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Abstract (max. 250 words) 

One of the challenges associated with conducting experiments in animal models of 

traumatic spinal cord injury (SCI) is inducing a consistent injury with minimal variability in 

the degree of tissue damage and resultant behavioural and biochemical outcomes. Here, 

we evaluated how the variability in morphometry of the spinal cord and surrounding 

cerebrospinal fluid (CSF) contributes to the variability in behavioral and histologic 

outcomes in our porcine model of SCI. 

Using intra-operative ultrasound imaging, spinal cord morphometry was assessed in 7 

Yucatan mini-pigs undergoing a weight-drop T10 contusion-compression injury. Bivariate 

and multivariate analysis and modeling were used to identify native morphometric 

determinants of inter-animal variability in histological and behavioral outcomes.  

The measured biomechanical impact parameters did not correlate with the histologic 

measures or hindlimb locomotor behavior (Porcine Thoracic Injury Behavior Scale). In 

contrast, clear associations were revealed between CSF layer morphometry and the 

amount of white matter and tissue sparing. Specifically, the dorso-ventral diameter of the 

dural sac and ventral CSF space were strong predictors of behavioral and histological 

outcome and together explained 95.0% of the variance in these parameters. Additionally, 

a dorso-ventral diameter of the spinal cord less than 5.331 mm was a strong contributing 

factor to poor behavioral recovery over 12 weeks.  

These results indicate that inter-animal variability in cord morphometry provides a 

potential biological explanation for the observed heterogeneity in histological and 

behavioral outcomes. Such knowledge is helpful for appropriately balancing experimental 

groups, and/or varying impact parameters to match cord and CSF layer dimensions, for 

future studies.    
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INTRODUCTION 

Human spinal cord injuries (SCI) typically occur with the fracturing or dislocation of the 

spinal column, which then violently imparts a complex set of mechanical forces to the 

spinal cord. While the biomechanical mechanisms of injury are quite varied,1 the spinal 

cord conceptually suffers a blunt “contusive” force followed by some degree of sustained 

compression. To represent this in the laboratory setting, many contusion-type injury 

models have been developed.2 In such contusion models of SCI, there is inevitably an 

undesirable degree of variability in histologic and behavioral outcomes, even when 

utilizing well-established contusion devices and attempting to induce as consistent an 

injury as possible. This variability can preclude the ability to detect a small beneficial effect 

of a potential therapeutic intervention, making it difficult to optimize translationally 

important variables such as dose and therapeutic window. Hence, researchers typically 

endeavour to understand and minimize variability through the control of experimental 

variables, and to mitigate bias with randomization of large numbers of animals.   

In rodent or other small animal models of SCI, researchers may manage such variability 

by enrolling large numbers of animals and utilizing tight inclusion/exclusion criteria around 

the biomechanical parameters of injury such as the contusion displacement or impact 

force.3,4 In such small animal models, variations between animals in the native 

morphometry of the spinal cord itself are relatively modest. However, in larger animal 

models such as pigs and primates, there may be considerably greater variability in the 

morphometric characteristics of the spinal cord and surrounding cerebrospinal fluid (CSF) 

space to consider.5 Because large animal and primate species are so expensive to utilize in 

SCI modeling (relative to rodents) and because it is always desirable to reduce the number 

of animals that must be used in each study, understanding how such morphometric 

characteristics influence outcome after traumatic SCI is important for minimizing variability 

and conducting experiments in an efficient and cost-effective manner and such that the 

number of animals used is minimized. 

Over the last few years, several groups have utilized pigs to establish SCI models, with 

injury to the cord induced by contusion,6-8 transection,9,10 and static compression.11-13 Our 
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Yucatan minipig model of SCI uses a weight-drop device to induce a blunt contusive injury 

with additional sustained extra-dural compression.6 In this early work, we showed how 

motor recovery and tissue damage were influenced by the height of the weight drop – 

with higher severity injuries intuitively occurring with the greater heights at which the 

impactor was dropped. After initially describing this model in 2013,6 we have applied it to 

a number of poorly understood questions of clinical importance that were best 

investigated with a large animal model; and have characterized the resultant histological 

damage, inflammatory response, metabolic and hemodynamic impairments, and long-

term hindlimb locomotor deficits.14-19 Furthermore, we have investigated the potential for 

medical-evacuation-associated vibration (eg ambulance or helicopter vibration) to 

exacerbate pathologies or outcomes after SCI16 and evaluated current and novel treatment 

regimens such vasopressor therapy18 and intravenous infusion of magnesium chloride 

within a polyethylene glycol formulation (AC105).19 

During these studies, we have observed relatively large differences in cord diameter 

and CSF space around the spinal cord at the T10 region where the injury occurs. The 

importance of CSF in distributing the direct impact across and along the spinal cord has 

been recognized by various studies.20,21 Intriguingly, recent papers have highlighted that 

while the spinal cord is indeed protected by fluid, the protection is subject to variations 

with differences in size of the subarachnoid space.21-23 Persson and colleagues21 propose 

that slight variations in the dorso-ventral thickness of the subarachnoid space of only a few 

millimetres, such as between human vertebral levels, has a substantial effect on the spinal 

cord deformation during trauma, and thus may give different results in terms of final 

neurological deficit. It has been reported that individual variation in spinal cord size and 

CSF layer thickness in humans24 and large animals21,25 can be substantial and this is 

consistent with our own observations in our Yucatan SCI model. For this reason spinal 

canal diameters are used to estimate SCI risk for contact sports in the so-called Torg 

Ratio.26,27 This indirect evidence from the biomechanics of human SCI also implicates cord 

and CSF layer morphometry as determinants in the resulting severity of SCI.   

These studies suggest that native differences in the morphometry of the spinal cord, 

CSF layer and spinal canal may contribute to the variability in final histological and 
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behavioral outcome induced by SCI in our pig model but, as yet, this effect has not been 

quantitatively established. The purpose of this study was therefore to evaluate the 

relationship between pre-SCI measurements of the spinal cord morphometry and CSF layer 

thickness and the resultant severity of injury in this pig model. We aimed to determine 

whether quantitative differences in spinal cord and CSF layer morphometry would 

influence the histological and behavioral outcome after a contusive/compressive SCI 

delivered through weight drop. To our knowledge, no previous in-vivo studies have 

investigated this relationship in a large animal model of SCI. 

METHODS 

All animal protocols and procedures employed in this study were approved by the Animal 

Care Committee of the University of British Columbia (UBC) and were compliant with the 

policies of the Canadian Council on Animal Care and the US Army Medical Research and 

Materiel Command (USAMRMC) Animal Care and Use Review Office (ACURO). 

Animal preparation and spinal cord exposure  

Seven female miniature Yucatan pigs (Sinclair Bio-resources, Columbia, MO; weighting: 

19.5-34.0 kg) were endotracheally intubated after being anesthetized with intramuscular 

Telazol (5 milligrams/kg [mg/kg]) and Xylazine (1 mg/kg). Anesthesia was inducted using 

Propofol (2 mg/kg), Fentanyl (10 µg/kg), and Ketamine (11 mg/kg) and maintained using 

Propofol (8 mg/kg/hr), Fentanyl (12 µg/kg/hr), and Ketamine (11 mg/kg/hr) through a 

continuous rate infusion (CRI) with a ventilator rate of 10-12 breaths/minute and a tidal 

volume of 12-15 milliliters/kilogram (ml/kg; Veterinary Anesthesia Ventilator model 2002, 

Hallowell EMC, Pittsfield, MA). Pigs were given intravenous (IV) cefazolin (15 mg/kg) as a 

prophylactic antibiotic and an intramuscular (IM) injection of Ketoprofen (3 mg/kg) for 

analgesia before surgery as well as a maintenance IV solution of 1.25% dextrose during 

surgery. Standard monitoring was performed during the procedure, including 

measurement of the animal’s heart rate, respiratory rate, blood pressure, end tidal carbon 

dioxide, inspired and expired isoflurane levels, and oxygen saturation (pulse oximeter 

8600V, Nonin Medical Inc., Markham, ON, and Cardell MAX-12HD Veterinary Monitor, 

Paragon Medical Supply, Inc., Coral Springs, FL). We employed a heating pad to achieve a 
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target rectal temperature of 37.0–38.0℃ (T/Pump, Gaymar Industries, Inc., Orchard Park, 

NY). 

In a prone position, a 13 cm dorsal midline incision was made between the thoracic (T) 

spine levels T7 and T14. Using monopolar electrocautery (Surgitron, Dual Frequency 

RF/120 Device; Ellman International, Oceanside, NY), we exposed the spinous processes, 

laminae, and transverse processes at the T8 through T13 levels. The T9, T10, and T11 

pedicles were cannulated and instrumented with 3.5 x 25 mm polyaxial screws (Vertex 

screws, Medtronic, Memphis, TN). A laminectomy was performed at the T8 through T11 

levels, and a circular window was made with a minimum diameter of 1.2 cm to expose the 

dura and the spinal cord.  

Intra-operative ultrasound imaging of the uninjured spinal cord  

Ultrasound imaging was utilized to evaluate the pig’s uninjured spinal cord and its 

surrounding structures (Figure 1A). The hand-held probe (L14-5/38, 38 mm linear array 

probe, Ultrasonix RP; BK Ultrasound, Richmond, BC, Canada) was kept about 5 to 10 mm 

away from the spinal cord. To obtain proper images a layer of saline between the probe 

head and cord tissue had to be maintained continuously during scanning. One image of the 

uninjured spinal was captured in both the coronal and mid-sagittal plane at the T10 level 

(planned level of impact; described in detail below).  

SCI and post-operative care 

In an attempt to reduce inter-animal variability and standardize the testing method, 

the SCI surgical procedure included spinal cord stabilization by using rigid vertebral rods 

(to mitigate uncontrolled deflection of the vertebral column), usage of breath-hold 

procedure during impact (to minimize respiratory motion of the spinal cord), and 

establishment of consistent starting points for the injury and impactor alignment.  

A T10 SCI was induced by dropping a 50 g impactor from a height of 20 cm above the 

dorsal surface of the spinal cord via a fixed guiderail. To simulate “sustained” compression, 

immediately after the drop, an additional 100 g weight was added onto the impactor (total 

150 g) and maintained on the contused spinal cord for 5 minutes. Direct measurements of 
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impact force and displacement were recorded by a calibrated load cell located within the 

impactor tip and further analyzed using Labview software (National Instruments 

Corporation, Austin, TX) (Table 1). 

After SCI, the incision was closed and the animal was recovered. Fentanyl was 

administered via continuous rate infusion to control for post-surgical pain. Animals were 

observed in individual recovery shelters for 7 days post-surgery. Once the animal regained 

the ability to empty their own bladder, approximately 7-10 days after SCI, the urinary 

catheter was removed and animals were pair-housed on sawdust bedding.  

Behavioral outcome 

The Porcine Thoracic Injury Behavior Scale (PTIBS) was used to assess hindlimb 

recovery.6 Briefly, PTIBS classifies hindlimb locomotor function using a score ranging from 

1 (absent hindlimb movement) to 10 (normal walking). The PTIBS score categories are as 

follows: scores of 1–3 define degrees of "hindlimb dragging”, scores of 4–6 define degrees 

of "stepping" or “weight-bearing” ability, and scores of 7–10 define degrees of "walking" 

ability. To assess the PTIBS score, the animal’s walking behavior was recorded with three 

high-definition camcorders placed behind the animal. Based on the recorded hindlimb and 

hip movements, a PTIBS score is determined. Baseline behavior was recorded one week 

before surgery. Weekly behavioral assessments resumed one week after surgery and were 

recorded for a total 12 weeks. All videos were scored by two independent, blinded 

observers.  

Histological outcome 

At 12 weeks after SCI, spinal cords were harvested, fixed in 4% paraformaldehyde, 

processed for cryoprotection in gradually increasing concentrations of sucrose. The 

segments of the spinal cord were embedded in optimal cutting temperature (OCT) 

compound, cut in 20 m and mounted on the microscopic slides. For histological 

evaluation of tissue sparing, spinal cord cross-sections were stained with eriochrome 

cyanine (EC; Sigma-Aldrich, St. Louis, MO) as described previously.28 A Zeiss Axiolmager M2 

microscope (Carl Zeiss Canada Ltd., Toronto, ON, Canada) was used to capture images of 
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EC-stained sections (5x objective) at 800 m intervals throughout the lesion site. Images 

were analyzed using Zen Imaging Software (Carl Zeiss Canada Ltd., Toronto, ON, Canada). 

Quantification of the lesion area was performed at 800 m intervals from 13.6 mm caudal 

to 13.6 mm rostral to the epicenter. Percentage (%) spared tissue was recorded by manual 

tracing of the spinal cord perimeter and spared tissue for each image captured.6 Spared 

white matter and gray matter percentages were calculated by dividing the area of spared 

white or gray matter by the total area of the spinal cord in a given section. Total percent 

spared tissue was calculated by taking the summation of spared white and gray matter and 

dividing that value by the total area of the spinal cord on its respective cross-section.  

Ultrasound measurements of CSF and spinal cord morphometry 

Ultrasound images were analyzed using Image J software (Public Domain, 

http://rsb.info.nih.gov/ij/) to determine the following variables: CSFD: dorsal thickness of 

the CSF layer; CSFV: ventral thickness of the CSF layer; SCDV, dorso-ventral thickness of the 

spinal cord; SCTR, transverse width of the spinal cord; DSTR: transverse width of the dural 

sac; DSDV: dorso-ventral thickness of the dural sac; SCarea: cross-sectional area of the spinal 

cord; DSarea: cross-sectional area of the dural sac; SCarea/DSarea: cross-sectional area of 

spinal cord to dural sac ratio (Figure 1). All parameters were measured in triplicate by two 

observers.  

Statistical analysis 

In the present study, numerical variables were presented as mean ± standard error of 

the mean. PTIBS scores were divided into two time epochs after injury, week 2-3 and week 

10-12, which represent an early and late measure for behavioral recovery following SCI. 

Average values and max values for PTIBS score were calculated for each animal within 

week 2-12 (behavioral indicator of the recovery over time), and week 10-12 (final 

behavioral outcome). Histological data on the amount of spared white matter, grey matter 

or total tissue was assessed at 12 week post-SCI and calculated as the area under the curve 

over the region from 13.6 mm rostral to 13.6 mm caudal to the site of injury.  
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The data was analyzed in four stages, which include: 1) Principal component analysis 

(PCA) with varimax rotation, 2) Spearman correlation, 3) Stepwise regression analysis, and 

4) Classification and Regression Tree (CART) analysis. All tests were two-tailed, with a 

significance level set at α=0.05. All statistical analyses were performed using XLSTAT 16.9 

software. Principle components (PCs) were retained using 4 criteria: 1) the Kaiser rule, 

retaining PCs with eigenvalues >1.0, 2) Scree plot, and 3) the over-determination of the 

factors, retaining factors with at least 3 loadings above 0.4. PCs meeting all three criteria 

were examined. To identify pre-SCI predictors of behavioral and histological outcome, a 

stepwise regression analysis was performed using the probability to enter = 0.05 and 

probability to remove = 0.05. Spearman correlation coefficients were used to test for 

associations between the various biomechanical parameters, spared tissue (calculated as 

the area under the curve), behavioral outcome (PTIBS), and the morphometric 

measurement of the spinal cord and surrounding. 

Two separate multivariable logistic regression models with stepwise selection 

procedures were performed to identify potential predictor(s) of histologic and behavioral 

outcome at week 12. Baseline values for cord morphometry, mechanical impact 

parameters (force, displacement, impulse and velocity), body weight and age at surgery 

were entered as independent (predictor ) variables to predict the dependent (predicted) 

variable, e.g. histology (total sparing, or TS) and behavioral outcome (PTIBS).  

Stepwise selection is considered a variation of forward selection and backward 

elimination. At each step in the analysis the predictor variable that contributes the most to 

the prediction equation in terms of increasing the multiple correlation, R, is entered first. 

After each step in which a variable is added, all candidate predictor variables in the model 

are checked to see if their significance has been reduced below the specified tolerance 

level. In this way it is possible to understand the contribution of the previous variables now 

that another variable has been added. Variables can be retained or deleted based on their 

statistical contribution. If a non-significant variable is found, it is removed from the model. 

When no additional predictor variables add anything statistically meaningful to the 

regression equation, the analysis stops. 
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In our study, a significance level of 0.05 was defined to allow predictor variables into 

the regression equation, and a significance level of 0.05 was defined for a predictor 

variables to stay in the model as other parameters were introduced. 

RESULTS 

Pre-SCI morphometric measurements 

Ultrasound was performed to evaluate the morphometric measures of the uninjured 

spinal cord and surrounding (Figure 1). The parameters analyzed were the dorso-ventral 

thickness of the spinal cord (SCDV) and dural sac (DSDV), transverse width of the spinal cord 

(SCTR) and dural sac (DSTR), ventral and dorsal thickness of the CSF layer (respectively, CSFV 

and CSFD), and the cross-sectional area of the spinal cord (SCarea), dural sac (DSarea) and CSF 

space (CSFarea). All parameters were measured in triplicate by two observers. The three 

measurements of each parameter were averaged to obtain one value per parameter per 

observer. The intra- and inter-rater reliability coefficient was between 0.92 and 0.99 for 

measurements in both transverse and dorso-ventral planes (95% CI; Supplementary Table 

1).  

At the T10 level, SCDV and SCTR were fairly constant between the 7 animals, with an 

average of 5.34 ± 0.28 mm and 6.70 ± 0.25 mm respectively (Table 2). The ratio between 

the cross-sectional area of the spinal cord to that of the dural sac (SC/DS) ranged from 0.44 

to 0.68. In other words, when viewed in cross-section, the spinal cord occupied between 

45 and 70% of the intrathecal space. Interestingly, the body weight of the animal (Table 2) 

was not a determinant for the size of the spinal cord or dural sac (Spearman correlation, p 

> 0.05). In the prone position, both CSFV and CSFD varied considerably between animals, 

ranging from 0.50 mm to 1.67 mm for CSFV and 1.02 mm to 2.47 mm for CSFD respectively. 

Dorso-ventral symmetry in the location of the spinal cord within the dural sac was found in 

approximately 42% of the animals (animal #2-4), with the CSFD/CSFV ratio close to 1. 

Animal #1 and #7 demonstrated a more dorsal position of the spinal cord within the dural 

sac (CSFD/CSFV ratio #1: 4.96, #7: 2.04), while #5 and #6 showing a more ventral position 

(CSFD/CSFV ratio #5: 0.68, #6: 0.76). In the transverse direction, CSF space was always 

symmetrical.    
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Mechanical injury parameters  

Subsequently, all animals received a contusion injury with the 50 g impactor dropped 

from a height of 20 cm, followed by 5 minutes of sustained compression. Despite our 

attempts to standardize all aspects of the experimental SCI, we still observed variability of 

approximately 24% in the peak force between animals (Table 1). On average, the peak 

force applied to the exposed spinal cord was 3135 ± 282 kdynes with an impulse of 10.94 ± 

0.43 kdyne*sec. The impactor tip traveled 4.89 ± 0.16 mm from initial contact with the 

exposed dura with a velocity of 1782 ± 44 mm/sec at impact. The individual biomechanical 

impact parameters of the animals are presented in Table 1. 

Behavioral and histological outcomes following SCI 

PTIBS scoring was performed to assess changes in gross locomotor performance 

following contusion injury (Figure 2). Prior to contusion surgery, all animals achieved a 

baseline score of 10, indicating normal locomotion and hindlimb function. When first 

tested after SCI, the overall pattern of behavioral outcome revealed a clear initial deficit 

with a PTIBS score of 3, indicating varying degrees of hindlimb movements with or 

without weight bearing extension, which lifts the rump and knees transiently off the floor 

(Figure 2). Over the long-term course of recovery (12 weeks), two recovery patterns could 

be distinguished within the injury group: those in which the initial deficit persisted over 

time, e.g. PTIBS scores remained 3 by the final week of the study (animal #1, #3, #4, #7); 

and those which recovered from the initial deficit fairly well to a PTIBS of 4-5 (animal #2, 

#5, #6), indicating that the animals are moving from “dragging” to the earliest stages of 

“stepping”. 

In order to quantify the extent of tissue sparing at the lesion epicenter as well as the 

rostro-caudal spread of the injury, quantitative image analysis was carried out on serial 

sections stained with eriochrome cyanine R. Tissue-sparing data is presented in Figure 3. 

By 12 weeks after injury, substantial spinal cord damage is present at the lesion epicenter, 

affecting both white (WMS: 0 to 12.0%) and gray matter (GMS: 0%). With increased 

distances from the epicenter, the amount of total preserved tissue significantly increased. 

Rostrally, the extent of visible total tissue damage tapered off rapidly and on average at -
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9.5 ± 0.88 mm (range: -7.2 to -13.6) from the epicenter centre the spinal cords appeared 

visibly undamaged (TS: >97%) for all animals. While for the majority of the animals a 

similar pattern was evident caudally to the epicenter, in 43% of the animals (3 out of the 7) 

tissue damage extended to the very last section analyzed (13.6 mm).  

Morphometric factors affecting variability in impact parameters, histology and function 

after SCI   

PCA analysis was conducted to determine which variables clustered together (known 

as principal components, PC) as well as their contributions to overall outcome variance. 

PCA analysis revealed a three-dimensional PC outcome space, accounting for 92.08% of 

the variance in the data set. The three PCs that explained the vast majority of the variance 

within the data are presented in Table 3. To understand how individual variables related to 

the PCA patterns, the correlation (i.e. factor loading) of each variable is reported. Loading 

magnitude is illustrated by the intensity of the color (Blue reflects negative and red reflects 

positive loadings).  

The first dimension (D1), accounting for 43.40 % of the variance in the dataset and an 

eigenvalue of 10.608, represented a positive association between histological sparing 

variables (WMS, GMS, TS), baseline dural sac morphometry (DSTR, DSDV, DSarea, CSFD, CSFDV, 

CSFarea) and displacement. It is noteworthy that PTIBS10-12 did not strongly load on D1, 

although this dimension was heavily loaded with histological variables.  

The second dimension (D2) explaining 25.25% of the variance, with an eigenvalue of 

5.877, largely represented a negative association between biomechanical factors (impact 

force, impulse, velocity) and the animal’s physical status at the time of surgery (age and 

bodyweight). Finally, the third component was predominated by a positive association 

between behavioral recovery variables (PTIBS2-12, PTIBS10-12), and spinal cord morphometry 

(SCDV and SCarea). This component accounted for 23.79% of the data variance with an 

eigenvalue of 1.930.  

Based on these PCA results, the association between the variables in D1, D2 and D3 

were examined more closely by running a univariate Spearman correlation coefficient 

D
ow

nl
oa

de
d 

by
 W

as
hi

ng
to

n 
U

ni
v 

fr
om

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 0

3/
01

/1
9.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



Page 15 of 41 
 
 
 

15 

Jo
ur

na
l o

f N
eu

ro
tr

au
m

a 
Di

ffe
re

nc
es

 in
 M

or
ph

om
et

ric
 M

ea
su

re
s o

f t
he

 U
ni

nj
ur

ed
 P

or
cin

e 
Sp

in
al

 C
or

d 
an

d 
Du

ra
l S

ac
 P

re
di

ct
 H

ist
ol

og
ica

l a
nd

 B
eh

av
io

ra
l O

ut
co

m
es

 a
fte

r T
ra

um
at

ic 
SC

I. 
 (D

OI
: 1

0.
10

89
/n

eu
.2

01
8.

59
30

) 
Th

is 
pa

pe
r h

as
 b

ee
n 

pe
er

-re
vi

ew
ed

 a
nd

 a
cc

ep
te

d 
fo

r p
ub

lic
at

io
n,

 b
ut

 h
as

 y
et

 to
 u

nd
er

go
 co

py
ed

iti
ng

 a
nd

 p
ro

of
 co

rr
ec

tio
n.

 T
he

 fi
na

l p
ub

lis
he

d 
ve

rs
io

n 
m

ay
 d

iff
er

 fr
om

 th
is 

pr
oo

f. 

analysis (Table 4). DSDV, DSarea, CSFarea  strongly correlated with measures of tissue sparing 

(WMS, GMS, and TS), with r-values ranging between 0.786-0.964. The variables 

displacement (r:0.929, p=0.007) and CSFDV (r:0.857, p=0.0) strongly correlated with GMS, 

however the correlation with WMS or TS was not significant (p>0.066). Moreover, there 

was a strong correlation between SCarea/DSarea and GMS (r=-0.786, p=0.048). The 

correlation between CSFD and the other tissue sparing parameters was not statistically 

significant (p>0.236). Peak force and velocity strongly correlated with age (Force; r=-0.857, 

p=0.024; Velocity; r=-0.786, p=0.048) and body weight of the animal (Force; r=-0.855, 

p=0.024; Velocity; r=-0.873, p=0.012), i.e. younger animals or lower bodyweights resulted 

in higher impact forces and velocities. Both behavioral outcome parameters  (PTIBS2-12 and 

PTIBS10-12) strongly correlated with SCDV, with r-values of 0.793 (p=0.048) and 0.852 

(p=0.034), respectively. The correlation between SCarea and the behavioral outcome 

measures (PTIBS2-12, PTIBS10-12) was not statistically significant (p>0.200).  

Thus, with either bivariate or multivariate analysis, there appeared to be a clear 

relationship between post-SCI outcome measures (PTIBS and tissue sparing) and the 

morphometry of the spinal cord and surrounding intrathecal space, which could be 

measured intra-operatively with ultrasound. Next, we sought to determine whether any 

single variable or combination could provide reliable behavioral or histological outcome 

determination. A stepwise multiple regression model containing all the biomechanical and 

morphometric measures revealed that changes in DSDV, CSFV and impactor displacement 

were the three most influential predictors for white matter sparing (R2: 0.992; Adjusted R2: 

0.985; Pr(>F): 0.001). DSDV alone explained 77.3% of the variance in white matter sparing 

(standardized = 0.951; 95% CI: 0.625-1.276; p=0.003), while the remaining CSFV and 

displacement parameter explained an additional 17.7% (standardized = 0.561; 95% CI: 

0.366-0.756; p=0.003) and 4.2% respectively (standardized = -0.430; 95% CI: -0.763—

0.097; p=0.026). The two variables, DSDV (standardized = 0.689; 95% CI: 0.411-0.968; 

p=0.002) and CSFV (standardized = 0.425; 95% CI: 0.146-0.703; p=0.013), were also found 

to be significant predictors of accumulative spared tissue and together explained 97.1% of 

the variance (Pr(>F): 0.001). With each 1-mm increase in DSDV, the amount of white matter 

or accumulative tissue sparing increased respectively 8.5% and 6.5%.  
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The stepwise method regression analysis additionally revealed that the change in 

impact force and displacement was a poor predictor of behavioral recovery over 12 weeks, 

while the change in SCDV showed a moderate, but significant prediction (PTIBS10-12 R2: 

0.682; Adjusted R2: 0.619; Pr(>F): 0.022; PTIBS2-12 R2: 0.777; Adjusted R2: 0.732; Pr(>F): 

0.009). As mentioned earlier, within the injury group two distinct PTIBS recovery patterns 

could be distinguished: (1) those in which the initial deficit persisted over time, and (2) 

those which recovered from the initial deficit fairly well. Hence, we determined whether 

pre-SCI morphometric measures were different between those animals which experienced 

PTIBS improvement over time versus those animals who did not. Classification and 

regression tree (CART) analysis identified a decision tree defined by three nodal points that 

stratified the cohort into two groups (Figure 4). The tree showed that the first split was 

based on SCDV, and the CART analysis generated the cut-off to be 5.331 mm for 100% 

correct classification into target groups of poor recovery (n=4) and significant recovery 

(n=3). Thus, besides anatomical outcomes, these analyses suggest that pre-SCI 

morphometric measures of the spinal cord can additionally predict the likelihood of 

regaining stepping ability.  

Discussion 

The development of standardized in-vivo mouse and rat models of traumatic SCI has 

been invaluable to the SCI field for the testing of novel therapeutic strategies.  Researchers 

typically strive to minimize variability within the experimental design of such pre-clinical 

studies through the tight control of animal features (e.g. strain, gender, weight), 

experimental setup (e.g. anaesthesia, temperature, pre- and post-injury housing and care, 

surgical techniques) and biomechanics of injury (e.g. utilization of standardized, calibrated 

contusion or compression devices). Through the minimization of variability, it is expected 

that consistent and comparable injury severities can be induced amongst the animals and 

the detection of small, yet statistically significant, therapeutic effects may be possible. 

By employing measures to minimize experimental variability, several rat and mouse 

models of contusion injury have demonstrated a positive correlation between behavioral 

recovery and the extent of spared tissue following contusion injury.29-36 However, it is 

D
ow

nl
oa

de
d 

by
 W

as
hi

ng
to

n 
U

ni
v 

fr
om

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 0

3/
01

/1
9.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



Page 17 of 41 
 
 
 

17 

Jo
ur

na
l o

f N
eu

ro
tr

au
m

a 
Di

ffe
re

nc
es

 in
 M

or
ph

om
et

ric
 M

ea
su

re
s o

f t
he

 U
ni

nj
ur

ed
 P

or
cin

e 
Sp

in
al

 C
or

d 
an

d 
Du

ra
l S

ac
 P

re
di

ct
 H

ist
ol

og
ica

l a
nd

 B
eh

av
io

ra
l O

ut
co

m
es

 a
fte

r T
ra

um
at

ic 
SC

I. 
 (D

OI
: 1

0.
10

89
/n

eu
.2

01
8.

59
30

) 
Th

is 
pa

pe
r h

as
 b

ee
n 

pe
er

-re
vi

ew
ed

 a
nd

 a
cc

ep
te

d 
fo

r p
ub

lic
at

io
n,

 b
ut

 h
as

 y
et

 to
 u

nd
er

go
 co

py
ed

iti
ng

 a
nd

 p
ro

of
 co

rr
ec

tio
n.

 T
he

 fi
na

l p
ub

lis
he

d 
ve

rs
io

n 
m

ay
 d

iff
er

 fr
om

 th
is 

pr
oo

f. 

recognized that even with these tightly controlled experimental conditions, variability 

often necessitates the exclusion of up to 10% (or even more) of the animals in order to 

isolate distinct biomechanical groups.3,4 Due to the tremendous financial cost associated 

with SCI experimentation in large animal species such as the pig, it is critically important to 

recognize the sources of experimental variability and minimize them to be able to conduct 

studies with a financially-realistic number of animals and to minimize the number of 

animals used. Given the cost of each animal, the animal care required and the desire to 

minimize the use of animals, it is extremely inefficient to have to exclude an animal if the 

biomechanical parameters fall outside a given range, or even add additional animals to the 

cohort to make up for it.  

In our initial characterization of the model,6 we felt that while we might have impact 

variability related to the actual contusive injury and arising from morphometric 

differences, from dropping a 50 g weight from a specific height, that this would be 

ultimately “blunted” by subsequently adding 100 g for 5 minutes to induce sustained 

compression that simulates pressure from bone fragments or vertebrae in clinical SCI. 

Based on the consistent PTIBS scores that we observed within each injury severity group, 

this appeared to be true. However, in our subsequent experience with this model, we have 

continued to observe variability in the initial contusion impact, and we also noted even on 

visual inspection during surgery that there were quite noticeable differences in the size of 

the spinal cord and the extent of CSF around it at the T10 level. This study was therefore 

undertaken to try to understand the relationship between these native anatomical 

variations and the variability in the various measures of the impact and subsequent 

outcome. 

While a correlation was found between the amount of tissue sparing (white matter 

and total sparing) and the PTIBS2-12 outcome, the non-significant correlation between 

histology and the final PTIBS outcome (PTIBS10-12) was somewhat unexpected. In 

agreement with this, behavioral function and histology did not co-load on the same 

dimension in PCA. When considering each time point separately, the correlation between 

spared tissue and PTIBS was statistically significant at week 3, 4 and 6 (unpublished data). 

This observation suggests that the behavioral changes over time may mirror distinct 
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biological mechanisms. For example, behavioural recovery acutely after SCI may be 

directly related to changes associated with tissue sparing and sparing of associated spinal 

tracts, whereas recovery in the subsequent weeks may be the results of endogenous 

plasticity associated with axonal sprouting in and around the spared area, for example. We 

acknowledge that the EC staining provides only a general perspective of tissue sparing and 

does not yield information about axonal sparing or sprouting/plasticity. Resolving the 

drivers of complex behavioral outcomes in SCI would require more extensive histological 

evaluation, such as axon tracing, and/or immunohistochemistry for 5HT or SERT.  

As observed in our cohort of animals, contusion impact with a pre-defined drop height 

of 20 cm to the spinal cord does not necessarily cause identical histological damage or 

behavioral deficits in all animals. Our PCA results partly confirmed previous research,37 as 

we showed that of the various mechanical parameters, tissue displacement dictated the 

observed differences in the histopathological outcome of SCI. While Kearny and colleagues 

reported in their study that the product of velocity x displacement was the best predictor 

of SCI outcome severity as measured by function, it is noteworthy that velocity and 

displacement were independently controlled in the Kearney study.37 The weight drop 

model as used in our study delivered a “standardized” velocity (dictated by gravity and the 

constant height above the cord from which we dropped the weight); while force and tissue 

displacement response during the impact were prescribed by the geometric, material 

property and other characteristics of the cord being impacted during the impact. 

Therefore it is expected, since we were not varying velocity, that the severity would be 

dictated by cord displacement and this is what we observed.  

While DSDV, displacement, and tissue sparing loaded highly on a single dimension in 

PCA with all variables loading positively, a seemingly contradictory result was found with 

the multiple regression method, which showed a small negative contribution of 

displacement to the regression equation to predict total spared tissue. It should be noted 

however, that there are fundamental differences between the multiple regression and PCA 

method and that they examine slightly different questions. The aim of the PCA is to search 

for global patterns in the independent variables that explains most of the variation in the 

data and does not require a dependent variable. In the interpretation of PCA, factor 
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loadings are equivalent to bivariate correlations between the observed variables and the 

components. 

Multiple regression on the other hand is used to determine whether one variable can 

be predicted from a combination of other variables. When predictor variables are 

correlated, beta coefficients may mislead the interpretation of how different predictors 

influence the dependent variable, because, they are based on a predictor’s relation with 

the dependent variable, as well as with all other predictors in the model.38 Thus, a 

predictor’s contribution to the regression equation may be negative even when its 

relationship to the dependent variable is positive, which may be inappropriately 

interpreted as a negative relationship with the dependent variable.39 Thus, comparing the 

results of PCA and multiple regression analysis must be interpreted cautiously as the 

computations made rely on different methodologies.  

The smaller but still significant variation in force, and impulse appeared to be highly 

sensitive to the non-SCI variables of body weight and age at the time of the injury. The fact 

that age and weight clustered together with the various impact variables suggest that they 

have a special significance in the SCI biomechanical signature, beyond the other variables 

measured. Reasons underlying this correlation are difficult to ascertain. However, one 

explanation may be age related changes in spinal cord tissue stiffness. Arani and colleagues 

found a moderate inverse linear correlation between age and stiffness in the cerebrum of 

healthy adults, although such correlation was not found in the cerebellum.40 Likewise, 

previous research indicated that CNS stiffness was likely to increase during adolescence in 

rats.41 Furthermore, Clarke and colleagues reported that stress-relaxation behavior in 

spinal cord tissue between adult and neonate rats differed significantly.42 Besides CNS 

tissue stiffness, age and bodyweight also likely contributed to changes in tissues such as 

articular cartilage, bone, ligaments, adipose tissue and musculature. While all these factors 

could in theory influence the impact, in our study a cohort with a relatively narrow age and 

body weight range was used and further exploration is needed to fully understand the 

causal mechanisms. 
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PCA also indicated a robust clustering of variance of spinal cord size and behavioral 

recovery. In line with this, spinal cord size was also the most influential variable predicting 

behavioural outcome with the multiple regression analysis. Such relation was also 

demonstrated using a classification tree approach with behavioral recovery converted into 

a two category scale (poor recovery vs significant recovery). This connection is likely due to 

intrinsic differences in the composition of cord tissue itself. Since spinal cord size did not 

cluster on D2, its variation is likely related to changes in anatomical features contributing 

to the intrinsic mechanical properties of the spinal cord while under compression. 

Intriguingly, previous research has indicated a notable dependence of the magnitude of 

spinal cord compression under a given load with variances in the cross-sectional surface 

ratio of gray matter (GM) over white matter (WM).20 While in the current study we did not 

measure axial dimensions of GM and WM, our previous research using sham control pigs19 

revealed that the inter-individual variability at the T10 level was relatively low (4%; 

unpublished data). It is interesting to note that, despite the low variance between these 

animals, spinal cord dimensions at the T10 and GM to WM ratio were highly correlated (r=-

0.90), i.e. a larger spinal cord related to lower GM to WM ratios. Thus, the observation 

linking variances in spinal cord dimension and structure (and the mechanical behavior of 

the tissue), might explain the observed association between a larger spinal cord size and 

better functional outcome with PCA in our study.  

While outcome severity has been characterized by measuring peak force, 

displacement, velocity, energy, or impulse-momentum, the variability observed in 

histological and behavioral outcome between animals in our study could not be explained 

exclusively on the basis of mechanical impact parameters. In contrast, there appeared to 

be a clear relationship between outcome measures and dural sac morphometry. The 

amount of CSF within the dural sac appeared to be the most influential predictor of tissue 

sparing; with only submillimeter increases resulting in increases in tissue sparing. In 

particular, the amount of CSF ventral to the spinal cord accounted for much of the residual 

variability in tissue damage. The observed relationship dural sac/CSF measures and 

outcome of SCI was an expected result when considering the mechanics of the contusion 

model used here. The weight drop results in the tip of the impactor interacting with the 
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dura. The dura, at this time point, is separated from the cord by the dorsal CSF layer and 

the spinal cord is likewise separated from the posterior surface of the vertebral body at 

the injury level by the ventral CSF layer. Then, the impactor must squeeze the dura 

towards the spinal cord and simultaneously accelerate the spinal cord and displace the 

ventral CSF. This likely resulted in complex CSF flow patterns ventral, dorsal as well as 

lateral to the spinal cord. It is clear that the mechanics of CSF flow are complex in 

nature22,43,44 but not all aspects of the CSF flow relevant to the present discussion have 

been reported. Only when the CSF is displaced both ventral and dorsal to the spinal cord 

(termed “CSF Obliteration” by Khuyagbaatar and colleagues),44 could the impactor apply 

force directly to the spinal cord and compress it against the posterior aspect of the 

vertebral body. 

The mechanics of the cord/CSF/canal interaction also suggest an explanation for the 

importance of the ventral CSF layer,5 specifically in the present study. We hypothesized 

that the falling impactor always had enough energy to displace the dorsal CSF layer and to 

accelerate the cord toward the ventral surface of the spinal canal. CSF ventral to the spinal 

cord would have the ability to absorb the energy associated with the motion of the 

incoming cord and impactor proportional to its thickness. A thicker ventral CSF layer would 

absorb more of the energy associated with the moving impactor and cord and thus there 

would be less energy remaining to compress the cord against the vertebral body.   

During impact, various components of the spinal cord parenchyma, such as 

endothelial cells, myelinated and unmyelinated axons, glial processes, cell somas, and 

spinal meninges, will experience diverse extents of mechanical distortion above or below 

their threshold for irreversible physical disruption. It is damage to these components that 

result in neurological impairment. Previous studies using animals and human cadavers, as 

well as computational models, have outlined the influence of CSF on SCI severity.21,23,44-47 

In a bovine and synthetic model of SCI, researchers have found that increased dimensions 

of the dural sac or CSF layer associated with a substantial reduction in cord 

deformation.22,23,46 Furthermore, it has been speculated that a thicker fluid layer may 

reduce the stress or stress fields induced in the injured spinal cord.22 Using a finite element 

model of the spinal cord, Fradet and colleagues20 demonstrated that when increasing the 
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ratio of the thoracic spinal cord to CSF from 0.42 to 0.78 (to match human and bovine 

morphology respectively), a marginal increases in spinal cord compression (3%) was 

observed; however this slight increase resulted in stress increases of up to 28% in white 

matter.20 In addition, greater tissue damage has been associated with increased 

mechanical stress,48 implying a possible reduction in the degree of neurological deficit with 

increased CSF thickness in an in vivo situation.  

Evaluation of the inter-animal variability in morphometric characteristics of the 

epidural (or extradural) space, formed between the walls of the vertebral canal and the 

dura matter, should also be considered in future work. This space contains variable 

amounts of epidural fat, the subdural venous plexus, spinal arteries and lymphatic vessels, 

as well as the ligamentum flavum and posterior longitudinal ligament. Notably, such 

elements can provide spinal motion stability and cushion effect in the spinal cord during 

impact. Unfortunately, the ultrasound technique as used in the current study did not 

provide adequate resolution to specifically and accurately identify the epidural space. A 

more powerful, higher-frequency ultrasound signal would improve the resolution of our 

probe and aid in depicting the location of the epidural space. 

Interestingly, there was no correlation between body weight and the physical 

dimensions of the CSF layer, which indicate that it is not possible to stratify animals pre-

operatively based on their weight. Likewise, body weight and age of the animals had no 

significant correlation to spinal cord cross-sectional area, dorso-ventral thickness, or 

transverse width. This implies that the size of the spinal cord remained relatively constant 

within the weight range under consideration (23.5-34.0 kg), despite continuous body 

growth during the first 5-8 months of age. Such lack of correlation is consistent with 

previous studies, which demonstrated that changes in cross-sectional diameter of the 

spinal cord of healthy humans were not associated with body weight change.49-52  

This study is a first step in understanding the heterogeneity in outcome severity in 

large animal models of SCI, such as the pig. Overall, our results highlight the value of 

introducing pre-impact ultrasound imaging as part of the SCI protocol in large animal 

models of SCI. We have demonstrated that the size of the spinal cord and dural sac at the 
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time of impact are strong contributors to the behavioral and histological outcome. To 

reduce outcome variability and the number of animals needed, as well as to improve 

sensitivity for detecting treatment effects in large animal models of SCI, it is thus highly 

desirable to correct or adjust for size differences in the spinal cord and its surrounding. It 

could be hypothesized that removing CSF or displacing it in a controlled manner may be 

effective in reducing the variability induced by size differences. Another way to deal with 

morphological differences is customizing impact protocols to the size of the animal’s spinal 

cord and thecal space. A key challenge in developing this methodology for a weight drop 

injury such as ours would be to precisely estimate the drop height to cause a specified 

injury severity with, say, a large CSF layer and the drop height for the same severity with a 

small CSF layer. Other approaches, such as pre-stratification of treatment groups and post-

statistical correction methods should also be considered in future studies.     

In conclusion, our ongoing work with the pig model of SCI has provided important 

insights into the relationship between inherent anatomic variability in spinal cord 

morphometry and outcomes after traumatic, experimentally induced SCI. These 

considerations are important to recognize in order to maximize the utility of these 

expensive animal models and in the development of future SCI risk criteria to better 

identify people at increased risk of SCI in contact sports. 
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Table 1. Summary of biomechanical parameters of contusion injury. Direct 

measurements of peak force, impactor displacement from initial contact with the exposed 

dura and velocity at impact were recorded by a calibrated load cell located within the 

impactor tip and further analyzed using Labview software (National Instruments 

Corporation, Austin, TX) Impulse was calculated as the integral of force with respect to 

time.     

Contusion 

parameter

s 

Unit 

Animal
Mea

n 
SD 

% 

variati

on #1 #2 #3 #4 #5 #6 #7 

 

Peak Force 
kdyne 

368

9 

358

9 

420

8 

322

8 

215

4 

253

8 

254

0 

313

5 

74

6 
23.82 

Displacem

ent 
mm 4.80 4.90 4.60 4.33

4.7

0 
5.61 5.30 4.89 

0.4

3 
8.87 

Impulse 
kdyne*s

ec 

11.9

0 

12.2

8 

12.0

2 

10.7

8 

9.4

0 

10.0

8 

10.1

3 

10.9

4 

1.1

3 
10.34 

Velocity mm/sec 
188

6 

186

8 

186

1 

170

6 

156

0 

179

8 

179

7 

178

2 

11

5 
6.48 

SD: standard deviation. 
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Table 2. Body weight and ultrasound measures of spinal cord and CSF morphometry 

Morphomet

ric 

measures 

Uni

t 

Animal
Mea

n   
SD 

% 

variati

on #1 #2 #3 #4 #5 #6 #7 

Age 
day

s 
176 165 172 191 225 192 221 192 

23.

5 
12.26 

Body 

weight 
kg 23.5 25.0 23.5 33.0 34.0 32.0 34.0 29.29 

5.0

2 
17.13 

SCTR mm 6.54 6.33 6.62 7.04 6.92 6.85 6.58 6.70 
0.2

5 
3.71 

SCDV mm 5.15 5.38 5.13 5.28 5.52 5.87 5.05 5.34 
0.2

8 
5.31 

SCarea 
mm

2 

26.1

4 

26.9

9 

26.5

8 

28.5

6 

29.9

5 

31.7

9 

26.3

3 
28.05 

2.1

5 
7.67 

DSTR mm 8.31 7.88 8.15 7.96 8.46 8.62 9.23 8.37 
0.4

6 
5.50 

DSDV mm 8.12 7.44 7.07 6.80 8.04 8.83 8.26 7.79 
0.7

2 
9.21 

DSarea 
mm

2 

52.6

5 

46.3

8 

45.1

0 

41.9

5 

53.2

1 

60.4

2 

59.8

1 
51.36 

7.2

0 
14.02 

CSFD mm 2.47 1.03 1.03 0.73 1.02 1.29 2.15 1.39 
0.6

6 
47.28 

CSFV mm 0.50 1.04 0.91 0.79 1.50 1.67 1.05 1.06 
0.4

0 
37.83 

D
ow

nl
oa

de
d 

by
 W

as
hi

ng
to

n 
U

ni
v 

fr
om

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 0

3/
01

/1
9.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



Page 33 of 41 
 
 
 

33 

Jo
ur

na
l o

f N
eu

ro
tr

au
m

a 
Di

ffe
re

nc
es

 in
 M

or
ph

om
et

ric
 M

ea
su

re
s o

f t
he

 U
ni

nj
ur

ed
 P

or
cin

e 
Sp

in
al

 C
or

d 
an

d 
Du

ra
l S

ac
 P

re
di

ct
 H

ist
ol

og
ica

l a
nd

 B
eh

av
io

ra
l O

ut
co

m
es

 a
fte

r T
ra

um
at

ic 
SC

I. 
 (D

OI
: 1

0.
10

89
/n

eu
.2

01
8.

59
30

) 
Th

is 
pa

pe
r h

as
 b

ee
n 

pe
er

-re
vi

ew
ed

 a
nd

 a
cc

ep
te

d 
fo

r p
ub

lic
at

io
n,

 b
ut

 h
as

 y
et

 to
 u

nd
er

go
 co

py
ed

iti
ng

 a
nd

 p
ro

of
 co

rr
ec

tio
n.

 T
he

 fi
na

l p
ub

lis
he

d 
ve

rs
io

n 
m

ay
 d

iff
er

 fr
om

 th
is 

pr
oo

f. 

CSFDV mm 2.96 2.07 1.94 1.51 2.52 2.96 3.21 2.45 
0.6

3 
25.73 

CSFarea 
mm

2 

26.5

1 

19.3

8 

18.5

2 

13.3

9 

23.2

5 

28.6

3 

33.4

8 
23.31 

6.8

2 
29.24 

CSFD/CSFV 
rati

o 
4.98 0.99 1.13 0.93 0.68 0.78 2.04 1.65 

1.5

4 
93.28 

SCarea/DSarea 
rati

o 
0.50 0.58 0.59 0.68 0.56 0.53 0.44 0.55 

0.0

8 
13.65 

CSFD: dorsal thickness of the CSF layer; CSFV: ventral thickness of the CSF layer; SCDV, 

dorso-ventral thickness of the spinal cord; SCTR, transverse width of the spinal cord; DSTR: 

transverse width of the dural sac; DSDV: dorso-ventral thickness of the dural sac; SCarea: 

cross-sectional area of the spinal cord; DSarea: cross-sectional area of the dural sac; 

SCarea/DSarea: cross-sectional area of spinal cord to dural sac ratio. SD: standard deviation. 
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Table 3. The results of a principal components analysis (PCA) evaluating the relationship 

between all biomechanical, histological, and behavioral outcomes (n = 7). Loading 

magnitude is illustrated by the intensity of the color (Blue reflects negative and red reflects 

positive loadings). Loading values  0.80 or  -0.8 are highlighted in white bold. PCA 

patterns revealed a three-factor structure that accounted for 92.08% of the variance in the 

data set. The first dimension (D1) accounted for 43.40 % of the variance in the dataset and 

showed high loadings for WMS, GMS, and TS and DSTR, DSDV, DSarea. D2 (25.25% of the 

variance) largely reflected high loadings for peak force, impulse, velocity, age, body weight 

and SCTR. D3 accounted for 23.79% of the variance and indicated high loadings for PTIBS, 

SCDV and SCarea. 
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CSFD: dorsal thickness of the CSF layer; CSFV: ventral 

thickness of the CSF layer; SCDV, dorso-ventral thickness 

of the spinal cord; SCTR, transverse width of the spinal 

cord; DSTR: transverse width of the dural sac; DSDV: 

dorso-ventral thickness of the dural sac; SCarea: cross-

sectional area of the spinal cord; DSarea: cross-sectional 

area of the dural sac; SCarea/DSarea: cross-sectional area 

of spinal cord to dural sac ratio; PTIBS2-12: average 

“Porcine Thoracic Behavior Scale” score over week 2 till 

12 post SCI; PTIBS10-12: average “Porcine Thoracic 

Behavior Scale” score over week 10 till 12 post SCI.  
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Table 4. Non-parametric Spearman correlations (r) between spinal cord morphometry 

measures, impact parameters and post-SCI histological and functional outcome. Values 

and shading intensities represent spearman rank correlation coefficients between two 

variables. Values in bold are different from 0 with a significance level of *p0.05 or ** 

p0.005. CSFD: dorsal thickness of the CSF layer; CSFV: ventral thickness of the CSF layer; 

SCDV, dorso-ventral thickness of the spinal cord; SCTR, transverse width of the spinal cord; 

DSTR: transverse width of the dural sac; DSDV: dorso-ventral thickness of the dural sac; 

SCarea: cross-sectional area of the spinal cord; DSarea: cross-sectional area of the dural sac; 

SCarea/DSarea: cross-sectional area of spinal cord to dural sac ratio.  
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Figure 1. Pre-operative ultrasound images used to generate morphometric measures of 

the spinal cord and cerebrospinal fluid (CSF) space. (A). Axial ultrasound image of the pig 

spinal cord at the T10 level prior to SCI. (B) Measurement of the various cord parameters 

analysed. CSFD: dorsal thickness of the CSF layer; CSFV: ventral thickness of the CSF layer; 

SCDV, dorso-ventral thickness of the spinal cord; SCTR, transverse width of the spinal cord; 

DSTR: transverse width of the dural sac; DSDV: dorso-ventral thickness of the dural sac.   
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Figure 2. Assessment of functional recovery over the 12 week study period using the 

Porcine Thoracic Injury Behavior Scale (PTIBS). Variability in PTIBS measures is found 

between animals (#1-7), but also for individual animals tested on different weeks (2-12 

weeks post-SCI). The solid line in each graph represents the estimated smooth curve for 

each animals.  
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Figure 3. Spinal cord lesion at 12 weeks post-injury, quantified as the percentage of 

white, gray and total matter spared tissue around the injury site. Percentage spared (A) 

grey matter, (B) white matter and (C) total tissue (the summation of spared white and gray 

matter) determined by area measurements taken from axial sections of spinal cord tissue 

800 m apart. Each line in the graph represents an individual SCI animal (#1-7). SHAM 

(surgically exposed but not subjected to the SCI procedure)18 control measures were 

included to represent normal “uninjured” values (grey shading; mean ± SEM). 
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Figure 4. Classification and regression tree (CART) analysis to predict behavioral 

recovery. Analysis identified a decision tree defined by three nodal points that stratified 

the cohort into two groups. The tree showed that the proximal split was based on SCDV. 

With a cut-off to be 5.331 mm, 100% correct classification into two target groups: those 

animals whose PTIBS scores remained 3 by the final week of the study (i.e. poor recovery; 

#1,3,4,7) and those who recovered from the initial deficit fairly well to a PTIBS of 4-5 (i.e. 

good recovery; animal #2, #5, #6). 
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Supplementary Table 1. Intra- and inter-observer reliability, shown by the intra-class 

correlation coefficient (ICC), for the Pre-SCI ultrasound analysis on CSF space and spinal 

cord dimensions. Parameters were found to be highly reliable for both intra- and inter-

observer assessment, with ICC values between 0.83 and 1.00.  

Parameters 

Intra-observer ICC* 
Inter-observer ICC* 

Observer 1 Observer 2 

Mean (95% CI) Mean (95% CI) Mean (95% CI) 

SCTR 0.94 (0.89–0.96) 0.93 (0.88–0.96) 0.93 (0.88–0.96) 

DSTR 0.94 (0.89–0.96) 0.93 (0.89–0.95) 0.93 (0.89-0.95) 

SCDV 0.99 (0.98–1.00) 0.99 (0.98–1.00) 0.98 (0.97–0.99) 

DSDV 0.99 (0.98–1.00) 0.99 (0.98–1.00) 0.98 (0.97–0.99) 

CSFV 0.97 (0.94–0.99) 0.97 (0.93–0.99) 0.97 (0.93–0.99) 

CSFD 0.97 (0.93–0.99) 0.97 (0.93–0.99) 0.96 (0.93–0.99) 

SCarea 0.93 (0.84–0.98) 0.97 (0.93–0.99) 0.94 (0.89–0.97) 

DSarea 0.92 (0.83–0.98) 0.95 (0.86–0.99) 0.93 (0.89–0.98) 

CSFD: dorsal thickness of the CSF layer; CSFV: ventral thickness of the CSF layer; SCDV, 

dorso-ventral thickness of the spinal cord; SCTR, transverse width of the spinal cord; DSTR: 

transverse width of the dural sac; DSDV: dorso-ventral thickness of the dural sac; SCarea: 

cross-sectional area of the spinal cord; DSarea: cross-sectional area of the dural sac; ICC: 

intra-class correlation coefficient of absolute agreement of single measures; CI: 

confidential interval; * All data were significant at p < 0.001. 
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