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Abstract

Efforts to understand spinal cord injury (SCI) and other complex neurotrauma disorders at the pre-clinical level have
shown progress in recent years. However, successful translation of basic research into clinical practice has been slow,
partly because of the large, heterogeneous data sets involved. In this sense, translational neurological research represents a
“big data’ problem. In an effort to expedite translation of pre-clinical knowledge into standards of patient care for SCI,
we describe the development of a novel database for translational neurotrauma research known as Visualized Syndromic
Information and Outcomes for Neurotrauma-SCI (VISION-SCI). We present demographics, descriptive statistics, and
translational syndromic outcomes derived from our ongoing efforts to build a multi-center, multi-species pre-clinical
database for SCI models. We leveraged archived surgical records, postoperative care logs, behavioral outcome measures,
and histopathology from approximately 3000 mice, rats, and monkeys from pre-clinical SCI studies published between
1993 and 2013. The majority of animals in the database have measures collected for health monitoring, such as weight
loss/gain, heart rate, blood pressure, postoperative monitoring of bladder function and drug/fluid administration, behav-
ioral outcome measures of locomotion, and tissue sparing postmortem. Attempts to align these variables with currently
accepted common data elements highlighted the need for more translational outcomes to be identified as clinical endpoints
for therapeutic testing. Last, we use syndromic analysis to identify conserved biological mechanisms of recovery after
cervical SCI between rats and monkeys that will allow for more-efficient testing of therapeutics that will need to be
translated toward future clinical trials.
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Introduction

SPINAL CORD INJURY (SCI) is a devastating syndrome, affecting
approximately 1.3 million people in the United States and
costing the nation almost $10 billion per year." There has been
significant progress over the past 20 years in our understanding of
the pathophysiology and behavioral components of recovery after
SCI using animal models® with the goal of providing therapies to
improve the human condition. Nevertheless, few therapies have
successfully made the transition into treatments for humans, and
attempts to independently replicate published pre-clinical studies
describing various treatment strategies have been mostly unsuc-
cessful.? Similar problems have arisen in other neurotrauma fields,
such as stroke* and traumatic brain injury (TBI),” suggesting that
SCl is not alone in its translational challenges. As with other central
nervous system diseases, SCI is complex not only in the nature of
the histopathology, but also in the injury-induced changes observed
in both the motor and sensory systems over the course of recovery.
To understand this biobehavioral complexity, different laboratories
have used various animal models (e.g., rodents, cats, dogs, pigs, and
primates) and injury paradigms (e.g., transections and contusions)
to mimic the deficits in human SCI. An important step forward that
began around 25 years ago was the development of standardized,
quantifiable, and validated measures of functional recovery, rather
than the lab-specific and often nonquantitative measures used
previously.*™'* Nevertheless, a range of nonstandardized outcome
measures are still used to address the full spectrum of behavioral
recovery. Various histological assessments of postmortem tissue as
well as in vivo imaging techniques have shed light on the biological
mechanisms of these functional changes. However, the neuro-
trauma field has not yet come to grips with the way that these
outcomes inter-relate to form a complete quantitative picture of the
SCI syndrome.'>'® The lack of quantitative statistical integration
across pre-clinical research is a substantial barrier to translational
therapeutic testing.

In this context, leveraging existing knowledge in the field offers
the promise of improving computational sophistication in SCI and
maximizing translational potential for both pre-clinical and clinical
studies. A typical rodent SCI study produces a vast quantity of data
in the form of primary endpoints (e.g., open-field locomotor scores,
histopathological outcomes, and fine motor coordination) and an-
cillary outcomes (e.g., animal care records, bladder expression,
antibiotic and pain medication history, and so on) that may be of
equal importance for determining translational therapeutic poten-
tial. Each piece of data can be viewed as critical information that,
when taken together, describe the full syndromic state of the ex-
perimental subject.'>'® Here, we report on the development of the
first data-rich, multi-center, translational database of SCI from
large numbers of subjects to enable statistical integration of basic
pre-clinical SCI data in a manner that is not possible within a single
study.

Methods
Subjects

Subjects included rodents (mice and rats) and monkeys.

Raw data

Data donors offered raw data from published studies from the
Ohio State University, University of Louisville, University of
Kentucky, University of California Irvine, University of California
San Francisco, and the California Spinal Cord Injury Consortium.

NIELSON ET AL.

Data donors provided our team with full access to raw data archives
in various formats, including paper records, data flat files, analyzed
images, and videos, with periodic interviews with the data donors
for clarification regarding data integrity, content, and organization.
Data were curated using a combination of hand data entry and data
formatting before integration and analysis, organized initially into
Microsoft Excel flat files and then uploaded into a MySQL data-
base. Before integration into SQL, a star schema was created for
accurate data integration based on hierarchical organization of the
data. We received data from a total of 7 laboratories whose data was
largely heterogeneous as a result of variability in hypotheses and
outcomes tested between laboratories. Because of this heteroge-
neity, there is a considerable amount of potential data that can be
considered “‘missing.”” Complete data records in the database are
from 102 separate studies, both published (N =48 studies; 69% of
subjects) and unpublished (N=38 studies; 27% of subjects), and
rigorous, systematic error checks are performed on the database to
ensure quality control of the original data. There are 1124 variables
in the database, both predictor and outcome measures that were
collected between 1993 and 2013 in both cervical and thoracic
injury models.

Database development

The error-checked database contains a completely annotated
data dictionary for every variable that exists. A MySQL interface
was developed for efficient parsing of data files after they have been
formatted to the data dictionary. Python scripts are actively de-
veloped to do efficient extract/transform/load (ETL) jobs when
loading data from flat files into MySQL. The scripts support ex-
porting data files in various formats (.xls, .csv, .txt, and so on) to the
MySQL database, as well as exporting those formats from MySQL
for analysis in other programs. As the database grows, it will be
maintained and updated, with secure backup and access.

Data set assembly

The first step in creating the database involved locating archived
paper records (““file drawer”)'” of SCI data. For ease of data entry
and formatting, these archives are digitized using an automatic
feed, high-speed scanner (Sharp AR-M355N) to convert paper re-
cords to PDFs that can be stored on hard drives that serve as the raw
data repository. These files can then be further processed using
optical character recognition software (Omnipage) to be formatted
to the database. For handwritten records, manual data entry is
performed through a Health Insurance Portability and Account-
ability Act (HIPAA)-compliant data entry portal (UCSF-REDCap)
and error checked for accuracy. Additional archived records in
digital formats (e.g., data disks and external hard drives) are copied
into the raw data repository and formatted to be merged with the
master database.

Data annotation

Each set of data has variables corresponding to both predictor
(e.g., animal model and injury paradigm) and outcome measures
(e.g., behavioral tests and histological confirmation of injury) that
are not only unique to each animal, but also to each experiment.
Therefore, an important aspect of the database curation is to an-
notate all the variables into a detailed data dictionary and ensure
that it loads correctly into the database schema. This will facilitate
parsing of variables and their corresponding data into their proper
location in the MySQL database.
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Data entry, formatting, and analysis workflow. A workflow for collection, curation, formatting, and analysis of the data from

our data donors is shown. We start by adding raw spinal cord injury (SCI) from the data sources using a combination of digital
technologies and hand entry by data analysts with backgrounds in accounting and engineering (steps 1-3). We then use spreadsheet
parsing scripts to upload data into a MySQL database running on a Linux server array programmed in Ruby on Rails by our database
architect (step 4). Steps 47 will eventually be automated, thereby democratizing multi-variate analysis for use by a wide range of SCI
researchers without needing to learn database parsing, SQL, statistical programming, or GPL. This will improve translation of diverse
SCI findings from all over the world. Color image is available online at www.liebertpub.com/neu

Data quality assurance

According to the goals of our project, we have designed a series
of check points in our data management process to ensure quality
assurance of data entry, formatting, storage, and distribution. When
new data are located, conversations and interviews with the data
donors are conducted to determine the scope of each variable, as
well as the completeness of the data set. Original data are never
modified, but duplicated and converted into new (or existing) da-
tabase variables that are coded according to the data dictionary.
Data are stored in multiple secure locations, including encrypted
hard drives and secure database systems, with periodic backup to
off-site locations. Any distribution of the data is done so across a
secure server, or locally between encrypted hard drives, to prevent
unauthorized access of sensitive information.

Data quality control

Once data have been digitized and transferred from the original
source to our raw data repository, the data are formatted and cross-
checked with the source data to ensure no errors were introduced
and that the full data set was entered. This is followed by quality
control measures to ensure accuracy of the final data set. Systematic
error checks are performed, where original records of the data are

cross-referenced with what has been entered into the database. All
errors are cataloged and analyzed to highlight problem areas with
any point in the process of data management and to fine tune our
methods and minimize errors with future data sets. Although the
overall error in data entry and formatting was low (<1.5% of all
data points), occasional data curation and entry errors were ob-
served. Of this small percentage of errors, the most common was
the classification of data as missing, when, in fact, it simply had not
been formatted and entered into the master database (41%) for one
reason or another (e.g., overlooked or skipped). The second-most
common errors were repetitive entries of data points (39% of total
errors), followed by data entry typos of either the wrong informa-
tion (14% of total errors) or the entry of information that did not
actually exist for that data point (5%). The remaining errors com-
bined (< 1%) included issues with data curation and miscommu-
nication about the definition of certain types of data.

Data visualization

Graphical representations of the database demographics were
done in a combination of Microsoft Excel (2010), GraphPad Prism
(v 5.04), the online word frequency tool, Wordle (http://www
.wordle.net/), and Adobe Illustrator (CS5) and were assembled
together using Adobe Photoshop (CS5).
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FIG. 2. Database star schema for parsing into online interface. Data in the database were organized hierarchically based on inde-
pendent (predictor) and dependent (outcomes) variables within the data sets. Independent variables include data collected regarding
subject identification, dates, experimental details, and injury biomechanics. Most, if not all, subjects have some degree of these
independent variables that uniquely identify them during specific dates and times postinjury for a given laboratory and experimental
paradigm. Dependent outcome measures vary between laboratories in this heterogeneous data set; however, they can be grouped into
seven major categories based on similarities of measurements. These include measures of bladder function and urine content, kinematics
and physiology, surgical details and measures of bone density and muscle mass, histopathology, health, experimental and therapeutic
drugs, and various behavioral outcome measures. This is a simplified version of the variables in the database and their organization.
Within each general measure, such as behavioral outcomes, there are subvariables for outcomes, including the BBB locomotor scale,
Catwalk analysis, Exercise cage, and many others, that will not be discussed in detail here, and are difficult to represent visually in
a two-dimensional space (see Supplementary Fig. 1 for variable details) (see online supplementary material at http://www
Jiebertpub.com). This organization is maintained for all data entered into the database for parsing scripts to be used for easy integration
into the MySQL database as additional data continues to be added.

Prevalence of variables in the database

Quantitative word clouds were generated to show the distribu-
tion of either independent or dependent variables collected for all
subjects from published studies. Word size reflects the prevalence
of each variable in the database. By identifying common variables
used across heterogeneous studies, we have the opportunity to
identify consistent SCI metrics that may facilitate translation. To-
ward that end, we aligned prevalent pre-clinical variables with
clinical SCI common data elements (CDEs) that have been pub-
lished by the National Institutes of Health/National Institute of
Neurological Disorders and Stroke (NIH/NINDS).?® One of the
figures highlights prevalent preclinical metrics in the database that,
on face value, correspond to clinical CDEs. The NINDS SCI CDE
working group has classified variables as core, supplemental, or
emerging/exploratory. Core variables reflect critical information
(e.g., gender, age, treatment site, and cause of injury), which all
clinical trials should collect to maximize comparison across stud-
ies. Supplemental variables are those variables that provide im-
portant additional information that could be useful for describing
patients (e.g., cardiovascular and bladder/bowel function). Emer-
ging variables reflect novel metrics that are not fully standardized,
but may provide important information about patient populations

(e.g., GRASSP'®!?). Analysis of the pre-clinical data suggests that
most of the prevalent variables in the database correspond to sup-
plemental and emerging clinical CDEs, with a small number of
pre-clinical variables corresponding to core clinical CDEs. Ad-
ditionally, there is a lack of clinical outcome measures that line up
with measures collected in pre-clinical studies, for which potential
translation from pre-clinical models would benefit. That is not to
say that clinical outcome measures that could be potential endpoint
metrics for clinical trials do not exist, but they have not been in-
corporated into the approved CDEs for SCI.'8-*

Multi-variate analysis to test database functionality

To test the utility of the database for extracting translational
features of SCI across heterogeneous studies, we performed un-
supervised, data-driven multi-variate pattern detection on data from
two previously published studies in the database for both rats'> and
monkeys.”*> To the extent that SCI reflects a syndrome, the large-
scale and heterogeneous nature of the database should allow de-
tection of coherent subfeatures that are reflected as patterns within
sets of related variables. Once identified, such variable sets may be
applied as outcome sets for experimental therapeutics at the syn-
drome level that are conserved between species.
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FIG. 3. Database quality control. Because of the heterogeneity and structure of the database, there are many variables that do not overlap
between research centers and studies. Therefore, there are a lot of ““missing’’ data in the database for measures that were either never collected
or have been archived in paper records and not digitized and analyzed as a functional outcome measure (e.g., postoperative care sheets). There
are methods, such as missing values analysis and detailed record archiving, that can be done to fill in these missing values. However, at the
current stage of the database development, only 19% of these missing data have been entered (A, blue pie). Within these complete data points,
data from 69% of the animal subjects (n = 1870) contributed data to studies that were published (B, blue pie; 47% of studies). Subjects (B, red
pie; 27% of subjects) from unpublished studies (37% of studies) included either studies that did not work (e.g., file-drawer data'”) or were
collected during training or suboptimal conditions and not considered suitable for publication. Because of concerns with accuracy of data
collection and experimental methods, only data from published studies were included in the demographics and multi-variate analyses for the
remainder of present study. Additionally, in order to ensure that all data that are entered into the database are accurate and error free, periodic
error checks are performed on the database in comparison to the original data to assess the data entry error rate (C). Various types of data entry
methods were used to create the database, including hand entry or data formatting from flat files we received from the data donors. The least
amount of errors were noted when only formatting the data was necessary (0.05%), with an increasing percentage of errors when combined
with hand entry (0.23%) or with hand entry alone (0.97%). However, the overall error rate for data entry is very low for the nearly 60 million
data points that have already been entered. Color image is available online at www .liebertpub.com/neu

A subselection of the database containing rat and monkey cer-
vical SCI was created to run principal component analysis (PCA),?®
a type of exploratory factor analysis that allows for dimension
reduction in large data sets to create new multi-variables (principal
components; PCs) determined by the variance in the data set. In the
context of SCI, PCs represent syndromic measures of outcome as
detected by multiple outcome variables simultaneously (e.g., sen-
sorimotor and autonomic function, histopathology, and so on). To
evaluate translational potential of PCs, individual outcome mea-
sures were standardized using z-scores and combined into new
translational variables (e.g., Object Manipulation). Data were
binned across time for syndromic analysis. PCA was performed in
SPSS (v.19) to extract a correlation matrix of the standardized
variables, PC loadings for the outcomes onto each PC, and indi-
vidual PC scores for post-hoc analysis of both species and injury
predictors.

Bar graphs of the PC scores for each subject were plotted and
analyzed to test the influence of predictor variables on these syn-
dromic clusters and analyzed for significance with Student’s #-tests
(p<0.01) or analysis of variance with Tukey’s post-hoc correction
(p, significant, at alpha <0.05).

Results

We created a scalable, multi-species, multi-center database,
currently populated with data from SCI models in rodents and
monkeys, with plans to incorporate clinical data for SCI. The da-
tabase was created by archiving data records and integrating them
into a bioinformatics framework for statistical analysis (Fig. 1) and
organized into a star schema for scalability (Fig. 2). Quality control
of data entered into the database was maintained at a rate of less
than 1% error (Fig. 3).
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FIG. 4. Database demographics of published, pre-clinical spinal cord injury (SCI) models between 1993 and 2013. From the subjects that
were involved in published studies, we have determined general demographics regarding the animal gender (A), species (B), and injury
paradigms regarding spinal level (C) and injury device (D) and how these patterns have changed over time (E and F). These patterns do not
necessarily reflect the status of the entire pre-clinical literature, but rather of the specific selection of investigators and laboratories that have
donated their data to this database. From this, we have determined that most of the animals are female (72%; A) rats (84%; B) receiving
thoracic-level injuries (52%; C) using the New York University/Multicenter Animal Spinal Cord Injury Study (NYU/MASCIS) contusion
device (54%; D). There are a small number of male subjects in the database (26%; A), as well as other species, including mice (15%) and
monkeys (1%; B). Additionally, there are cervical-level injuries in the data set (12%); however, a modest proportion of the subjects (26%)
do not have specific details in their records as to their injury level (C). Further, various other injury devices are used, including Infinite
Horizons (IH) contusions (22%), hemisection/transections (7%), and shams (10%; D). By looking at the study year in the database, we
were able to show, based on the data we have collected thus far from the data donors, that the initial level of SCI in animal models was at
the thoracic level (blue bars), with a wave of cervical injuries emerging in 2001 (red bars; E), and that the majority of the injuries over time
have been contusions (green bars), with a modest amount of transection/hemisection injuries (purple bars) scattered throughout the
timespan of the data collected (F). LISA, Louisville Injury System Apparatus. Color image is available online at www liebertpub.com/neu

Database demographics published studies were obtained by collapsing the database across
time to assess which variables existed for each subject. Because of

For the purposes of generating a snapshot of the database con-  the large heterogeneity in the database regarding variables col-
tents, we primarily assessed data from published studies (69% of lected, variables were binned into broad categories based on con-
the subjects; Fig. 3B). Descriptive statistics of the previously ceptual similarities (Fig. 2 and Supplementary Fig. 1) (see online



VISION-SCI DATABASE 1795

Time
Studyinjury

CellLabel

Laboratory—
Date | = 935 Subjects

supject

B Dependent Variable Distribution

surgicalNotes

~=gEaurinecontent
BBB BodyTemperature
BladderrFunction

e @ ot

ANEIDIOLICS = " swserss

TissueSpaang BIoodGasesF l u i d S
W e I g h )2 .444 Subjects
Anesthetic

FIG. 5. Variable distribution within the database based on word frequency. The word frequency website, Wordle, was used to
generate word clouds of the quantified variable categories collected for each subject in the database (published studies only) for both the
independent (predictor) variables (A) and the dependent (outcome) variables (B). Word height is a reflection of the number of subjects
that have each variable collected, and the subject number scale bar in both (A) (I=935 subjects) and (B) (I=444 subjects) represents the
height of the word to the respective number of subjects with that variable collected in the database. (A) Nearly all the subjects from
published studies have information regarding subject identification, study details, laboratory information, time points of data collection,
and injury paradigm details and biomechanics. (B) There is much more variability in word size for the outcome measures collected, with
the most commonly collected outcomes being measurements taken during surgery (e.g., body temperature, heart rate, blood pressure,
blood gases, and anesthetic given), postoperative care monitoring (e.g., weight, bladder function, and therapeutics), and functional
outcome measures of locomotion (BBB) and histology (tissue sparing). A detailed list of each variable in the data set is outlined in the
schema in Supplementary Figure 1.(see online supplementary material at http://www.liebertpub.com). BBB, Basso, Beattie, Bresnahan
locomotor rating scale; BMS, Basso Mouse Scale. Color image is available online at www.liebertpub.com/neu
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A Common Preclinical Variables

B Matched Clinical Common Data Elements (CDE)

NIELSON ET AL.

Preclinical Variable |% of Subjects | % of Labs Clinical CDE Name CDE Variable Name Classification
Subject 100 100 Gender type GenderTyp Core
Subject identifier number SubjectiDNum Core
Lakicratory 100 100 Hospital discharge destination type HospDischrgDestTyp Core
Site identifier number SitelDMNum Core
Study 100 100 None None None
Time 99.9 100 Data collected date and time DataCollDateTime Supplemental
Spinal Cord Injury Etiology Type SpnalCrdinjEtigyTyp Core
SCI Classification sensory neurological level left result | SCICIssSensNeuroLviLftResit Core
Injury 96.1 100 SCI Classification sensory neurological level right result | SCICIssSensNeuroLviRtReslt Core
SCI Classification motor neurological level left result SCICIssMtrNeuroLviLftReslt | Supplemental
SCI Classification motor neurological level right result SCIClssMtrNeuroLviRteReslt | Supplemental
TissueSparing 234 85.7 None None None
Date 84.6 71.4 Birth date BirthDate Core
Injury date time InjDateTime Core
CellLabel 14.7 57.1 None None None
Bladder function post void volume value BldrFuncPostVoidVolVal Supplemental
BladdaEunation s 29 Bladder function detrusor leak point pressure value | BldrFuncDtrsrLekPntPressrVal | Supplemental
Urinary incontinence past three months frequency UrinincntPstThreeMoFreq | Supplemental
Bladder function bladder capacity value BldrFuncBldrCapacityVal | Supplemental
BEB 38.1 42.9 None None None

FIG. 6. Candidate pre-clinical common data elements (CDEs) for translation to clinical CDEs. Frequency of each variable collected in
the database is represented by % of subject or % of labs. By looking at the clinical CDEs that have been defined by the National
Institutes of Health for spinal cord injury (SCI), we have lined up the top pre-clinical measures in the database with their clinical CDE
counterpart that could potentially be a translational endpoint when considering moving forward with clinical trials. Although there is a
moderate amount of top measures that overlap, quite a few preclinical metrics do not have a standardized CDE at the clinical level (right
columns, none). See Supplementary Figure 2 for an extended list of matched pre-clinical and clinical variables. (See online supple-

mentary material at http://www.liebertpub.com/neu).

supplementary material at http://www.liebertpub.com). The ma-
jority of the animals in the database are female (72%; Fig. 4A) rats
(84%; Fig. 4B) with thoracic-level (52%; Fig. 4C) contusions (54%
New York University/Multicenter Animal Spinal Cord Injury
Study [NYU/MASCIS] and 22% Infinite Horizons [IH]; Fig. 4D).
The database also contains mice (15%) and monkeys (1%; Fig. 4B)
as pre-clinical models (Fig. 4A). Injury levels in the database in-
clude 52% thoracic, 12% cervical, 10% sham, and 26% unknown
(Fig. 4C), induced by either contusions with an NYU/MASCIS
(54%), TH (22%), or Louisville Injury System Apparatus (LISA;
2%) device, or transection/hemisection injuries (7%). Additionally,
10% of the subjects were sham controls, and 4% and 1% were
unknown or other types of injuries, respectively (Fig. 4D). Plotting
the number of subjects over time represented by each injury level
(Fig. 4E) or type (Fig. 4F) reveals that before 2001, studies in the
database were typically sham-controlled thoracic contusion stud-
ies, with an emergence of transection and cervical injuries starting
at the turn of the 21st century.

Variable distribution

Word frequency clouds (Fig. 5) were created in Wordle™ to
understand the most common data collected in the sample of studies
in the current database. Word clouds are based on quantitative
measurements of the distribution of each variable by subject, for
both independent predictor variables (Fig. 5A) and dependent
outcome measures (Fig. 5B). Word size is proportional to the
number of subjects associated with each variable. For example, all
animals have some information about the subject, whether it is
identifying information, gender, or strain. Therefore, the word
height in Figure SA for “‘subject” represents all the animals from
published studies in the database.

In order to determine outcomes and the predictor variables
collected by each laboratory, data were sorted by variable fre-
quency. Of over 1100 variables, only approximately 9% were
collected by all laboratories (Fig. 6A). These common variables
include descriptive data for experimental subjects, such as species
and gender (100% of subjects), laboratory/research center (100% of
subjects), study details (100% of subjects), measurements of time
(99.9% of subjects), injury biomechanics and characteristics
(96.1% of subjects), and measurements of weight (85.3% of sub-
jects; Fig. 6A). These top pre-clinical variables match up with core
and supplemental CDEs recommended by NIH/NINDS working
groups for clinical SCI data collection (Fig. 6B).' Tissue-sparing
measurements were collected by 6 of the 7 labs (85.7% and 23.4%
of subjects) and 5 out of 7 labs (71.4% and 84.6% of subjects) have
dates listed in their data sets. More than half of the labs (4 of 7;
57.1%) collected information about antibiotics (62.9% of subjects),
cell labeling (14.7% of subjects), and lesion size (12.2% of sub-
jects). Less than half of the labs (3 of 7; 42.9%) collected infor-
mation about anesthetic given during surgery (68.4% of subjects),
fluids given during postoperative care (49.3% of subjects), urine
volume and quality (48.1% of subjects), bladder function (47.2%
of subjects), Basso, Beattie, Bresnahan (BBB) locomotor scale
(38.1%), and analgesics given postoperatively (12%). Data from
surgical notes (28.6% of subjects), volumes of supplemental nu-
trients (15.5% of subjects), and Basso Mouse Scale (BMS) loco-
motor scale (11.1% of subjects) were collected by 2 the 7 labs
(28.6%). There were many other variables that were only collected
by 1 lab (14.3%), and for the purposes of presentation, we have only
shown those variables that are represented by more than 10% of the
subjects in the database and include body temperature (39.8% of
subjects), blood gases (21% of subjects), blood pressure (20.1% of
subjects), heart rate (19.1%), and grip strength (11.8%; Fig. 6A).
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FIG. 7. Syndromic analysis of candidate translational metrics between rats and monkeys. In an attempt to identify outcome measures
that reflect conserved biological measures of functional recovery between species, we performed a principal components analysis
(PCA), a type of exploratory factor analysis, on a subselection of the database for rats and monkeys that received cervical spinal cord
injury (SCI) and had similar outcome measures collected. Variables with similar outcome measurement properties (e.g., lesion size,
object manipulation, and locomotion) were combined into a data set that was analyzed for syndromic patterns (principal components;
PCs) for this multi-species data set. PCA organizes the data into a bivariate correlation matrix, which shows the direct correlation of all
outcomes analyzed (A), where all outcomes are compared to all other outcomes, including themselves. These correlations range from
negative (blue, —1) to positive (red, + 1), where a positive correlation is always observed when an outcome is correlated to itself (red
outlined diagonal). A linear transformation is performed to identify measures that covary together to give us a set of variables that make
up the syndromic space of SCI (gray intersection of the variables analyzed; A). From this specific data set from rats and monkeys with
cervical injuries, we identified two syndromic measures that accounted for over 50% of the total variance in the data set (B). PC1
accounts for 41.7% of the variance and is explained by measures of tissue sparing, lesion size, hindlimb and forelimb locomotion, object
manipulation, and body temperature. PC2 accounts for 14.1% of the variance and is an orthogonal (independent) relationship mostly
explained by the relationship between motor neuron survival, surgical anesthetic, forelimb function, and body temperature. After PCA,
each subject is given a syndrome score (PC score) that can be plotted to test specific hypotheses regarding predictors of this newly
identified translational syndromic space, where we can assess the effect of species (C) and injury severity (D) on the syndrome. We have
shown that the translational syndrome measure we have identified is a result of injury severity, and not species, suggesting that these
measures may be conserved between species and may be valuable candidate metrics to use to assess emerging therapies being translated
between rats and monkeys. Data plotted as mean *standard error of the mean (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001;
#aroup p <0.05, compared to all other groups; Student’s #-test (C) and one-way analysis of variance (D).

A proof-of-concept test of database utility was performed using ~ which are inversely correlated with both lesion size and the amount

exploratory factor analysis (PCA) to reveal syndrome level patterns
after cervical injuries in both rats and monkeys. Outcomes that
shared functionality were grouped together into candidate transla-
tional outcomes, normalized for species difference in scalar prop-
erties, and tested for multi-variate syndromic patterns (Fig. 7).'>'®
There were two translational PCs for this combined model (Fig. 7B).
PC1 accounts for 41.7% of the variance in the data set and is ex-
plained by the positive correlation of tissue sparing, object manip-
ulation, locomotion, and body temperature during surgery, which are
inversely correlated with lesion size. PC1 is not significantly pre-
dicted by species (Fig. 7C), however is predicted by gradations of
spinal cord injury (Fig. 7D). Even though the monkeys only received
hemisections, combined with rats with graded cervical SCI, hemi-
sections and 12.5-mm New York University (NYU) injuries per-
formed significantly worse on PC1, compared to the other injury
severities. PC2 accounts for 14.1% of the variance in the data set and
is explained by the positive correlation of spared motor neurons,
object manipulation, body temperature, and forelimb locomotion,

of anesthetic administered during surgery (Fig. 7B). This PC was
also not significantly predicted by species (Fig. 7C), however was
predicted by injury severity, with hemisections performing signifi-
cantly better on this syndromic outcome (Fig. 7D), revealing a true
set of multi-variate outcomes for cross-species translation.

In summary, multi-variate analysis identified nine candidate
translational outcome measures that, when analyzed as a multi-
dimensional set, reveal conserved biological mechanisms between
rats and monkeys after cervical SCI. These conserved multi-variate
biological features provide an outcome set for translational com-
parisons across models.

Discussion

The current article introduces VISION-SCI, a new pre-clinical
database of raw multi-center data from pre-clinical spinal cord
injury models. The creation of this database answers the recent call
from the neurological disease research community to standardize
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study design and create transparency of pre-clinical studies aimed
to mirror clinical trials.”’ This transparency will help facilitate
independent replications, which have been mostly unsuccessful
with current methods,? and identify mitigating, personalized factors
that dictate therapeutic success. Most important, this database
provides a computational framework to improve translation of
emerging therapeutic candidates from bench to bedside.?®

From the creation of this database, we have been able to derive
patterns in pre-clinical models of a subpopulation of the preclinical
SClI research community over the past 20 years. We have identified
that the prominent injury paradigms used during this time have
mostly been thoracic-level contusive injuries in female rats. During
this 20-year period, the field used predominantly thoracic-level
injuries, with an emergence of cervical-level models at the turn of
the 21st century, perhaps in response to recent calls from patients
and advocacy groups for the SCI research community to better
understand and treat injuries affecting hand and arm function.”
Additionally, we have identified several measures that, at face
value, align with measures being collected clinically, opening the
possibility to standardize pre-clinical models toward the clinical
standards set by the NINDS CDE working groups.*® VISION-SCI
also provides an opportunity to test emerging reporting standards,
such as the Minimal Information About Spinal Cord Injury
(MIASCI) standard®! and the robustness of multiple pre-clinical
trials being considered for translation to clinical trials.> Other
complimentary efforts in the field are also attempting to increase
the robustness of pre-clinical drug trials. The Collaborative Ap-
proach to Meta-Analysis and Review of Animal Data in Experi-
mental Studies performs meta-analyses of published animal studies
to identify problem areas in the current publishing and reporting of
study design and treatment efficacy.®* Additionally, analysis of
VISION-SCI provides data that supports earlier anecdotal argu-
ments that SCI laboratories tend to use female rats, as opposed to
male rats, suggesting a misalignment with the clinical population,
which is predominately male.' This may be because of the fact that
male animal models of thoracic-level SCI are significantly more
difficult to care for postoperatively when it comes to bladder im-
pairment than females (Supplementary Fig. 3) (see online supple-
mentary material at http://www.liebertpub.com). Studies do exist in
the database for both genders, which may help facilitate future
analyses regarding metrics that may be gender specific. It is note-
worthy that bladder issues and sex dependency seem less prob-
lematic for cervical injury models.* Finally, in an effort to promote
translation between species, we have used the information in the
current database to identify translational metrics between rats and
monkeys in cervical SCI, with the goal of aligning outcomes with
several metrics currently being used in humans.'®'%-2%2*

VISION-SCI is designed for consistency with the goals of the
NINDS CDE working groups for neurological diseases.*® To our
knowledge, this represents the first pre-clinical study that has at-
tempted to align pre-clinical and clinical CDE outcomes for neu-
rotrauma, setting the stage for determining translational predictor
and outcome variables as part of ongoing pre-clinical standardi-
zation efforts. VISION-SCI is a living repository of knowledge that
can grow with additional data contributions from the field and can
be queried for syndromic patterns to guide future studies. In time,
our plan is to make the database openly available to the research
and clinical community and provide a mechanism for outside
contributions, similar to the IMPACT database for TBL.*® We are
currently working with experts in information technology and
bioinformatics, including the Neuroscience Information Frame-
work,* to make VISION-SCI available online. Our hope is for
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VISION-SCI to be a publically available database, both for con-
tributions from the community, and data mining from interested
researchers. Our goal is for this database to be a queriable, user-
friendly, committee-regulated system, similar to standards set by
other databases such as IMPACT (http://www.tbi-impact.org/?
p=impact/db)®® and FITBIR (https:/fitbir.nih.gov/) that can be
used not only to determine syndromic clusters of specific injury
paradigms and their appropriate outcome measures, but also to help
investigators fine tune future studies based on existing information.
With the formation of a pre-clinical SCI committee, this will fa-
cilitate assessment of the integrity of new data coming into the
database and provide a review process for research proposals for
those wishing to query the database. With additional contributions
from other groups, this database will help identify conserved syn-
drome clusters between species that can be used as a translational
bridge to move promising therapies into standards of care for
people living with neurotrauma.
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