-
mitted to explore the maze for 10 min. During the test,
the animal’s behavior is recorded by a video camera
mounted above the maze and analyzed using a video
tracking system for the position of the rat to determine
the time spent in the open zones of the mazes, and the
distance traveled during the test. Preference for being in
the closed quadrants indicates a higher level of anxiety-
like behavior.

TOP-NT histopathology end-points
The TOP-NT consortium incorporated histopathology as
an unbiased quantitative approach to validate biomarker
pathophysiology in both the UG3 and UH3 phases
(Table 5). The features quantified during the UG3 phase
included acute cortical astrocyte compromise and cell
death, neuronal fiber damage, acute proteinopathy (injury
day and 1 day post-injury; UCLA), and early inflamma-
tory cell infiltration as well as microgliosis (3 days post-
injury; JHU). Importantly, this approach provided
regional metrics for the same markers as those measured
in serum (GFAP, ALDOC, NF-L, and Tau). While the
aforementioned proteins provided information on neuro-
nal and astroglial injury, ionized calcium-binding
adaptor-1, bisbenzimide, and Luxol fast blue were added
to the histopathology assessments to capture microglio-
sis, cell density, and myelin changes at 1-month post-
injury. Total amount and intra-area (within remaining tis-
sue) changes were quantified in the ipsilateral cortex,
cingulum, corpus callosum, and the dorsal hippocampus,
with the latter allowing direct correlation to Hcorr data.
Furthermore, true-to-position profiles enabled correlation

Table 4. TOP-NT Neurobehavioral End-Points: Initial Scope in UG3 and Selection for UH3 Phase

UG3 neurobehavioral end-points Selection for UG3–UH3 transition UH3 neurobehavioral end-points

Neuroscore, rotarod, water maze, elevated plus maze, Y-maze Consensus discussion Neuroscore
Rotarod
Y-maze
Barnes maze

TOP-NT, Translational Outcomes Project in Neurotrauma.
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with co-registered MRI slice data, while summated data
were used for correlation with serum biomarker levels
(see companion article Wanner et al., in press).

TOP-NT data management, curation, and sharing
The TOP-NT consortium created a large number of
datasets as scientific work products that will be dissemi-
nated to the research community to drive future research
(Fig. 3). Preparing the datasets for public dissemination
involved intensive collaboration between data scientists
at UCSF and the data collection sites (see Fig. 2). To
support this effort, the team partnered with an NIH-
supported data repository, the ODC-TBI.7 TOP-NT labs
work closely with ODC-TBI data science staff members
to adopt international data citation standards, conform
to data formatting standards, and help with data wran-
gling to make datasets FAIR.6

Data management and sharing plan: ODC-TBI. As
previously noted, TOP-NT uses ODC-TBI (odc-tbi.org)
as the data management and sharing platform. ODC-TBI
supports storage of tabular data in comma separated value
(.csv) format in a secure, cloud-based platform designed
to support large-scale TBI collaborations, along with
study metadata, data dictionaries, and ancillary files such
as portable document format files that are associated data
files. Large-volume imaging data (e.g., MRI files) are
uploaded to the Federal Interagency TBI Research (FIT-
BIR) Informatics system, and direct links to these resour-
ces will be made available within the ODC-TBI to ensure
provenance and semi-federated access. In addition to pri-
vately sharing data with lab members or selected collabo-
rators, ODC-TBI also enables researchers to publish their
datasets with persistent and citable DOIs.7 This approach
conforms to the NIH data sharing policy and, with the
inclusion of a detailed data dictionary, adheres to FAIR
data standards.61 In order to access datasets in the ODC-
TBI, users must first register for a free account. Once
logged in, users can access datasets, corresponding data

dictionaries, and provenance pages specific to each data-
set through the ODC-TBI portal.

FAIR data standards for TOP-NT. FAIR data steward-
ship was a requirement of the original TOP-NT funding
announcement.4,6 A findable dataset enables any person
wishing to work directly with the dataset the ability to
locate all necessary files for viewing and understanding
that content of the dataset (data dictionaries, SOPs, meta-
data, etc.). In the case of TOP-NT, the datasets are made
public through the ODC-TBI platform and indexed in a
manner similar to scientific articles. Public datasets
include full author lines and DOIs that are persistent
identifiers, web-discoverable, and citable entities. Thus,
any article that uses a TOP-NT dataset, whether it is our
group or an external researcher, must cite the issued
dataset DOI alongside the publication. Web searches for
dataset DOIs resolve to the ODC-TBI landing page for
that dataset, where the associated files and their descrip-
tions can be located.62–64 Once located, the accessible
nature of FAIR data stewardship ensures that files are
made available in a clear and widely accessible manner.
That is, the files must be downloadable in a format that
is free and familiar to most users. The TOP-NT data are
released under a Creative Commons Attribution license
(CC-BY 4.0), which allows users to freely access and
reuse data, provided that they cite the original data
authors. In the case of TOP-NT and ODC-TBI, tabular
data are stored in flat.csv files that can be easily opened
in Excel and other common spreadsheet software and
analyzed via common analytical programming languages
such as R or Python. In the case of imaging files that do
not follow the same tabular format, datasets will be
stored as a .tar format in FITBIR, and direct links are
provided on the ODC-TBI pages relevant to those data-
sets. Accessibility requirements for the TOP-NT datasets
follow those set by the ODC-TBI infrastructure. Users
must register for an account with ODC-TBI using their
institutional email. Once the email has been validated,

Table 5. TOP-NT Histopathology End-points: initial Scope in UG3 and Selection for UH3 Phase

UG3 histopathological end-points
Selection for UG3–UH3

transition

UH3 histopathological end-points
(profiles of areas, amounts,

intensities) TBI pathological mechanism

Biomarker candidates for acute and chronic
cytological injury: astrocyte injury, neuronal
injury, (Image J driven process damage
assays; astrocyte densities); neuroinflammation,
scarring; vascular injury (IgG extravasation)

Consensus Discussion GFAP Astrogliosis
ALDOC Chronic astrocyte depletion

and astrogliosis
NF-L Chronic neuronal loss and

axonal degeneration
Iba-1 Microgliosis
Tau Neuronal injury and tauopathy
Luxol fast blue staining Demyelination and white mat-

ter atrophy
Bisbenzimide (Hochst) automated
nuclear count

Inflammatory proliferation and
atrophic/chronic cell loss

ALDOC, aldolase C; GFAP, glial fibrillary acidic protein; Iba-1, ionized calcium-binding adaptor-1; IgG, Immunoglobulin G; NF-L, neurofilament-
light; Tau, total tau; TBI, traumatic brain injury; TOP-NT, Translational Outcomes Project in Neurotrauma.
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the user can view and download publicly available data-
sets that have been issued citable DOIs. As TOP-NT pro-
gresses through the publication process, all datasets will
be made available in this manner.

To ensure interoperability of multi-center datasets, TOP-
NT adopted and further developed the federal pre-clinical
CDEs for TBI. Development of the TOP-NT CDEs
involved an intensive effort, detailed in a companion article
(Wanner et al., in press). The TOP-NT CDEs were aligned
to pre-clinical NINDS CDEs and version controlled to ena-
ble incorporation with future interagency efforts to maintain
CDEs for the field. In cases where TOP-NT data elements
cover areas not yet addressed by prior NINDS CDEs, TOP-
NT-specific data elements were derived from SOPs and
implemented across centers to ensure interoperability.

Lastly, FAIR data standards emphasize the importance
of dataset reusability for secondary analyses and cross-

validation. In the case of scientific research, this standard
assists with addressing the rigor and reproducibility of
data reporting. To ensure that any user who wishes to
analyze a TOP-NT dataset has all the information neces-
sary, the ODC-TBI published datasets include rich meta-
data and provenance information ODC-TBI.7 These
features provide a high-level overview of the dataset
contents, and any published peer-reviewed articles that
report findings derived from the dataset. As of February
2024, TOP-NT laboratories have uploaded 44 datasets to
the ODC-TBI multi-laboratory controlled-access space
for TOP-NT Investigators, representing N = 3444 rats
and mice. The first of the UG3 datasets, which are based
on UCSF UG3 phase retrospective curation of data from
11 prior articles (N = 1250 animals) (see “TOP-NT back-
ground and structure” section), have been published
through publicly available DOIs.62–64 UH3 datasets from

FIG. 3. Data management workflow. (A) Collected experimental data from the TOP-NT UG3 and UH3
phases were digitized and uploaded to the ODC-TBI (odc-tbi.org), an NIH-funded biomedical data repository
for TBI data management and sharing. (B) Individual TOP-NT sites worked with ODC-TBI data scientists to
wrangle data into machine-readable formats, providing structured metadata and data dictionaries that sup-
port FAIR principles and international data citation standards.66 (C) Multi-center TOP-NT data were merged
and cross-curated to generate large data pools. (D) Large sample sizes achieved through data pooling
enabled reaching statistical power for hypothesis testing and provided rich feature sets for advanced
machine learning approaches. (E) The individual datasets as well as pooled derivative data represent citable
primary scientific work products that are publishable units much like articles. Each TOP-NT dataset received
its own persistent digital object identifier with complete indexing information. TOP-NT datasets are made
publicly available under a Creative Commons Attribution (CC-BY 4.0) license upon publication of associated
peer-reviewed articles or grant end (whichever comes first). This makes TOP-NT data FAIR and open and con-
forms to federal data sharing policies including the 2023 NIH data management and sharing policy. FAIR,
Findable, Accessible, Interoperable, and Reusable; ODC-TBI, Open Data Commons for TBI; TBI, traumatic brain
injury; TOP-NT, Translational Outcomes Project in Neurotrauma.
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UCLA, GU/USU, UF/MSM, and JHU will be finalized
for public release in the coming months.

Summary and Conclusion
As of 2024, the majority of pre-clinical TBI literature
consists of siloed studies by individual laboratories rather
than coordinated multi-center efforts. Most laboratories
focus on a single animal model of TBI and a small num-
ber of target end-points. This results in a disjointed litera-
ture of heterogeneous pre-clinical studies, each modeling
a specific patient subpopulation. The development of
biomarkers that help define injury subtypes has great
potential to accelerate patient stratification and precision
medicine. Toward this goal, the TOP-NT project per-
formed multi-center collection and standardization of
pre-clinical data on pathophysiological biomarkers and
end-points for multiple TBI models. In doing so, we now
have the opportunity to compare the reproducibility, rigor,
and transparency of biomarker results across centers, stud-
ies, and TBI types. Aggregation and harmonization of
multi-center pre-clinical data enables pooling of subjects,
increasing statistical power of studies and opening opportu-
nities for advanced analytics such as machine learning that
are typically reserved for much larger datasets.

TOP-NT is not the first large-scale, multi-center study
in pre-clinical neurotrauma. The spinal cord injury (SCI)
field executed the Multicenter Animal Spinal Cord Injury
Study (MASCIS) in the mid-1990s with the goal of test-
ing drugs in standardized injury models with standardized
outcomes.65 The major outputs from the MASCIS study
were the NYU/MASCIS impactor model and the Basso
Beattie Bresnahan locomotor outcome scale.66 In addi-
tion, recent “data archeology” studies have digitized and
curated all of the MASCIS data, and advanced analysis
using machine intelligence has generated novel findings
about acute blood pressure management that translated
into the clinic.67,68 This demonstrates the value of FAIR
data for driving novel discoveries.

Pre-clinical TBI also has prior examples of multi-center
studies. The Department of Defense-funded Operation Brain
Trauma Therapy (OBTT) successfully employed a multi-
center consortium to screen potential therapeutics across
multiple animal models of TBI and demonstrated the impor-
tance of conducting cross-institutional studies.26,69–72 Major
differences between OBTT and TOP-NT are the degree of
standardization across centers as well as the primary objec-
tives of the consortia (i.e., therapeutic testing in OBTT vs.
biomarker evaluation in TOP-NT). OBTT tested pharmaco-
therapies with a history of pre-clinical success in a series of
three distinct TBI models, with each individual laboratory
executing its own specialized protocols. In contrast, TOP-
NT developed standardized TBI models and protocols
that were deployed in parallel across centers. In this sense,
TOP-NT mirrors the structure of a multi-center clinical

observational study with a high degree of standardization
across enrolling centers, whereas OBTT mirrors a phase IV
clinical study where post-market drugs are deployed across
heterogeneous centers. The OBTT group successfully
aggregated datasets collected by independent groups in a
way that allows for more broadly encompassing reports
than is typically found in the TBI literature (i.e., three injury
models, two species, numerous functional outcome assess-
ments).3,13,24,70–74 While the field continues to adjust to this
collaborative mindset, there remains an urgent need for the
characterization and multi-site validation of pathophysiolog-
ical end-points such as neuroimaging and more extensive
biomarker panels. Further development and adoption of
data management infrastructures that support the option to
share data with other TBI researchers may provide new
opportunities for data reuse to drive novel discoveries.

TOP-NT reflects a next-generation collaborative pre-
clinical project in neurotrauma whereby multiple labora-
tories work together toward a common goal of biomarker
development through standardization and adoption of the
same methods and models. The primary outputs will
include the development and validation of robust patho-
physiological biomarkers of TBI, and high-quality pub-
licly available datasets as well as their synthesized
findings that will be reported in a series of forthcoming
articles. The transparency in sharing protocols and data-
sets will contribute to the reproducibility and potential
utility of the novel pre-clinical tools we propose are cen-
tral to this endeavor. As we continue to refine these tools
and apply them within the context of TBI research, it
will be critical to assess not only their effectiveness in
advancing our understanding of TBI but also their practi-
cality and relevance for clinical application. This will
involve a concerted effort to validate these tools against
established clinical outcomes and to engage in a continu-
ous dialogue with both the research community and clin-
ical practitioners to ensure that our approaches are
aligned with the needs and realities of TBI treatment.
TOP-NT also represents an early implementation of the
data management and sharing policy that is now required
for all new NIH awards as of 2023, where datasets them-
selves are viewed as citable primary work products.
More broadly, TOP-NT provides a model of multi-center
pre-clinical research that can be adopted by other fields
to usher in a new era of collaborative, team-based pre-
clinical research to improve scientific rigor, reproducibil-
ity, transparency, and bench-to-bedside translation.

Transparency, Rigor, and Reproducibility
The TOP-NT project is a multi-center project specifi-
cally designed to improve transparency, rigor, and
reproducibility of biomarkers and data for pre-clinical
TBI models. TOP-NT promotes transparency by mak-
ing all resources public, including data, experimental
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procedures, instrumentation, and analyses by a range of
measurement variables, including MRI protocols, bio-
marker assays, histopathology, and behavioral testing.
All statistical analysis plans and reporting were devel-
oped, a priori by the external data coordinating center,
including a plan to publicly post all data in the odc-
tbi.org data repository site and to assign DOIs to pro-
vide citable persistent identifiers data, the SOPs, as
well as the associated data dictionaries and CDEs.
Before the UH3 experiments were initiated, the data
from the UG3 phase was used for power calculations
to estimate effective power >0.80 with 48 rats for each
study. Rare instances of non-survival of laboratory rats
were followed up with a replacement to ensure the
planned sample sizes. Rigor was a planned component of
the research, including close adherence at all research
sites to the SOPs and documentation of CDEs, and
detailed reporting of all pre-identified variables. Rigor
also included random assignment of rodents to the experi-
mental conditions and blinding of investigators to animal
treatments as well as exclusion criteria. Reproducibility
was an inherent component of the project, where at least
two research sites conducted the same pre-clinical TBI
model independently, with full transparency and docu-
mentation of potential site-specific differences, and
planned statistical analyses for determining the degree of
such site-specific differences. True replicates were built-
in for biomarker assays and GFAP and area histopathol-
ogy data, which allowed to determine whole cohort coef-
ficients of variation.
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