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1 INTRODUCTION
After acute spinal cord injury (SCI) the spinal cord is frequently found to have swollen
dramatically, particularly after it has been surgically decompressed. In traumatic brain
injury (TBI), brain swelling and increases in intraparenchymal pressure are routinely
considered in both the surgical and hemodynamic management of such patients.
However, this swelling has largely been neglected in SCI, despite being consistently
observed. Even after surgical decompression, such swelling may result in the cord being
subjected to significant pressure, either due to constriction by the pia mater, the dura
mater, or both. The physiologic consequences of this are poorly understood, and many
fundamental questions remain about its impact on intraparenchymal pressure, spinal cord
perfusion, and downstream metabolic responses. Determining the physiologic/biologic
consequences of this swelling and how they can be mitigated to reduce secondary injury
will guide the optimal clinical management of acute SCI. As an example of how swelling,
increased intraparenchymal pressure, and its effects on perfusion are factored into clinical
decision-making, TBI investigators have established the Pressure Reactivity Index (PRx)
to identify where autoregulation remains intact and to guide optimal perfusion support
based on that. The PRx has not been investigated in SCI, but given that the cord also
swells and has impaired autoregulation, it is likely applicable here as well. This promising
approach opens the possibility that we could individualize and optimize the hemodynamic
support of acute SCI patients in order to support perfusion without exacerbating
deleterious increases in intraparenchymal pressure.

2 KEYWORDS
•
•
•
•
•

Spinal Cord Swelling
Hydrostatic Pressure
Spinal Cord Injury
Pressure Reactivity Index
Porcine model of SCI

3 ACCOMPLISHEMENTS
3.1 Protocol and Activity Status
•
Human Use Regulatory Protocols
No human subjects research will be performed to complete the Statement of Work
•
Use of Human Cadavers for RDT&E, Education or Training
No RDT&E, education or training activities involving human cadavers will be performed to
complete the Statement of Work
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•

Animal Use Regulatory Protocols
Total Protocols: 1 animal use research protocol will be required to complete the Statement
of Work

-

Protocol: 1 of 1
Protocol [ACURO Assigned Number]: SC130008
Title: SCI in pigs [IACUC protocol number A13-0013]
Target required for statistical significance: n=6/group
Target approved for statistical significance: n=6/group
Submitted to and Approved by: Bryan K. Ketzenberger, DVM, DACLAM
Status: approved 26-MARCH-2015

3.2 Approved Statement of Work
The approved statement of work is described below. A Gantt chart is provided in Table 1 for
reference (see page 5).

Specific Aim 1: Evaluate if compression by the surrounding dura
produces increased intraparenchymal pressure within the injured,
swollen cord.
Subtask 1: Submit documents for ACURO approval
Milestone(s) Achieved: Obtain ACURO approval
Subtask 2: Characterize the CSF pressure changes for 7-days after
SCI and decompression
Subtask 3: Characterize the cord intraparenchymal pressure changes
for 7-days with probes positioned in close proximity of the epicenter
and a more distal segment (control)
Milestone(s) Achieved: Characterization of spatial and temporal
hydrostatic pressure changes in the epidural space and spinal cord
after SCI and decompression (without dural decompression)
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Months

Site

1-3

UBC

3
3-13

UBC

3-13

UBC
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Specific Aim 2: To evaluate if dural compression contribute to
progressive deficit in blood perfusion and contribute to the
pathophysiology of secondary damage after traumatic SCI

Months

Site

6-18

UBC

6-18

UBC

Subtask 3: Examine the histopathological changes in the harvested
spinal cord at the 7-day time point

12-18

UBC

Milestone(s) Achieved: Definition of any relation between changes in
systemic pressure and SCBF when the spinal cord is decompressed
with or without opening of the overlying dura.

18-24

Subtask 1: Characterize the metabolic and spinal cord blood flow
(SCBF) changes for 7-days with probes positioned in close proximity
of the epicenter and a more distal segment (control)
Subtask 2: Determine the effects of surgically opening the dura and
expanding the subarachnoid space with a duraplasty will alter
intraparenchymal spinal cord pressure, SCBF, and metabolic
responses

Specific Aim 3: Evaluate behavioral recovery for a total of 12
weeks following SCI with or without duraplasty

Months

Site

Subtask 1: Assess hindlimb motor function during overground
ambulation (PTIBS)

12-32

UBC

Subtask 2: Neurophysiologic monitoring with transcranial motorevoked potentials

12-32

UBC

Milestone(s) Achieved: Definition of any relationship between
functional recovery after spinal cord decompression with or without
dural decompression; preparation of manuscript

32-36

Specific Aim 4: Evaluate if a moving correlation index exists
between mean arterial blood pressure and CSF/cord pressure
(pressure reactivity index; PRx)

Months

Site

Subtask 1: Determine the temporal profile of spinal cord
autoregulation following SCI during the first 7-days after SCI

21-30

UBC

Subtask 2: identify any variables - blood pressure, spinal cord
perfusion, intraparenchymal pressure, or CSF pressure - associated
with impairment or preservation of PRx

21-30

UBC
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Milestone(s) Achieved: Quantification of any relation between
arterial blood pressure or spinal cord perfusion and CSF pressure;
preparation of 1-2 peer reviewed papers
Table 1. Approved statement of work (Gantt Chart)
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3.3 Current Progress on Statement of Work
A Gantt chart of the current work is provided in Table 2 for reference (page 7). The months in the
approved statement of work do not necessarily match with the Gantt chart, since the Gantt chart
reflects actual work completed in each year.

Aim 1: Evaluate if compression by the surrounding dura produces increased

intraparenchymal pressure within the injured, swollen cord.
•

Task 1: Submit documents for ACURO approval
Completed. ACURO approval was granted 26-MARCH-2015.

•

Task 2: Characterize the CSF pressure changes for 7-days after SCI and
decompression
Completed.

•

Task 3: Characterize the cord intraparenchymal pressure changes for 7-days with
probes positioned in close proximity of the epicenter and a more distal segment
(control)
Completed. A manuscript has been published in Journal of neurotrauma (ID NEU-20175034) entitled "Changes in Pressure, Hemodynamics and Metabolism Within the Spinal
Cord During the First 7-days After Injury Using a Porcine Model", J Neurotrauma. 2017
Sep 14. doi: 10.1089/neu.2017.5034

Aim 2: To evaluate if dural compression contribute to progressive deficit in blood

perfusion and contribute to the pathophysiology of secondary damage after
traumatic SCI (7-day evaluation)
•

Task 1: Characterize the metabolic and spinal cord blood flow (SCBF) changes
for 7-days with probes positioned in close proximity of the epicenter and a more
distal segment (control)
Completed. A manuscript has been published in Journal of neurotrauma (ID NEU-20175034) entitled "Changes in Pressure, Hemodynamics and Metabolism Within the Spinal
Cord During the First 7-days After Injury Using a Porcine Model", J Neurotrauma. 2017
Sep 14. doi: 10.1089/neu.2017.5034

•

Task 2: Determine the effects of surgically opening the dura and expanding the

subarachnoid space with a duraplasty will alter intraparenchymal spinal cord
pressure, SCBF, and metabolic responses
Page 6 of 28
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Completed. Data being analyzed currently for manuscript preparation.
•

Task 3: Examine the histopathological changes in the harvested spinal cord at
the 7-day time point
Completed. Data being analyzed currently for manuscript preparation.

Aim 3: Evaluate behavioral recovery for a total of 12 weeks following SCI with or

without duraplasty
•

Task 1: Assess hindlimb motor function during overground ambulation (PTIBS)

Completed. Data being analyzed currently for manuscript preparation.
•

Task 2: Neurophysiologic monitoring with transcranial motor-evoked potentials

Completed. A manuscript is in preparation entitled “Sensorimotor Plasticity after Spinal
Cord Injury: A Longitudinal Translational Study”. To be submitted to Science Translational
Medicine.

Aim 4. Evaluate if a moving correlation index exists between mean arterial blood

pressure and CSF/cord pressure (pressure reactivity index; PRx)
•

Task 1: Determine the temporal profile of spinal cord autoregulation following SCI
during the first 7-days after SCI
In progress.

•

Task 2: identify any variables - blood pressure, spinal cord perfusion,
intraparenchymal pressure, or CSF pressure - associated with impairment or
preservation of PRx
In progress.
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Table 2: Gantt chart of current work. The Gantt chart reflects actual work completed. Therefore,
months in the approved statement of work do not necessarily match with the Gantt chart, since
the Gantt chart reflects actual work completed in each year.
Specific Aim 1+2:
7-day Evaluation of Duraplasty
evaluation
1a. Dura intact (n=6)
1b. Duraplasty (n=6)
Task:

YEAR 1
Q1

Q2

Q3

YEAR 2
Q4

Q1

Q2

Q3

YEAR 3
Q4

Q1

Q2

Q3

Q4

1. ACURO Approval
2. Animal training / Surgery
3. Spinal cord monitoring of pressure,
oxygenation, SCBF and
microdiaysis
4. Histologic assessments
5. Data Analysis / Dissemination

Specific Aim 3:
12-week Evaluation of
Duraplasty
1a. Dura intact (n=6)
1b. Duraplasty (n=6)
Task:

YEAR 1
Q1

Q2

Q3

YEAR 2
Q4

Q1

Q2

Q3

YEAR 3
Q4

Q1

Q2

Q3

Q4

1. Animal training / Surgery
2. Behavioral / functional
assessments
3. Histologic assessments
4. Data Analysis / Dissemination

Specific Aim 4:
Evaluate if a moving correlation index
exists between mean arterial blood
pressure and CSF/cord pressure
(pressure reactivity index; PRx)
Task
1. Determine the temporal profile of
spinal cord autoregulation following
SCI during the first 7-days after
SCI
2. Identify any variables - blood
pressure, spinal cord perfusion,
intraparenchymal pressure, or CSF
pressure
associated
with
impairment or preservation of PRx
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YEAR 2
Q4

Q1

Q2
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Q4
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4 OVERALL PROJECT SUMMARY
Human SCI is typically caused by a combination of high velocity contusion followed
by sustained mechanical compression. Relieving this ‘extrinsic’ mechanical compression
in a timely manner intuitively would seem to be neuroprotective and result in improved
neurologic function. However, the cord itself then undergoes considerable postdecompression swelling as demonstrated in SCI-patients. The spinal cord may ultimately
swell to the point where it compresses against the dura, resulting in increased intraspinal
pressure at the injury site as demonstrated by Papadopoulos and colleagues (2004).
Such swelling and rise in the pressure within the spinal cord has also been observed in
our porcine model of SCI (Figure 1 & 2). This suggests that we can utilize this model to
investigate what is happening within the spinal cord during this swelling. When the cord
swells against the dura, there may be an increase in pressure and reduction in spinal cord
perfusion (as suggested by Papadopoulos et al.) Our research question is: would it be
beneficial to decompress the spinal cord by opening the dura and enlarging the
subarachnoid space? (as shown in Figure 3)
Figure 1: The swollen cord expands against the dura within hours after decompression.
Prior to injury, the subarachnoid space is clearly seen between the spinal cord and dura. After
SCI and within 10 min of decompression, residual deformation of the cord is observed. As
inflammatory responses in the cord ensue, and the swelling cord fills the subarachnoid space, the
cord pushes up against the dura within 5 hours of decompression (Jones et al., 2012).

dura
Subarachnoid
space

10 minutes post decompression

5 hours post decompression

Spinal
cord

Figure 2: Monitoring of hydrostatic spinal cord pressure in acute SCI using a porcine
model. (A) Surgical set-up to measure hydrostatic pressure within the spinal cord for 7 days.
Three probes for monitoring oxygenation and blood flow, hydrostatic pressure and microdialysis
were inserted through the dura and into the spinal cord 1.2 and 3.2 cm caudal to the injury. The
recording wires from each probe were brought out of the surgical field, tunnelled through the skin
and collected along the back of the animal. (B) At the injury site (1.2-cm) contusion injury followed
by compression (grey shading) resulted in high intraparenchymal pressure. Following
decompression intraparenchymal spinal cord pressure drops, after which it rises again

remaining high for days, which suggests considerable post-SCI swelling. Such increases
in cord pressure were also observed as far as 3.2-cm away from the trauma site.
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A.

B.

Figure 3: Understanding the effect of relieving spinal pressure after SCI through
duraplasty. (A) Following a T10 dorsal spinal contusion injury and (B) C6-T13 transverse dural
incision, a 10x1 cm artificial dural graft (Medtronic, US) was sutured to the remaining dura mater
and sealed with fibrin glue. Control animals received an identical spinal cord contusion, however
without expansile duraplasty.
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4.1

Results

Aim 2, Task 2: Evaluating the effects of surgically opening the dura and expanding the
subarachnoid space with a duraplasty on metabolic responses.
We finalized and reported on the metabolite responses data over a 7-day period with or
without duraplasty surgery. Eight female Yucatan pigs, weighing 29-34 kg, were used.
The animals were randomly divided into two groups (n=4 per group); the first group
underwent contusion/compression SCI followed by duraplasty surgery and the second
group comprised the SCI controls (no duraplasty).
Method:
In order to be able to measure metabolic responses by inserting probes, in these
experiments we performed the duraplasty procedure before the probe insertion and
before the actual weight drop spinal cord contusion. Moreover, we tried to create the
same injury severity between animals that have an artificial dura (duraplasty) overlaying
the cord versus the native dura by withdrawing the underlying CSF and laying a piece of
the artificial dural graft material (Dura-Matrix, Medtronic, Minneapolis, MN) on the intact
dura in the non-duraplasty animals before the drop. Microdialysis probes were inserted
into the spinal cord proximal (0.2 cm) and distal (2.2 cm) to the impact site. Lactate,
pyruvate, glutamate, glucose, and glycerol levels were measured with an Iscusflex
Microdialysis Analyzer (CMA, Stockholm, Sweden), using the manufacturer’s reagents
and standard protocols. A decrease in energy-related metabolites glucose and pyruvate
and an increase in the lactate-pyruvate ratio reflects the degree of ischemia in the cord
following injury. Increased glycerol levels reflect a more pronounced SCI-induced
breakdown of cellular membranes as a downstream result of injury and free radical
release. Extracellular glutamate mediates excitotoxicity and cell death after SCI.
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Table 1. lists of surgeries performed as part of Aim 2:
SX date

Group

ID#

Name

Species

Injury details

Force
(kdyn)

Weight
(kg)

2016-08-23

Control

8371

Badminton

Yucatan

Contusion:

3227.00

33.0

2016-09-06

Control

8372

Diving

Yucatan

50gr/20cm

2154.00

34.0

2016-09-21

Control

8437

Gymnastics

Yucatan

2538.00

32.0

2016-09-27

Control

8400

Heptathlon

Yucatan

Compression
:
150gr/5min

2539.00

34.0

SX date

Group

ID#

Name

Species

Force
(kdyn)

Weight
(kg)

2016-08-25

Duraplast
y

8436

Croquet

Yucatan

2058.00

29.0

2016-09-11

Duraplast
y

8376

Enduro

Yucatan

50gr/20cm

2116.00

34.5

2016-09-19

Duraplast
y

8443

Frisbee

Yucatan

2043.00

34.0

2016-09-29

Duraplast
y

Compression
:
150gr/5min

8464

Ironman

Yucatan

2304.00

34.0

Injury details

Contusion:

Results:
Data thus far show that although pyruvate and lactate are higher in duraplasty group;
there are no clear differences in L/P ratio between two groups close to the injury site.
Also, no visible differences for glutamate and glycerol at 0.2 cm from injury was observed.
Interestingly, higher glucose was observed in duraplasty group over 6-hours post-injury
compared to control group (Figure 4). Further away from the injury site (at 2.2 cm) no
clear difference was observed in metabolic response between two groups (Figure 5).
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Figure 4: A comparison of the difference from baseline of metabolic response at 0.2cm from the
middle of the injury sites, between duraplasty (filled circles) and non-duraplasty control (open
circles) animals. The percentage change (%Δ) is calculated using an average of 30 minutes of
baseline before SCI.
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Figure 5: A comparison of the difference from baseline of metabolic response at 2.2cm from the
middle of the injury sites, between duraplasty (filled circles) and non-duraplasty control (open
circles) animals. The percentage change (%Δ) is calculated using an average of 30 minutes of
baseline before SCI.
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Aim 3, task 1: Evaluation of behavioral recovery and cord histology for a total of 12
weeks following SCI with or without duraplasty.
In Year 3 as part of Aim 2, besides reporting on the spinal cord microdialysis data over a
7-day period with or without duraplasty surgery, we also assessed behavioral and
histological analysis of the spinal cord over a 12-week period.
Methods:
Behavioral analysis was assessed weekly using the PTIBS (Porcine Thoracic Behavior
Scale) up to 12 weeks after SCI. Then the spinal cords were harvested, processed for
cryoprotection, cut in segment and frozen. The 20 µm cross-section of the frozen
segments were mounted on the slides and stained in Eriochrome Cyanine R, which allows
recognition of spared and damaged tissue. The spared white matter and spared grey
matter were calculated with the ZEN software in each cord for the distance of 1.5 cm
rostrally and caudally from the epicenter. Spared gray matter and spared white matter
area data were divided by total spinal cord area at each slice to acquire a percentage
value for each. Percent total spared spinal cord tissue area was calculated by adding
percent white matter spared and percent gray matter spared values. Note: animal 8443
sustained a fracture through the T12 endplate during first week of recovery. The animal
did survive the experiment, but because of the potential role of the displacement of the
fracture, we excluded the animal from the histological analysis.
Table 2. lists of surgeries performed as part of Aim 3:
SX date

Group

ID#

Name

Species

Injury details

Force (kdyn)

Weight (kg)

2016-08-23

Control

8371

Badminton

Yucatan

Contusion:

3227.00

33.0

2016-09-06

Control

8372

Diving

Yucatan

50gr/20cm

2154.00

34.0

Compression
:
150gr/5min

2538.00

32.0

2539.00

34.0

Average

2614.5

33.3

SEM

223.4

0.5

Injury details

Force (kdyn)

Weight (kg)

2058.00

29.0

2016-09-21

Control

8437

Gymnastics

Yucatan

2016-09-27

Control

8400

Heptathlon

Yucatan

SX date

Group

ID#

Name

Species

2016-08-25

Duraplast
y

8436

Croquet

Yucatan

2016-09-11

Duraplast
y

8376

Enduro

Yucatan

50gr/20cm

2116.00

34.5

2016-09-19

Duraplast
y

8443

Frisbee

Yucatan

2043.00

34.0

2016-09-29

Duraplast
y

Compression
:
150gr/5min

8464

Ironman

Yucatan
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2304.00

34.0

Average

2130.3

32.9

SEM

60.0

1.3
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Figure 6: Behavioral recovery after SCI with or without duraplasty surgery as assessed with the
Porcine Thoracic Behavior Scale. The duraplasty group reached on average a score of 5-6 by
week 5 and was capable of some hindlimb stepping, while the control animals typically reached
lower PTIBS scores (2-3), which correspond to hindlimb weight bearing extensions.
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Figure 7: Percent spared white and grey matter of the spinal cords in the duraplasty and the
control group. Duraplasty group appears to have a greater percentage of spared white matter
rostral and caudal to the epicenter of injury. The epicenter is at the 0-mm position. The asterisks
indicate that the difference at this point is significant with p<0.05.

*
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Results:
Our data suggested a notable improvement in functional recovery after duraplasty surgery
with a notable difference in PTIBS score between the groups (Figure 6). Moreover %
spared white matter of the spinal cord in the duraplasty group was greater compared to
the control animals (Figure 7). Significant difference between groups was reached up to
4 mm caudal to the epicenter (“0.0” mm). No obvious differences for spared grey matter
were observed between the groups.
During year 2, we found it very challenging to equilibrate the severity of mechanical injury.
To try to control this, as mentioned in Aim 2, Task 2, the duraplasty procedure was
performed before probe insertion and weight drop and the accumulated underlying CSF
within subarachnoid space around the injury site in both the control and the duraplasty
animals was aspirated just before dropping the impactor on the cord. After finding
significant different injury severity between the two groups, we repeated the experiment
and this time we also laid a piece of the artificial dural graft material (Dura-Matrix,
Medtronic, Minneapolis, MN) on the intact dura in the non-duraplasty animals. This we
felt would result in the same ‘cushioning’ effect. However, even this time, the duraplasty
group demonstrated lower SCI force values (Table 2) and identical 20-cm weight drop
SCI caused a slightly lower impact force for the duraplasty group compared to the control
animals (although not statistical different). We concluded that the difference in PTIBS
between the groups could be due to a difference in impact severity. Therefore, in year 3
of our funding, we scheduled additional duraplasty surgeries (Table 3) and for this set of
experiments, we decided not to measure spinal cord blood flow, oxygenation, pressure
and the microdialysis and cancel the probe insertion. This way, the duraplasty surgery
could be done after the impact, and the impact forces would be more equivalent between
these two groups (as both groups receive an impact on intact dura and spinal cord).
Furthermore, our engineers made an adjustment to the impactor setup to create a more
consistent and accurate weight drop.
Table 3. lists of surgeries performed as part of Aim 3:
SX date

Group

ID#

Name

Specie
s

Injury
details

Force
(kdyn)

Weight
(kg)

2017-04-18

Control

8998

Minigolf

Yucatan

Contusion:

3689

23.5

2017-04-25

Control

9036

Outrigger

Yucatan

50gr/20cm

3589

25.0

Yucatan

Compression
:
150gr/5min

4207

Species

Injury
details

Force
(kdyn)

Weight
(kg)

Yucatan

Contusion:

3581

21.51

2017-05-02

Control

9034

Qianball

SX date

Group

ID#

Name

2017.04-03

Duraplast
y

8996
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23.5
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2017-04-12
2017-04-20

Duraplast
y

9043

Duraplast
y

8981
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Luge
Netball

Yucatan
Yucatan

50gr/20cm
Compression
:
150gr/5min

3637

19.5

3160

24.5
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Results:
Our data did not show an improvement in functional recovery after duraplasty surgery.
No significant differences were seen in PTIBS score between the groups (Figure 9).
Moreover, no major differences in %spared white matter and %spared gray matter were
seen between the two groups. However, the duraplasty group had more spared gray
matter in the more distal rostral and caudal regions compared to the control group (Figure
10).
The key problem, however, is that the adjustments that were made to the impactor device
resulted in an increase in the impact force in these animals. These animals consistently
had impact forces above 3000 kdyne, and in most cases, over 3500 kdyne. Such an
impact force results in an extremely severe injury and therefore the likelihood of any
degree of neuroprotection being afforded by the duraplasty is limited. The fact that the
impact force is so high is reflected in the final PTIBS between 2 to 3 (Figure 9), where
normally we would see animals at 3 to 4 with a 20 cm weight drop.
Figure 9: Behavioral recovery after SCI with or without duraplasty surgery as assessed with the
Porcine Thoracic Behavior Scale. The duraplasty group reached on average a score of 3 by and
was capable of some hindlimb stepping, while the control animals typically reached lower PTIBS
scores (2). However, there is no visible difference between the two groups for PTIBS.
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Figure 10: Percent spared white (A) and grey matter (B) of the spinal cords in the duraplasty and
the control group. The epicenter is at the 0-mm position.
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5 KEY RESEARCH ACCOMPLISHMENTS
o No significant differences were seen in PTIBS score between the groups
o No major differences in %spared white matter and %spared gray matter were
seen between the two groups.
o The duraplasty group had more spared gray matter in the more distal rostral and
caudal regions compared to the control group

6 CONCLUSION
In year 3 of our grant, we conducted series of experiments evaluating the
consequence of duraplasty on intraparenchymal spinal cord oxygenation, blood flow, and
pressure, downstream metabolic response, behavioral recovery as well as histological
changes. We ended up repeating our 12-week behavioral recovery study because an
earlier study that we performed showed a tremendous (and frankly, amazing)
improvement in locomotor function in the duraplasty-treated animals. In our repeat
experiment, we unfortunately did not see an improvement with duraplasty, although the
injury severity was unexpectedly much more severe. We can conclude from this injury
severity; a significant neuroprotective effect is not afforded by surgical duraplasty.
Ultrasound imaging, and Somatosensory-evoked potentials (SSEP) data evaluation,
and evaluation of our PRx data is still on-going and will be completed in Year 4 (a no-cost
1-year extension has been requested). By using all these data, we shall be able to draw
more definite conclusions on the impact of surgically opening the dura and expanding the
subarachnoid space with a duraplasty.
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7 PUBLICATIONS, ABSTRACTS AND PRESENTATIONS
1) Publication, submitted to Science Translational Medicine. (full manuscript in
appendix 1)
Sensorimotor Plasticity after Spinal Cord Injury: A Longitudinal Translational
Study”.
Catherine R Jutzeler1,2,3, Femke Streijger 2, Katelyn Shortt 2, Neda Manouchehri 1, Elena Okon
1
, EMSCI Study Group 4, Markus Hupp 1, Armin Curt 1, Brian K Kwon 2, and John LK Kramer
PhD 2,3
1

Spinal Cord Injury Center, University Hospital Balgrist, University of Zurich, Zurich,
Switzerland
2
ICORD, University of British Columbia, Vancouver, British Columbia, Canada
3
School of Kinesiology, University of British Columbia, Vancouver, British Columbia, Canada
4
European Multi-centre Study about Spinal Cord Injury (EMSCI) Study Group, University
Hospital Balgrist, University of Zurich, Zurich 8008, Switzerland

Abstract
Introduction: Spinal cord injury prompts reorganization of the brain, including areas
representing the intact body parts. Knowledge regarding underlying mechanisms has
been gained largely from animal models of deafferentation.
Method: In order to refine our understanding of the human’s brain response to spinal cord
injury, in which deafferentation of the sensorimotor cortex occurs, 37 individuals with
acute traumatic spinal cord injury were followed over time (1, 3, 6, and 12 months post
injury) with repeated neurophysiological assessments. Somatosensory and motor evoked
potentials were recorded in the upper extremities above the level of injury. In a reversetranslational approach, the same neurophysiological techniques were examined in a
porcine model of thoracic spinal cord injury. Twelve Yucatan mini-pigs subjected to a
contusive spinal cord injury at T10 underwent somatosensory and motor evoked
potentials assessments in the fore- and hindlimbs pre- (baseline, post-laminectomy) and
post injury (10min, 3hrs, 12 weeks).
Results: In both species, the sensory responses in the upper extremities/forelimbs
progressively increased from immediately post injury to later time points. Motor responses
in the forelimbs increased immediately after experimental injury in pigs, remaining
elevated at 12 weeks. In humans, motor evoked potentials were significantly higher at 1month (and remained so at 1 year) compared to normative values.
Interpretation: Despite notable differences between experimental models and the human
condition, the brain’s response to spinal cord injury is remarkably similar between humans
and porcine species. Our findings further underscore the utility of this large animal model
in translational spinal cord injury research.
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2) Publication, J Neurotrauma. 2017 Sep 14. doi: 10.1089/neu.2017.5034, (full
manuscript in appendix 2)
CHANGES IN PRESSURE, HEMODYNAMICS, AND METABOLISM WITHIN THE
SPINAL CORD DURING THE FIRST 7 DAYS AFTER INJURY USING A PORCINE
MODEL
Femke Streijger,1 Kitty So,1 Neda Manouchehri,1 Jae H.T. Lee,1 Elena B. Okon,1 Katelyn
Shortt,1 So-Eun Kim,1 Kurt McInnes,1,2 Peter Cripton,1,2 and Brian K. Kwon1,3
1

International Collaboration on Repair Discoveries (ICORD), University of British Columbia, Vancouver,
British Columbia, Canada.
2
Departments of Mechanical Engineering and Orthopedics, University of British Columbia, Vancouver,
British Columbia, Canada.
3
Vancouver Spine Surgery Institute, Department of Orthopedics, University of British Columbia,
Vancouver, British Columbia, Canada.

Abstract
Traumatic spinal cord injury (SCI) triggers many perturbations within the injured cord,
such as decreased perfusion, reduced tissue oxygenation, increased hydrostatic
pressure, and disrupted bioenergetics. While much attention is directed to
neuroprotective interventions that might alleviate these early pathophysiologic responses
to traumatic injury, the temporo-spatial characteristics of these responses within the
injured cord are not well documented. In this study, we utilized our Yucatan mini-pig model
of traumatic SCI to characterize intraparenchymal hemodynamic and metabolic changes
within the spinal cord for 1 week post-injury. Animals were subjected to a
contusion/compression SCI at T10. Prior to injury, probes for microdialysis and the
measurement of spinal cord blood flow (SCBF), oxygenation (in partial pressure of
oxygen; PaPO2), and hydrostatic pressure were inserted into the spinal cord 0.2 and
2.2 cm from the injury site. Measurements occurred under anesthesia for 4 h post-injury,
after which the animals were recovered and measurements continued for 7 days. Close
to the lesion (0.2 cm), SCBF levels decreased immediately after SCI, followed by an
increase in the subsequent days. Similarly, PaPO2 plummeted, where levels remained
diminished for up to 7 days post-injury. Lactate/pyruvate (L/P) ratio increased within
minutes. Further away from the injury site (2.2 cm), L/P ratio also gradually increased.
Hydrostatic pressure remained consistently elevated for days and negatively correlated
with changes in SCBF. An imbalance between SCBF and tissue metabolism also was
observed, resulting in metabolic stress and insufficient oxygen levels. Taken together,
traumatic SCI resulted in an expanding area of ischemia/hypoxia, with ongoing
physiological perturbations sustained out to 7 days post-injury. This suggests that our
clinical practice of hemodynamically supporting patients out to 7 days post-injury may fail
to address persistent ischemia within the injured cord. A detailed understanding of these
pathophysiological mechanisms after SCI is essential to promote best practices for acute
SCI patients.
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3) Poster presentation, Society for Neuroscience 2017, Washington, D.C., Nov 1115:
THE EFFECT OF DURAPLASTY IN ACUTE TRAUMATIC SCI ON BEHAVIOURAL
RECOVERY AND SPINAL CORD MORPHOLOGY, USING A PORCINE MODEL OF
SCI
Kitty So1, Femke Streijger1, Katelyn Shortt1, Neda Manouchehri1, Elena B. Okon1, Brian K. Kwon1,2
1

International Collaboration of Repair Discoveries (ICORD), University of British Columbia, Vancouver,
2
BC, Canada; Vancouver Spine Surgery Institute, Department of Orthopaedics, University of British
Columbia, Vancouver, BC, Canada

Abstract (max 2300 characters):
Severe swelling of the human spinal cord is typically observed after a traumatic spinal
cord injury (SCI). Intrinsic cord swelling within the pia mater, along with the swollen cord
filling the subarachnoid space and pushing against the relatively stiff dura mater, may
result in increased intraspinal pressure. Such cord constriction can lead to reduced blood
flow, hypoxia and ischemia, leading to secondary damage. Using our porcine model of
SCI, we examine the effects of an expansile duraplasty surgery on behavior, spinal cord
morphology, and tissue sparing following an acute SCI. Female Yucatan mini-pigs
received a T10 contusion SCI followed by 5-minutes of compression and were
randomized into two groups: 1) SCI without dural expansion surgery (control group) or 2)
SCI with dural expansion duraplasty with an artificial graft (Durepair, Medtronic; 1-cm
width, 10-cm length) centered around the impact site (duraplasty group). Behavioral
recovery was monitored weekly for 12 weeks and animals were scored using the Porcine
Thoracic Injury Behaviour Scale (PTIBS). Ultrasound imaging at 7 days post-SCI was
used to compare spinal cord morphology (dorsal-ventral height of the spinal cord and
subarachnoid space) at various level of the spine between the two groups. At 12 weeks
Oasis Helpdesk Leave OASIS Feedback Powered by cOASIS, The Online Abstract
Submission and Invitation System SM © 1996 - 2017 CTI Meeting Technology All rights
reserved. post-SCI, animals were euthanized and histological analysis was done on their
spinal cords to quantify both grey and white matter sparing. At 7 days post-SCI,
ultrasound analysis showed an enlargement of the subarachnoid space at the T9-T11 for
the duraplasty group (T9-T11: 2.0 ± 0.4mm; 2.1 ± 0.3mm; 2.4 ± 0.2mm) compared to the
controls (T9-T11: 1.1 ± 0.4mm; 0.5 ± 0.3mm; 0.5 ± 0.2mm) with an increased spinal cord
height (duraplasty: 7.4 ± 0.2 mm; controls: 6.2 ± 0.2 mm). Throughout the 12- week
recovery period, most control animals were only capable of hind limb dragging (PTIBS
score of 1-3) after SCI, while most duraplasty animals showed weight-supported stepping
(PTIBS ≥ 4). Histological analysis of the spinal cords demonstrated more spared white
matter at the epicenter in the duraplasty group compared to the controls. No difference in
the spare grey matter was demonstrated. In summary, our results demonstrated that, 7
days after SCI the swollen cord almost fills the subarachnoid space. Expansive duraplasty
surgery in a porcine model of SCI, enlarged the subarachnoid space for days after SCI,
and allowed for non-restrictive swelling of the spinal cord. This might have led to improve
hind limb function and increased spared tissue at the site of injury as observed at 12
weeks post-SCI. This data supports the potential of improving neurologic outcome with
expansile duraplasty.
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Session Type: Poster
Session Title: Spinal cord: Animal models and human studies
Date and Time: Mon, Nov. 13, 2017, 8:00 AM - 9:00 AM
Location: Walter E. Washington Convention Center
Abstract Control Number: 2017-S-9710-SfN

8 INVENTIONS, PATENTS AND LICENSES
Nothing to report

9 REPORTABLE OUTCOMES
Nothing to report

10 OTHER ACHIEVEMENTS
Nothing to report
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12 FINANCIAL HEALTH
Date Range: 1 OCT 2016 - 30 SEP 2017
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YTD
Funding/Revenues
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403,771.22
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3,937.50
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47,647.79
Sessional Salaries
8,000.00
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10,530.26
Supplies & Sundries
241,650.29
Travel
2,141.55
Professional Fees
4,974.99
Total Expenses
318,882.38
Revenue Less Expenses
84,888.84
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Commitments
YTD

Projected
Actuals

0
0
0

390,829.83
12,941.39
403,771.22

0.00
0.00
0
0.00
0.00
0
0
4265.1
4,265.10
-4,265.10

3,937.50
47,647.79
8,000.00
59,585.29
10,530.26
241,650.29
2,141.55
9,240.09
323,147.48
80,623.74
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Abstract
Introduction: Spinal cord injury prompts reorganization of the brain, including areas
representing the intact body parts. Knowledge regarding underlying mechanisms has been gained
largely from animal models of deafferentation.
Method: In order to refine our understanding of the human’s brain response to spinal cord
injury, in which deafferentation of the sensorimotor cortex occurs, 37 individuals with acute
traumatic spinal cord injury were followed over time (1, 3, 6, and 12 months post injury) with
repeated neurophysiological assessments. Somatosensory and motor evoked potentials were
recorded in the upper extremities above the level of injury. In a reverse-translational approach,
the same neurophysiological techniques were examined in a porcine model of thoracic spinal
cord injury. Twelve Yucatan mini-pigs subjected to a contusive spinal cord injury at T10
underwent somatosensory and motor evoked potentials assessments in the fore- and hindlimbs
pre- (baseline, post-laminectomy) and post injury (10min, 3hrs, 12 weeks).
Results: In both species, the sensory responses in the upper extremities/forelimbs progressively
increased from immediately post injury to later time points. Motor responses in the forelimbs
increased immediately after experimental injury in pigs, remaining elevated at 12 weeks. In
humans, motor evoked potentials were significantly higher at 1-month (and remained so at 1
year) compared to normative values.
Interpretation: Despite notable differences between experimental models and the human
condition, the brain’s response to spinal cord injury is remarkably similar between humans and
porcine species. Our findings further underscore the utility of this large animal model in
translational spinal cord injury research.

Introduction
Traumatic spinal cord injury is a devastating neurological event, characterized by varying
severities of motor, sensory, and autonomic impairment1. In response to damage in the spinal
cord, primary sensorimotor areas in the brain representing intact regions of the body (e.g., hand
area following injury in the thoracic cord) undergo structural and functional reorganization2–6.
Several theories have been proposed to explain the phenomenon of cortical reorganization,
including changes in excitability due to increased use of the hands and altered intracortical
connectivity7.
Missing from our understanding of cortical reorganization after spinal cord injury is how
changes in the brain evolve over time. This is complicated by several practical considerations,
including the difficulty of performing detailed neurophysiological assessments in the very early
stages of injury (<1 month). In experimental rodent models, both immediate and progressive
changes in cortical activation to peripheral afferent stimuli delivered above the level of injury
have been variably reported8–15. Immediate changes in the brain support the notion that spinal
cord injury unmasks latent pathways12,13,16–19, whereas progressive adaptions may reflect a form
of functional reorganization20,21.
Notable differences between rodent and human spinal cord injury have called into
question the validity of existing small animal models and their relevance to the clinical condition
22

. By virtue of stark similarities with humans in terms of size, general systems physiology (e.g.,

cardiac), and genetic traits, larger animal models of spinal cord injury have been proposed to
overcome some of the limitations inherent to rodents23–26. Of available models, pigs have
emerged as a potential intermediate between humans and primates23,25,27–29. The extent to which
pig models of spinal cord injury better represent changes in the CNS resulting from traumatic
lesions in the spinal cord (e.g., changes in the brain) remains unknown.
The primary aim of this study was to investigate the progression of changes in the brain
in response to spinal cord injury in humans from acute to chronic stages. Utilizing common
neurophysiological techniques, observations in humans were then reverse translated in a pig
model of thoracic spinal cord injury. The fundamental goal here was to determine if changes in
the brain of pigs in response to spinal cord injury was similar to what has already been reported
in animals (e.g., rodents and non-human primates)12–14 and what we observed in humans.

Materials and Methods
Human data: Data source and selection
Patient Data
The European Multicenter Study about Spinal Cord Injury (EMSCI) was reviewed to
identify individual with spinal cord injury eligible for our study. EMSCI is a longitudinal
observational study comprising 19 participating trauma and rehabilitation centers from across
Europe. A variety of neurological and functional outcomes are tracked at fixed time points over
the first year of injury (i.e., 1, 3, 6, and 12 months). All individuals enrolled in EMSCI obtain
standards of rehabilitation care. Further details on the EMSCI database can be found elsewhere
(www.emsci.org, ClinicalTrials.gov Identifier: NCT01571531).
To be included in our analysis, individuals with spinal cord injury had to meet the
following inclusion criteria: 1) spinal cord injury as a result of a single traumatic event, 2) the
first neurophysiological assessment (i.e., somatosensory and motor evoked potentials) conducted
within four weeks following injury, and 3) neurologic level of injury at or below C8. The rational
for the selection of low cervical/high thoracic neurological level of injury arises from the study’s
objective to investigate the changes of brain areas representing intact body parts by performing
electrophysiological measurements in the unaffected upper extremities. The ulnar nerve has
spinal root entries at C8 and T1 (Fig 1). Neurological levels of injury at and below C8 allow the
assessment of intact upper limb sensory evoked potentials and motor evoked potentials.
Exclusion criteria constituted other non-traumatic spinal cord injury (e.g., tumor), dementia or
severe reduction of intelligence leading to reduced capabilities of cooperation or giving consent,
polyneuropathy, and brain injury. Prior to the inclusion in the EMSCI, all individual with spinal
cord injury gave their written informed consent. The study is in accordance with the Declaration
of Helsinki and was approved by all responsible institutional review boards.

Healthy Control Data
The laboratory at the University Hospital Balgrist established a set of normative data for
sensory evoked potentials and motor evoked potentials amplitudes and latencies in the upper and
lower extremities. Derived from this in-house data set, a representative sample was used for
statistical comparison to observations in the spinal cord injury cohort.

Outcome measures
Neurophysiological assessments (i.e., tibial and ulnar sensory evoked potentials,
abductor digit minimi motor evoked potentials) were performed at four fixed time points: 1, 3, 6,
and 12 months post injury (Fig 2A). The N20 latency and N20-P25 amplitude of the ulnar
sensory evoked potentials were the primary outcome variables, assessed separately at each of the
four time points. All assessments were performed by trained examiners and in accordance with
international standards

30,31

. Briefly, motor evoked potentials were recorded by applying single

pulse transcranial magnetic stimulation (TMS) using a routine circular coil magnetic stimulator.
For the adductor digiti minimi motor evoked potentials (hereafter referred as upper limb motor
evoked potentials), the stimulation hot spot was determined by stepwise optimizing coil position
to obtain a maximum motor evoked potentials response. Upper limb motor evoked potentials
were recorded at 1.2 times active motor threshold. Three to five representative upper limb motor
evoked potentials at the desired stimulus intensity were applied. Tibial and ulnar sensory evoked
potentials were elicited by single 0.2 msec, repetitive, square wave electrical stimulation (3 Hz)
using a Key Point electrophysiological stimulating and recording device (bandpass = 2 Hz to 2
kHz; Medtronic, Mississauga, Ontario, Canada). Standard clinical surface gel electrodes (10
mm) were positioned on the tibial nerve at the ankle and ulnar nerve at the wrist. sensory evoked
potentials were collected at a stimulus intensity that adequately produced a consistent but
tolerated muscle twitch30,32,33.

Animal Data: Study Design
Figure 2B illustrates the study design of the animal experiments. Briefly, the animals
underwent behavioral training for five days. Subsequently, the baseline measurement was
performed on the day before the surgery. Follow-up behavioral measurements were conducted
weekly for 12 weeks starting within 7 days after the surgery to first allow the animals to recover
from their initial surgery/injury. On the day of surgery, animals were anaesthetized and
intubated. Baseline sensory evoked potentials and motor evoked potentials were recorded prior
to initiating the surgical procedures, which included a dorsal exposure to the thoracic spine and
laminectomy around T10. Following laminectomy, sensory evoked potentials and motor evoked
potentials were recorded again in order to ensure that the spinal cord was not damaged. The

spinal cord injury was then induced by contusing and compressing the spinal cord. Specifically, a
50 gram weight was dropped from 20 cm height to the exposed spinal cord at the 10th thoracic
vertebrae. This was followed by five minutes of compression placing a 150g weight on the spinal
cord. Sensory evoked potentials and motor evoked potentials were recorded immediately after
the compression (approximately 10 minutes after the weight drop contusion injury). All animals
underwent follow up assessments of sensory evoked potentials and motor evoked potentials at 3
hours and 12 weeks post injury. For all surgical and neurophysiological procedures, animals
were anesthetized.

Surgical procedures with animals
Fourteen female Yucatan miniature pigs (Sinclair Bio-Resources, Columbia, MO) aged
125 to 142 days, weighing between 18.5-25 Kg, were housed, fed, and cared for in accordance
with the Canadian Council for Animal Care regulations. The study was approved by our
institution’s animal care committee (University of British Columbia Animal Care Committee,
Protocol Number A13-0013). Female animals were selected as the management of the bladder
and urethra necessitated due to spinal cord injury is far less complicated in females compared to
the male animals. Anesthesia was induced with propofol (1.6 - 7ml). Pigs were intubated,
ventilated, and maintained with a combination of fentanyl (20 ± 2.8ug/kg/h), propofol (21.4 ±
6.1mg/kg/h), and ketamine (9.8 ± 1.7mg/kg/h). After the animal was anesthetized, the external
jugular vein was catheterized (i.e., central line catheter) for the delivery of drugs and a rectal
temperature probe was inserted to monitor the core temperature. The animals were covered with
a surgical drape with a window above the surgical site.

Screw placement for neurophysiological recordings
For placement of the scalp electrodes, a 10-cm midline longitudinal incision was made at
the level of the ears extending anteriorly towards the snout. Dissection was carried to the level of
the bone until the sagittal and coronal sutures were visualized. A total of four electrodes were
attached 1 cm lateral to the sagittal suture and 1 cm anterior and posterior to the coronal suture
(Fig. 2C). To reduce the high impedance (i.e., due to the thickness of the pig’s skull) and
improve both motor cortex stimulation and signal recordings from the somatosensory cortex,
screws were placed into the skull. The skull was carefully drilled bi-cortically to a standard depth

of 4 mm. Sterilized stainless steel screws (15 mm length, 1.1 mm diameter) were inserted and
connected to alligator clips. To avoid complications such as infection, the electrode screws were
removed at the end of neurophysiological recordings (i.e., 3h post-injury) and the skin was
approximated with reverse cutting prolene suture. The electrode screws were reinserted at the
same location for the 12-week follow-up measurement.

Laminectomy
Animals were placed in the prone position and a 15 cm dorsal midline incision was made
between T6 and T14. The fascia was divided and the paraspinal musculature was stripped from
the dorsal spinous processes, laminae, and transverse processes of T6 to T14 using electrocautery (Surgitron Dual Frequency RF/120 Device; Ellman International, Oceanside, NY). Using
anatomic landmarks, the T9, T10, and T11 pedicles were cannulated and instrumented with 4.5 ·
35 mm screws (SelectTM Multi Axial Screw, Medtronic, Minneapolis, MN). The T10 segment
was widened to ensure that a circular window was made measuring at least 1.2 cm in diameter to
expose the dura and spinal cord.

Induction of Spinal Cord Injury
After the T10 laminectomy, the weight-drop device was rigidly secured to the pedicle
screws and positioned so that the impactor (mass: 50 g) would fall directly on the exposed dura
and spinal cord at vertebrae T10. The tip of the impactor (diameter: 9.53 mm) was instrumented
with a load cell (LLB215, Futek Advanced Sensor Technology, Irvine, CA) to record the force at
impact. Immediately following the contusion injury (drop height: 20 cm), compression was
applied by placing a 100g mass on top of the impactor for five minutes. Subsequently, the
weight-drop apparatus was removed.

Somatosensory evoked potentials
Somatosensory evoked potentials were recorded in response to the stimulation of the left
and right tibial nerve (i.e., below the level of contusion) as well as the right median nerve (i.e.,
above the level of contusion). Electrical stimulation comprised repetitive square wave (0.5ms)
pulses delivered at 3.1 Hz using sub-dermal needle electrodes (1.2 cm, 27 Gauge, Neuroline
twisted pair, Ambu, Copenhagen, Denmark). Stimuli were delivered using a Keypoint electro-

diagnostic device (Medtronic, Mississauga, Ontario, Canada; bandpass = 2 Hz - 2 kHz). Stimuli
were given at intensities four times the threshold required to visualize twitching in the muscles
distal to the stimulation point.

For each individual animal, the stimulation intensity was

determined at baseline (i.e., control condition). The same intensity was applied for all testing
sessions. Sensory evoked potentials were recorded from the skull screws of the cortex
contralateral to the stimulated nerve.

Motor evoked potentials
Bilateral depolarization of the motor cortex was achieved by delivering stimulation trains
through stainless steel alligator clips clamped to the electrode screws. Stimuli intensities ranged
from 80 - 100mA in trains of 5 pulses (pulse duration = 0.5 ms, Interstimulus Interval = 0.5 ms)
and were delivered by a Keypoint electro-diagnostic device (Medtronic, Mississauga, Ontario,
Canada). Small bipolar needles (1.2 cm, 27 Gauge, Neuroline twisted pair, Ambu, Copenhagen,
Denmark) were placed in the muscles of the right forelimb (Extensor Carpi Radialis) as well as
left and right hindlimbs (Tibialis Anterior). Signal recorded from the muscles was amplified and
then band-pass filtered at 30 Hz to 1 kHz, which is in accordance with set-up of human motor
evoked potential recordings30.

Porcine Thoracic Injury Behavior Scale
Upon four days of acclimatization and habituation to the large animal facility, animals
were handled daily for five days (each day 15min) to become familiar with experimental
handling. For the subsequent five days, animals were trained daily (each day 15min) to walk
non-stop up and down a rubber mat (width 1.22m, length 5m).
Prior to the injury, animals were videotaped to establish the baseline hindlimb locomotor
behavior score. Three high definition camcorders positioned behind the animals captured the
movements of the hindlimbs and rump as they walked away from the cameras. Videotaping of
locomotor recovery resumed one week post-injury and continued weekly for 12 weeks in total.
The hindlimb function was analyzed and classified into 10 different categories according the
Porcine Thoracic Injury Behavioral Scale23. This scale ranges from no active hindlimb
movement (score = 1) to normal ambulation (score = 10). Specifically, Porcine Thoracic Injury
Behavioral Scale scores of 1 – 3 are characterized by ‘hindlimb dragging’, scores of 4 – 6

represent varying degrees of ‘stepping’ ability, and scores of 7 – 10 reflect varying degrees of
‘walking’ ability.

Spinal Cord Histology
Twelve weeks post-injury all animals were euthanized and the spinal cord was harvested,
post-fixed, and cryoprotected as described previously 29. Subsequently, spinal cords were cut into
1 cm segments centered on the injury site, embedded in OCT blocks and frozen at -80o C before
being cut into 20 µm thick cross cryosections. Sections were serially mounted onto adjacent
silane-coated SuperFrost-Plus slides (Fisher Scientific, Pittsburgh, PA) such that sections on the
same slide were obtained from tissue 400 micrometer apart and stored at -80C. For
differentiating gray and white matter, Eriochrome Cyanine R histochemistry was performed.
Neutral Red was used as a counterstain. ECR-stained sections were examined, and pictures (5x
objective) were taken of sections at 800 lm intervals throughout the lesion site (Zeiss
AxioImager M2 microscope, Carl Zeiss Canada Ltd., Toronto, ON, Canada). Images were
analyzed using Zen Imaging Software (Carl Zeiss Canada Ltd., Toronto, ON, Canada), by
manually tracing the spinal cord perimeter and spared tissue for each image captured. The spared
white matter was defined as the areas that were stained for Eriochrome Cyanine R, whereas gray
matter was considered spared when it was a stereotypic light gray color with a consistent
neuropil texture. The percentages of white matter and gray matter were calculated by dividing
the spared white or gray matter by the total area of the spinal cord on a given section.

Statistical analyses
All statistical procedures were performed using IBM`s Statistical Package for the
SocialSciences (SPSS) version 23.0 (Armonk, New York, U.S.). For all analyses, p < .05 was
considered as statistical significance. To take into account the longitudinal nature of the data
(animal and human) and adjust for potential confounders, as well as to handle missing data, the
primary analysis comprised a linear mixed effects model. Post-hoc analyses were performed and
Bonferroni corrections were applied to adjust for multiple comparisons.
For the human data, the analysis focused on various primary dependent variables:
Latencies and amplitudes of motor evoked potentials, tibial and ulnar sensory evoked potentials

(6 models). The time-points of assessment (i.e., 1, 3, 6, and 12 months), age at baseline, and
lesion completeness (i.e., complete or incomplete) were included as independent variables. In a
planned sub-analysis, the motor evoked potentials parameters of the individuals with spinal cord
injury at all time points were compared to the healthy control cohort using a linear mixed model.
The primary outcomes of the animal study were motor evoked potentials and sensory
evoked potentials latencies and amplitude (both hind- and forelimb) at pre-defined time-points:
baseline, post-laminectomy, as well as 10 minutes, 3 hours, and 12 weeks post injury. In separate
linear mixed models, latencies and amplitudes of sensory evoked potentials and motor evoked
potentials were set as dependent variable, while time-points were included as independent
variables. We further examined the amount of motor recovery following spinal cord injury
employing a linear mixed model. In all models, subjects were included as random factor. Pearson
correlation analyses were used to identify relationships between neurophysiological (motor
evoked potentials and sensory evoked potentials), behavioral (Porcine Thoracic Injury
Behavioral Scale Score), and immunohistochemistry outcomes (spared white and gray matter).

Results
HUMAN DATA
Basic demographics and other characteristics of the study sample at all time-points after
injury are summarized in Table 1. A total of 37 individuals with spinal cord injury from the
EMSCI database were included in the analysis.

Somatosensory and motor evoked potentials above the spinal cord injury level
Ulnar sensory evoked potentials amplitude increased significantly over time (F = 4.6, df:
3, p = 0.004), while the sensory evoked potentials latency did not (F = 1.0, df: 3, p = 0.392).
Pair-wise comparisons yielded an increase in amplitude at three and six months compared to the
recordings at 1 month (Fig 3A). The average increase in amplitude was +33.0%, +47.8%, and
+65.2% at three, six, and twelve months respectively. There was no main effect of injury
completeness on ulnar sensory evoked potentials amplitude (F = 1.3, df: 1, p = 0.256) and
latency (F = 0.119, df: 1, p = 0.730), suggesting independence from injury severity. There was
also no interaction effect between injury completeness and time on amplitude (F = 0.536, df: 2, p

= 0.586) and latency (F = 0.129, df: 2, p = 0.879. This suggests that severity did not impact
amplitude and latency as a function of time.
There was no main effect of time or injury completeness on the upper limb motor evoked
potentials amplitude (Time: F = 1.571, df: 3, p = 0.200; Completeness: F = 2.400, df: 3, p =
0.124) or latency (Time: F = 0.536, df: 3, p = 0.155; Completeness: F = 0.915, df: 3, p = 0.549)
(Fig. 3B). At the first assessment (1 month post-injury), the upper limb motor evoked potentials
amplitudes were already significantly higher in individuals with spinal cord injury (mean = 2.3,
SD = 0.8) than in healthy controls (mean = 1.4, SD = 0.6; Conditions t = 2.88 and p = 0.02).
Over time during subsequent assessments there was no significant change. Motor evoked
potentials latencies were not significantly different from healthy controls at 1 month post-injury
(t = 0.891, p > 0.05) and also did not change significantly over time.

Somatosensory evoked potentials below the spinal cord injury level
We found a main effect of lesion completeness on tibial somatosensory evoked potential
amplitude (F = 7.3, df: 1, p = 0.031), but not on the latency (Time: F = 0.8, df: 3, p = 0.506;
Completeness: F = 0.22, df: 1, p = 0.882). Post-hoc analyses revealed a significant increase in
amplitude at three, six, and twelve months compared to 1 month (Fig 3C). Individuals with
spinal cord injury with sensory incomplete lesions (AIS B-D) exhibited an increase in tibial
sensory evoked potentials amplitude, while the amplitude did not change over time in individuals
with spinal cord injury with complete lesions (AIS A). This observation is in line with previous
reports32.

ANIMAL DATA
A total of 14 animals underwent experimental spinal cord injury. All animals received a
contusion injury by dropping a 50 g mass from a 20 cm height at the T10 level of the spinal cord.
The mean (standard deviation) impact force applied to the exposed spinal cord measured at the
tip of the impactor was 2731 (514) kdynes. All animal characteristics are summarized in Table
2. Two animals had to be euthanized within the first 24 hours after surgery due to unexpected
upper airway compromise and thus, were excluded from the data analysis. Complications related
to the cortical stimulation procedures, such as damage due to screw placement or neurological
deficits, were not observed upon postmortem examination. In order to prevent a drug-effect on

the neurophysiological outcomes, animals received the same anesthesia on both days (i.e.,
induction of SCI and follow-up at 12 weeks). Individual animal data is presented in
supplementary table 1.
Somatosensory and motor evoked potentials above the spinal cord injury level
There was a significant main effect of time on ulnar sensory evoked potentials amplitude
(F = 5.7, df: 4, p = 0.001, Fig 4A). Pair-wise comparisons yielded a significant increase
(+64.3%) in amplitude at 12 weeks post injury compared to baseline (p = 0.006). The latency of
ulnar sensory evoked potentials remained comparable over time (F = 0.78, df: 4, p > 0.05).
Immediately following the weight drop contusive spinal cord injury, the forelimb motor
evoked potentials amplitude (i.e., Extensor Carpi Radialis) increased 365.7% (p = 0.033)
compared to both pre-injury time-points (Fig 4B). The amplitude remained higher at all postinjury time-points (3hrs post spinal cord injury: +337%, p = 0.049, 12 weeks post spinal cord
injury: +334%, p = 0.046).

The linear mixed model confirmed that there was indeed a

statistically significant main effect of time on forelimb motor evoked potentials amplitude (F =
5.0, df: 4, p = 0.006). No change in latency was observed at any time-point (all p > 0.05).

Somatosensory evoked potentials below the spinal cord injury level
Tibial sensory evoked potentials were abolished following spinal cord injury induction
and did not recover, confirming the completeness of injury (Fig 4C). All animal latencies and
amplitudes of medial and tibial sensory evoked potentials are summarized in Table 2.

Motor recovery - Porcine Thoracic Injury Behavioral Score
At baseline, all animals reached the highest PTIBS Score (10 ± 0). One week after spinal
cord injury, hindlimb motor function was severely impaired, resulting in a mean PTIBS Score of
2.0 ± 0.9. Motor recovery was observed in all animals over time (F = 11.4, df: 11, p < 0.001).
The average recovery was 2 ± 1.1 points from 1 to 12 weeks post injury. The amount of motor
recovery was not correlated with the observed changes in forelimb motor evoked potentials (F =
11.4, df: 11, p =) and sensory evoked potentials (F = 11.4, df: 11, p =).

Immunohistochemical quantification of injury severity

In order to quantify the extent of spared tissue at the lesion epicenter as well as the rostrocaudal spread of the injury, quantification of spared gray and white matter was performed on
serial sections stained with Eriochrome cyanine R (Fig 5A). At week 12 post-spinal cord injury,
both white and gray matter at the lesion epicenter was completely abolished and increased
incrementally with distance from the epicenter (Fig 5B). We defined the lesion as all areas that
were structurally not significantly different from the epicenter. There was no relationship
between neurophysiological parameters and spared tissue (all comparisons p > 0.05).

Discussion
The present study characterizes the brain’s response to an acute spinal cord injury in
humans and pigs. In both species, the amplitude of upper limb sensory evoked potentials (above
the spinal cord injury level) progressively increased over time. In contrast, motor responses
increased immediately after experimental injury in pigs and remained elevated out to 12 weeks.
Along similar lines, motor evoked potentials were already significantly greater compared to the
healthy control cohort at 1 month post injury. The observed changes in the sensory and motor
areas in the brain occurred independently of the severity of injury. Despite many obvious
differences between experimental models of spinal cord injury and the human condition, changes
in neurophysiological measures of cortical function following damage in the spinal cord share
remarkable similarities across species (i.e., porcine and humans).
The impact of peripheral and central deafferentation on the brain has been extensively
investigated in various animal models34–39. In Wall and Egger’s seminal publication in 1971,
“functional reorganization” of the thalamus and sensory cortex was first reported in rats
following a thoracic lesion39. Later studies demonstrated a similar capacity for neuroplasticity in
primates, qualifying reorganization of the face into the deafferented hand area as “massive”34,40.
A defining characteristic of the brain’s response to spinal cord injury in primates is that sensory
reorganization occurs progressively over time, consistent with a collateral sprouting
hypothesis36,41,42. In rodents, however, immediate changes in the somatosensory cortex have been
reported, occurring within seconds to minutes of experimental injury12,13,19,43,44 (Fig 6).
In humans, changes in the brain have been primarily reported in chronic stages of injury,
using cross-sectional neuroimaging3,6,45–48 and neurophysiological techniques2,49. While
consistently demonstrating that cortical reorganization occurs, knowledge regarding how these
changes develop over time is limited. Our longitudinal study provides clear evidence that
reorganization of the somatosensory cortex occurs in humans occurs over the initial months
following spinal cord injury (Fig 3). Resembling the human profile, the reorganization of porcine
somatosensory cortex was characterized by an increase in forelimb sensory evoked potentials
amplitude from 1 to 3 months. To our knowledge, only one previous study examined changes in
the brain to sensory stimulation above the level of injury. At 4-6 weeks post injury, median nerve
sensory evoked potentials were normal, both in terms of amplitude and latency50. For a small
cohort (n=5) that underwent a follow-up examination, 3 to 5 weeks later (i.e., 7-11 weeks post

injury), no change in sensory evoked potentials parameters was observed50. This finding is in
agreement with our observations at early time-points (i.e., 1-month), in that sensory evoked
potentials are still within normative values within the first weeks after injury. The progressive
increase in sensory evoked potentials amplitudes (i.e., 12 weeks post injury) observed in later
stages suggests the involvement of sensory sprouting20,21 and the possible expansion of the active
forelimb region into the adjacent deprived lower limb region within the sensorimotor cortex 51.
Interestingly, changes in the motor system appear to occur immediately after injury. The
abrupt increase in motor evoked potentials amplitude in humans and pigs is in agreement with an
immediate change reported in monkeys following T8/9 contusion injury52, and in the acute phase
of human spinal cord injury53. These immediate changes are similar to what has been reported in
response to reversible ischemic nerve block54. Other studies in humans, however, have reported
no change55,56 or reduced amplitudes57 (for review, please see58). Overall, the immediate nature
of increases in motor evoked potentials amplitude that persist into chronic stages of injury
suggest alternative mechanisms, potentially involving the unmasking of dormant neural
synapses13,16–18, or long-term intracortical disinhibition54.
From a translational perspective, an understanding of mechanisms underlying
neuroplasticity is fundamentally important to develop assessments to reveal and quantify even
subtle changes as they may relate to recovery. To date, neuroplasticity has been widely studied in
rodent models of spinal cord injury. Unfortunately, the translation of knowledge from preclinical
rodent models of spinal cord injury to humans has, however, failed1,59. Among leading causes of
failure are challenges modeling human spinal cord injury in rodents22,60. Our results demonstrate
key differences in cortical reorganization after spinal cord injury in pigs and humans compared
to that which has been reported in rodents12,13,43,61 – namely that sensory reorganization occurs
immediately in rats whereas it develops over time in humans and pigs. Pigs have emerged as
potential intermediary large animal model of neurological disorders including spinal cord injury,
stroke, and traumatic brain injury23,25,27,62–64. Our observations extend the advantages of the pig
species as a translational pre-clinical model of neuroplasticity within the CNS after injury.
One limitation of this study relates to the measurement of cortical plasticity in humans
after spinal cord injury. First, a relatively small number of individuals with neurological level of
injury at or below C8 (n=37), in which upper limb sensory evoked potentials and motor evoked

potentials were recorded, were included in our analysis. These individuals were selected a priori
because: a) lower thoracic injuries (e.g., T4 and below) are not routinely examined with upper
limb sensory evoked potentials and motor evoked potentials, and b) according to International
Standards65, the C8 spinal segment is intact, thereby allowing for conduction of ascending and
descending signals (i.e., sensory evoked potentials and motor evoked potentials, respectively).
However, subclinical sensorimotor deficits in C8 (i.e., missed by muscle strength and sensory
testing), and partial recovery in the adjacent T1 spinal segment may also have facilitated
increased sensory evoked potentials and motor evoked potentials amplitudes. Additionally,
sensory evoked potentials and motor evoked potentials were not examined in humans with spinal
cord injury until 1-month. This is largely related to difficulties performing very early
neurophysiological assessments in individual with spinal cord injury with acute, traumatic spinal
cord injury. Consequently, increased motor evoked potentials amplitudes at 1-month post injury
are relative to normal control values (i.e., not a within subject comparison, as was done for
sensory evoked potentials). Although our animal study provided insights to what happens in
immediately after SCI, future investigations are warranted to further consolidate our
understanding of the mechanisms during the acute phase of injury (i.e., 1-3 months). Lastly, the
technique used to elicit MEPs in the animals is different from the TMS pulses used in the
patients. Thus, the observed corticospinal changes measured by MEP amplitude might reflect
different underlying mechanisms.
In the present study, the progression of sensory and motor reorganization was
characterized in humans and pigs following traumatic spinal cord injury. Findings derived from
our reverse-translational approach suggest that the reorganization of the motor system (i.e.,
corticospinal tract) begins immediately after injury, while sensory reorganization occurs over
time. Collectively, our findings highlight the importance of large animal species, such as the
Yucatan mini-pigs, in translational research and development of spinal cord repair strategies to
examine neuroplasticity.
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FIGURE LEGENDS

Fig. 1: Brachial Plexus Anatomy and Assessments Of Sensorimotor Evoked Potentials
The ulnar nerve originates from the C8-T1 nerve roots forming, in part, the medial cord
of the brachial plexus. It also innervates the Abductor Digit Minimi. In response to
electrical stimulation, evoked potentials are generated by the transmission of the afferent
(somatosensory evoked potentials [SSEP]) or efferent (motor evoked potentials [MEP])
volleys between the periphery and the cortex. Thus, SSEPs and MEPs provide unique
indices of the integrity of the afferent and efferent volley in spinal, brain-stem and
thalamocortical pathways, as well as primary sensorimotor cortical regions. By virtue of
the anatomical arrangement of the ulnar nerve, damage to the spinal cord at or above C8
will result in impaired SSEPs and MEPs. However, damage below C8 facilitates the
recording of normal ulnar SSEPs and MEPs (i.e., intact pathways).

Fig. 2: Design of Human and Animal Study
(A) A total of 37 patients with spinal cord injury were enrolled in the study and meticulously
followed for a year. Neurophysiological (SSEPs and MEPs) and behavioral assessments
(sensory and motor score) were performed 1, 3, 6, and 12 months post-injury.
(B) Twelve female Yucatan miniature pigs underwent behavioral training for five days.
Subsequently, the baseline measurement was conducted on the day before the surgery.
Follow-up measurements were conducted weekly for 12 weeks starting seven days after
the surgery allowing the animals to recover. On the day of surgery, animals were
anaesthetized and intubated. Prior to the surgical procedures baseline SSEPs and MEPs
were recorded. Following laminectomy, SSEPs and MEPs were recorded again in order
to ensure that the spinal cord was not damaged. The spinal cord injury was then induced
by contusing and compressing the spinal cord. SSEPs and MEPs were recorded
immediately after the compression. All animals underwent follow up assessments of
SSEPs and MEPs at 3 hours and 12 weeks post injury.
(C) Experimental set-up of the neurophysiological assessment in pigs. Four screws served as
recording and stimulation electrodes (black = active, red = reference).To reduce the high
impedance (i.e., due to the thickness of the pig’s skull) the screws were drilled in to skull.
SSEP: Somatosensory evoked potentials, MEP: Motor evoked potentials

Fig. 3: Neurophysiological Assessments in Human Patients
(A) Human ulnar SSEPs amplitude increased over time independent of the injury severity.
(B) Motor evoked potentials (MEP) remained stable independent of the injury severity. In
comparison to healthy controls, the MEP amplitude in patients was elevated
(C) Temporal progression tibial somatosensory evoked potentials (SSEP) in patients with
spinal cord injuries. In comparison to healthy controls, the tibial SSEP remained impaired
over time. Specifically, smaller amplitudes and prolonged latencies hallmarked the
patient population.
AIS Scale: A – no motor or sensory function preserved below the level of lesion, B –sensory but not motor function
is preserved, C and D - Motor and sensory function is preserved, but impaired to variable degree 65.

Fig. 4: Neurophysiological Assessments in Yucatan Miniature Pigs
(A) The medial SSEPs were not affected by the laminectomy and spinal cord injury and
remained stable up to 3 hours post injury. An increase in amplitude was evident 12 weeks
post injury alluding to potential reorganization of the sensory cortex.
(B) Motor evoked potentials (MEP) were unaffected by the laminectomy. However, the
spinal cord injury induced a massive increase in MEP amplitude likely due to an increase
in cortical excitability. The MEPs remained elevated over the follow-up period (12
weeks).
(C) Temporal progression of left and right tibial somatosensory evoked potentials (SSEP).
The SSEPs remained stable after laminectomy confirming that the surgical procedure did
not harm the spinal cord. Following the contusion, the SSEPs were abolished and did not
recover over a period of 12 weeks reflecting the severity of the injury.

Fig. 5: Immunohistochemistry Findings
(A) Representative Eriochrome cyanine R–stained images of axially sectioned spinal cords.
Cross-sectional sections of spinal cord tissue, at 12 weeks post-injury, stained with
Eriochrome cyanine R to detect tightly packed myelin in SHAM (top row) and spinalcord–injured pigs (bottom row). Scale bar = 1mm. SCI results in the loss of myelin, large
cavitation and tissue disorganization extending away from the lesion epicenter.
(B) Total spared gray matter (left panel) and spared white matter (right panel) determined by
area measurements taken from axial sections of spinal cord tissue 800 µm apart in all
spinal cord injured animals.

Fig. 6: Cortical Reorganization across Species
Reorganization of the sensory cortex occurs across species. (A) In rodents, alterations to the
sensory cortex occur immediately after injury and remain unchanged over time. (B) Pigs, (C)
monkeys, and (D) humans are characterized by progressive cortical reorganization. Apparent in
the chronic phase of injury, cortical reorganization is characterized as increase in SSEP
amplitude (i.e., in pigs and humans) as well as enlargement of cortical areas representing the
intact body parts (monkey).
LFP: Local field potential, SSEP: somatosensory evoked potentials, Mapping: Microelectrode mapping of cortical
areas

Table 1: Demographics and neurophysiological data of all individuals
with spinal cord injury
Characteristics
Total
37
Sex, n(%)
Male
28 (75.7)
Female
9 (24.3)
Age at Injury
Mean (SD)
51.8 (18.9)
AIS at Baseline*
A
6 (16.2)
B
5 (13.5)
C
4 (10.8)
D
22 (59.5)
Neurological Level of Injury at
Baseline
C8
26 (70.3)
T1
8 (21.6)
T2
2 (5.4)
T3
1 (2.7)
Neurophysiological Data
Mean (SD)
Mean (SD)
Motor evoked potentials (ADM)
Amplitude [mV]
Latency [ms]
1 Month
2.3 (0.8)
23.6 (6.6)
3 Months
2.4 (1.3)
22.9 (4.1)
6 Months
2.8 (0.4)
24.0 (5.0)
12 Months
2.7 (0.6)
22.6 (2.3)
Sensory evoked potentials (Tibial )
Amplitude [uV]
Latency [ms]
1 Month
1.0 (1.3)
54.9 (1.0)
3 Months
1.0 (0.9)
55.1 (0.9)
6 Months
1.4 (1.2)
55.5 (1.4)
12 Months
1.2 (1.1)
54.2 (1.3)
Sensory evoked potentials (Ulnar)
1 Month
1.7 (0.8)
26.2 (3.6)
3 Months
2.2 (0.9)
26.6 (3.3)
6 Months
2.6 (0.8)
26.1 (3.0)
12 Months
2.7 (0.9)
26.3 (4.7)
* = American Spinal Injury Association Impairment Scale: A, no sensory or motor function is preserved;
B, sensory function is preserved below the level of the injury, but there is no motor function; C, motor
function is preserved below the neurological level, and more than half of the key muscles below the
neurological level have a muscle grade of < 3; D, motor function is preserved below the neurological
level, and at least half of the key muscles below the neurological level have a muscle grade of ≥ 3.
ADM: abductor digit minimi

Table 2: Animal Characteristics, behavioral and neurophysiological outcomes
Characteristics

Total, n
Weight, kg

12
Range

18.5-25

Age, days

Range
Anaesthesia (SCI induction), mean (SD)
Hydromorphone (mg/kg/hr)
Propofol (mg/kg/hr)
Ketamine (mg/kg/hr)
Fentanyl (ug/kg/hr)
Anaesthesia (Follow-up), mean (SD)
Hydromorphone (mg/kg/hr)
Propofol (mg/kg/hr)
Ketamine (mg/kg/hr)
Fentanyl (ug/kg/hr)
Force applied for SCI [Kdynes]
Mean (SD)
PTIBS, mean (SD)
Baseline
Follow – up: 1 Week
Follow – up: 2 Week
Follow – up: 3 Week
Follow – up: 4 Week
Follow – up: 5 Week
Follow – up: 6 Week
Follow – up: 7 Week
Follow – up: 8 Week
Follow – up: 9 Week
Follow – up: 10 Week
Follow – up: 11 Week
Follow – up: 12 Week
Motor evoked potentials (Extensor Carpi
Radialis)
Baseline
Laminectomy
Post-SCI
3hr Follow-up
12 Weeks Follow-up
Sensory evoked potentials (Median right)
Baseline
Laminectomy
Post-SCI
3hr Follow-up
12 Weeks Follow-up

125 -142
0.1 (0)
19.5 (1.4)
9.8(1.7)
20.0 (2.8)
0.1 (0)
21.7 (5.5)
9.8 (1.6)
19.8 (2.7)
2731 (514)
10 (0)
1.9 (1.0)
2.8 (1.2)
2.8 (1.1)
3.0 (0.9)
3.3 (0.7)
3.5 (1.4)
3.6 (1.2)
3.5 (1.2)
3.6 (1.2)
3.8 (1.2)
3.8 (1.0)
3.8 (1.0)
Amplitude [uV],
Latency [ms], mean (SD)
mean (SD)
385 (249)
21.4 (2.0)
474 (588)
21.2 (2.4)
1108 (980)
20.0 (1.3)
1400 (916)
20.8 (2.2)
1296(894)
20.9 (2.1)
7.6 (4.2)
7.2 (4.7)
7.0 (4.2)
6.9 (4.7)
14.7 (5.3)

17.6 (2.5)
18.2 (2.5)
17.6 (1.9)
17.8 (2.3)
17.8 (1.2)

Sensory evoked potentials (Tibial right)
Baseline
Laminectomy
Post-SCI
3hr Follow-up
12 Weeks Follow-up
Sensory evoked potentials (Tibial left)
Baseline
Laminectomy
Post-SCI
3hr Follow-up
12 Weeks Follow-up
PTIBS: Porcine Thoracic Injury Behavioral Scale

3.8 (1.6)
3.5 (0.7)
0 (0)
0 (0)
0 (0)

27.9 (2.0)
26.0 (2.4)
0 (0)
0 (0)
0 (0)

3.4 (1.7)
2.7 (0.4)
0 (0)
0 (0)
0 (0)

26.7 (1.6)
25.7 (1.8)
0 (0)
0 (0)
0 (0)
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Abstract

Traumatic spinal cord injury (SCI) triggers many perturbations within the injured cord, such as decreased perfusion,
reduced tissue oxygenation, increased hydrostatic pressure, and disrupted bioenergetics. While much attention is directed to
neuroprotective interventions that might alleviate these early pathophysiologic responses to traumatic injury, the temporospatial characteristics of these responses within the injured cord are not well documented. In this study, we utilized our
Yucatan mini-pig model of traumatic SCI to characterize intraparenchymal hemodynamic and metabolic changes within the
spinal cord for 1 week post-injury. Animals were subjected to a contusion/compression SCI at T10. Prior to injury, probes
for microdialysis and the measurement of spinal cord blood flow (SCBF), oxygenation (in partial pressure of oxygen;
PaPO2), and hydrostatic pressure were inserted into the spinal cord 0.2 and 2.2 cm from the injury site. Measurements
occurred under anesthesia for 4 h post-injury, after which the animals were recovered and measurements continued for
7 days. Close to the lesion (0.2 cm), SCBF levels decreased immediately after SCI, followed by an increase in the
subsequent days. Similarly, PaPO2 plummeted, where levels remained diminished for up to 7 days post-injury. Lactate/
pyruvate (L/P) ratio increased within minutes. Further away from the injury site (2.2 cm), L/P ratio also gradually increased.
Hydrostatic pressure remained consistently elevated for days and negatively correlated with changes in SCBF. An imbalance between SCBF and tissue metabolism also was observed, resulting in metabolic stress and insufficient oxygen
levels. Taken together, traumatic SCI resulted in an expanding area of ischemia/hypoxia, with ongoing physiological
perturbations sustained out to 7 days post-injury. This suggests that our clinical practice of hemodynamically supporting
patients out to 7 days post-injury may fail to address persistent ischemia within the injured cord. A detailed understanding
of these pathophysiological mechanisms after SCI is essential to promote best practices for acute SCI patients.
Keywords: blood flow; L/P ratio; microdialysis; oxygenation; porcine model; pressure; spinal cord injury

Introduction

and energy dysfunction, of which all can negatively impact spared
neural tissue at and around the injury site.2 Therefore, current
clinical practice guidelines encourage aggressive hemodynamic
resuscitation and elevation of mean arterial blood pressure (MAP)
to 85–90 mm Hg for the first 7 days post-injury.3–6 Recent clinical
evidence suggests that the elevation of MAP and the avoidance of
hypotension are indeed beneficial for neurologic recovery in acute
spinal cord injury (SCI) patients.7
Given that the hemodynamic management of acute SCI appears
to represent an opportunity to influence neurologic outcome, an
understanding of the post-traumatic alterations in spinal cord perfusion and the downstream metabolic consequences is essential.
Our current understanding of the spatial and temporal dynamics of
the changes in perfusion within the acutely injured spinal cord is

A

cute trauma to the spinal cord can result in devastating
neurologic impairment for which there currently remains few
treatment options that can be offered to improve neurologic function. While the primary damage to the spinal cord occurs at the time
of mechanical impact (e.g., from a motor vehicle accident, fall from
height), early treatment approaches for the acutely injured patient
aim to mitigate the secondary pathophysiologic processes that are
triggered within the injured cord. These include vascular disruption, intraparenchymal hemorrhage, vasospasm, impaired autoregulation, and vasogenic edema as a consequence of blood–spinal
cord barrier breakdown.1 These combined responses can lead to
impaired spinal cord perfusion with resultant ischemia, hypoxia,
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limited. There is a considerable body of pre-clinical literature that
has provided fundamental insights into the changes in spinal cord
blood flow (SCBF) after traumatic injury.2,8–12 However, most of
these studies employ rodent models and induce injury to the spinal
cord with extradural clip compression for 1 min up to 40 min, at
most.10–13 Extrapolating these data to the human condition is
therefore challenging where the spinal cord is much larger, compression can be sustained for many hours, and the typical period of
hemodynamic support extends for a full week post-injury.
Further, while much of the pre-clinical literature has focused on
alterations in SCBF, it is ultimately desirable to understand the
subsequent downstream metabolic consequences of these changes
within the areas of potentially vulnerable spinal cord tissue. As the
balance between SCBF and metabolic demand for oxygen influences whether the tissue is hypoxic or not, monitoring SCBF alone
may not provide a complete assessment of the metabolic insult
within the injury penumbra. As such, simultaneously measuring
spinal cord oxygenation and downstream metabolic changes in
addition to SCBF would allow for a more comprehensive assessment of the tissue hemodynamics. To our knowledge, such a
combined approach of directly measuring SCBF, oxygenation,
pressure, and metabolites from the spinal cord parenchyma continuously for days after injury has not been previously reported.
In previous work, we used intraparenchymal spinal cord microdialysis in our porcine model of SCI to measure the extent to
which energy-related substrates such as lactate, pyruvate, and
glucose were affected for the first 4 h post-injury.14 Our data reveal
significant and prolonged tissue ischemia and hypoxia at the injury
site after contusion-compression SCI, marked by a dramatic increase in lactate/pyruvate (L/P) ratio (> 700% of pre-injury levels),
with a concurrent fall in glucose levels (< 50%) within the first
20 min post-injury.14 It also was evident that the observed metabolic changes had not plateaued or normalized at the conclusion of
the experiment 4 h post-injury. Therefore, in the present study, we
extend these observations by continuing these intraparenchymal
microdialysis measurements for a full 7 days post-injury, while also
measuring SCBF, oxygenation (in partial pressure of oxygenation;
PaPO2), and hydrostatic pressure to investigate the relationship
between these important physiologic variables.
Methods
All animal protocols and procedures employed in this study were
approved by the Animal Care Committee of the University of
British Columbia and were compliant with the policies of the Canadian Council of Animal Care.
Animals and housing
Female miniature Yucatan pigs (Sinclair Bio-resources, Columbia, MO) were transported to our animal facility 5 weeks before
surgery. Upon arrival, the animals were housed in groups of four in
an indoor pen bedded with sawdust and toys (chains, balls) with
access to an adjoining outdoor pen. Animals were given water ad
libitum and fed 1.5% of their body weight twice a day (Mazuri
Mini-Pig Youth; PMI Nutrition International, Brentwood MO).
Each pig was individually handled for at least 15 min daily to improve the comfort level with human contact.
Porcine model of SCI
Prior to the day of surgery, animals were fasted for 12 h. Tracheal
intubation and mechanical ventilation was performed as described
previously.15,16 Anesthesia was maintained with a combination of
isoflurane (0.5% in 100% O2) and propofol (8–20 mg/kg/h; Baxter,
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Allison, Ontario). All animals received ketoprofen (3 mg/kg) via
intravenous administration and fentanyl (15–30 lg/kg/h; Sandoz
Canada, Boucherville, Quebec) delivered via continuous rate infusion. After a surgical plane of anesthesia was reached, a skin incision was made along the dorsal midline of the thoracic region of
each animal. Using electro-cautery (Surgitron Dual Frequency RF/
120 Device; Ellman International, Oceanside, NY), the semispinalis, multifidus, and longissimus lumborum muscles were separated from the dorsal spinous processes and laminae. A T9 to T13
laminectomy was performed and widened to expose the dura and
spinal cord with sufficient clearance for sensor insertion and weightdrop injury.
The SCI was delivered by a weight drop impactor device, which
was securely fixed to the spine using an articulating arm (660;
Starrett, Athol, MA) mounted via bilaterally inserted T6 and T8
pedicle screws. This arm enabled the guide-rail to be precisely
positioned and aligned, allowing for the impactor to fall straight
vertically onto the exposed dura and cord at T10. The tip of the
impactor (diameter, 0.953 cm) was outfitted with a load cell
(LLB215; Futek Advanced Sensor Technology, Irvine, CA) to record the force at impact. The guide rail was equipped with a Balluff
Micropulse linear position sensor (BTL6-G500-M0102-PF-S115;
Balluff Canada Inc., Mississauga, Ontario) to record the impactor
position from 10 cm above the impact (for calculation of impact
velocity and cord displacement). A custom controller was used to
operate the device and filter the force and position data was collected with the simultaneous USB DAQ module (DT9816-S; Data
Translation Inc., Marlboro, MA). A LabVIEW (National Instruments, Austin, TX) program enabled remote operation of the device
and real-time data collection feedback.
Immediately after the weight-drop contusion injury (weight,
50 g; height, 50 cm), sustained compression was maintained on the
contused spinal cord for 1 h by placing an additional 100 g weight
onto the impactor (150 g total). The weight of the impactor (50 g),
height of the weight drop (50 cm), and duration of compression
with the additional 100 g weight (1 h) were chosen so as to replicate
the injury parameters of our previous study in which we performed
similar intraparenchymal microdialysis measurements for 4 h postSCI.14 Our current experiment was intended to extend the findings
of this previous study.
Insertion of the intraparenchymal blood flow/O2,
pressure, and microdialysis probes
To consistently insert the monitoring probes into a desired location within the spinal cord and to maintain their position for the
duration of the experiment, a custom-made sensor holder was
created (Fig. 1). The sensor holder was attached rigidly to the spine
via bilateral T9, T11, T12, and T14 pedicle screws (Select Multi
Axial Screw; Medtronic, Minneapolis, MN) and 3.5 mm titanium
rods (Medtronic). The location of the sensor holder was locked in
place by sliding the device over the rod and adjusting the height of
the pedicle screws. Additional transverse connecting bridges were
fixed between two polyaxial pedicle screws to produce a stable,
rigid construct. Six custom-made introducers with a lumen wide
enough to fit one sensor/probe were inserted through precisiondrilled holes in the sensor-holder (holes were drilled at a 45-degree
angle relative to the holder; Fig. 1), entering the dura at approximately 1.2 and 3.2 cm from the center of the intended impact.
Subsequently, the sensors were guided through the introducers and
advanced another 0.2 cm, placing the sensors in the ventral aspects
of the white matter (Fig. 2). The distance between adjacent tip
locations was 0.5–1.0 mm. The final location of the tip of the
sensors were situated approximately 0.2 cm and 2.2 cm away from
the edge of intended impact location. Ultrasound imaging (L14-5/
38, 38 mm linear array probe, Ultrasonix RP; BK Ultrasound,
Richmond, British Columbia) was utilized to verify accurate positioning of sensors and probes into the cord (Fig. 2). To prevent
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FIG. 1. Intraparenchymal monitoring set-up for inserting and securing SCBF/PaPO2, pressure, and microdialysis probes within the
spinal cord. This figure illustrates the fixation device, which is secured rigidly via the pedicle screw/rod construct to the spinal column.
The device has three independently drilled channels through which the SCBF/PaPO2 (left), pressure (right), and microdialysis (middle)
probes are inserted. The probes penetrate the dura 1.2 cm and 3.2 cm caudal from the anticipated epicenter of the contusion impact and
are advanced approximately 14 mm at a 45! angle. As the impactor is 0.95 cm in diameter, the final location of the sensor tips are
approximately 0.2 cm and 2.2 cm away from the edge of the impactor. *Spinal cord injury hemorrhage. SCBF, spinal cord blood flow;
PaPO2, partial pressure of oxygen. Color image is available online at www.liebertpub.com/neu
cerebrospinal fluid (CSF) leakage, cyanoacrylate glue was applied to the dural surface where the catheters entered. After sensor
insertion, a 2-h period was given to allow ‘‘stabilization’’ before
recording the ‘‘baseline’’ samples for a period of 60 min prior
to SCI.
Measure of intraparenchymal blood flow and PaPO2
For measurement of blood flow and oxygen, we utilized a single
multi-parameter probe that at the tip contains both a sensor
for measuring flow and another for measuring PaPO2. This probe
with a tip diameter of 450 lm (NX-BF/OF/E; Oxford Optronix,
Oxford, UK) was connected to the OxyLab/OxyFlo combined
channel monitor (OxyLab: Oxford Optronix) with LabChart Pro
software for interpretation (ADInstruments, Colorado Springs,
Colorado,). PaPO2 was measured by a fluorescence quenching
technique, which monitors the mean time between photon absorption and emission of the oxygen-sensitive fluorescent ruthenium

lumiphor dye after being excited by a short pulse of light (luminescence lifetime). In the presence of oxygen, the fluorescence
lifetime is quenched proportionally to the oxygen concentration.
The OxyLab system measures the reduced lifetime of luminescence
of the reflected signal and displays a value for PaPO2 in mm Hg.
Since the luminescence-based oxygen sensing technique is sensitive to temperature changes, a thermocouple transducer is incorporated into the sensor to correct for temperature variations
within its operating range of 30–44!C. Blood flow is determined
via laser-Doppler flowmetry (LDF) where light from the probe
tip is projected into the tissue, scattered, then reabsorbed by a
sensor. Only the laser light backscattered from moving cells undergoes a Doppler shift, which creates Doppler frequencies at
the detectors to produce a voltage output that can be interpreted
as blood flow by the OxyFlo monitor (in arbitrary perfusion
units, BPU). The numeric calculation of LDF is dependent on the
relative concentration of local red blood cells in the tissue and the
velocity.
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FIG. 2. Evaluation of intraparenchymal probe position with ultrasound and histologic methods. Representative ultrasound images in
both (A) midsagittal and (B) axial planes showing the location of the probes within the parenchyma of the spinal cord at the time of
surgery. Each probe was advanced through the spinal cord at a 45! angle. The dorso-ventral diameter of the porcine spinal cord was
*5.5 mm at this level (T10); the diameter of the subarachnoid space was *9 mm. (C) Eriochrome Cyanine R–stained spinal cord
section from 7-day post-injury revealed that the final locations of the probe tips were in the ventral aspects of the white matter. In this
example, the tips of the SCBF/PaPO2 and pressure probes were situated +1.6 mm from the initial point of entry (0.0 mm); the tip of the
microdialysis probe was situated +2.4 mm rostral from the initial point of entry. In all animals studied, the anterior-posterior distance
between adjacent tip locations ranged between 0.5 and 1.0 mm. SCBF, spinal cord blood flow; PaPO2, partial pressure of oxygen. Color
image is available online at www.liebertpub.com/neu
Intraparenchymal pressure measurement
Spinal cord pressure was characterized using custommanufactured fiber optic pressure transducers (FOP-LS-NS-1006A;
FISO Technologies Inc., Harvard Apparatus, Quebec) with a sensor
tip diameter of 333 lm. This technology has been used in previous
studies to measure CSF pressure in vivo in spinal cord injured pigs,17
intracranial pressure during blast and shock waves in rats18,19 and
pigs,20 pressure in the nucleus of the intervertebral discs,21 and was
recently evaluated for monitoring pressure in spinal cord tissue.22
The sensor tip is comprised of two parallel reflecting mirrors on
either side of an optical cavity. The first mirror is semi-reflective
and the second is a flexible membrane. As pressure is applied, the
membrane deflects, reducing the cavity length. The reduced cavity
lengths cause phase shifts in the reflected light, which are distinguished by a detector. Transducers are calibrated in such way that
each cavity length corresponds to a specific pressure value, with
the transducers being capable of measuring pressure changes of
–300 mm Hg, with a resolution of –0.3 mm Hg. Transducers
were connected to a chassis-mounted signal conditioner module
(EVO-SD-5/FPI-LS-10; FISO Technologies Inc., Harvard Apparatus) with internal atmospheric pressure compensation, which is
particularly valuable for long-term animal studies. The data was
acquired digitally through the Evolution software (FISO Technologies Inc., Harvard Apparatus) at a frequency of 1 Hz.
Microdialysis
Microdialysis probes (CMA11, CMA Microdialysis; Harvard
Apparatus) with an outer diameter of 380 lm, 2 mm membrane

length, and a 6-kDa cutoff were used to sample the extracellular
fluid for energy related metabolites. Probes were continuously
perfused with artificial CSF (Perfusion Fluid CNS, CMA Microdialysis; Harvard Apparatus) using a subcutaneous implantable
micro-pump at a flow rate of 0.5 ll/min (SMP-200, IPrecio, Alzet
Osmotic Pumps; Durect Corporation, Cupertino, CA). Dialysates
were collected every 15 min in micro tubes, capped, and frozen on
dry ice from the beginning of the baseline period to 6 h post-injury,
and then every 12 h, providing a sample volume of 7.5 lL sufficient
for the exploration of five metabolites (lactate, pyruvate, glucose,
glutamate, and glycerol). Samples were analyzed within a week of
collection using the ISCUSflex Microdialysis Analyzer (M Dialysis, Stockholm, Sweden). Measured sample concentrations below
the manufacturer’s indicated linear range of the assays were replaced with the minimum linear range value.
Post-operative recovery and continuous monitoring
Anesthesia and mechanical ventilation with 100% oxygen were
stopped at 4 h after SCI and the animal was extubated on room air.
Between animals there was a 5–10-min variability in anesthesia
duration. Subsequently within 2 h (i.e., between 4–6 h post-injury),
animals were returned to their respective recovery enclosures for
7 days.
Post-surgical pain control was managed with fentanyl via constant rate infusion (2–12 mcg/kg/h intravenously) for the first
7 days after surgery. Animals were given tramadol (1–2 mg/kg;
orally), and received enrofloxacin (5mg/kg; subcutaneously) daily
for at least 3 days as an antibiotic, and ketoprofen (3 mg/kg;
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intramuscularly) once a day for 3 days as an anti-inflammatory
agent. Urinary catheters remained in place until the animals were
able to reflexively empty their bladders, usually within 7–10 days.
If fecal production was low and the animals appeared to be experiencing stasis in the gastrointestinal tract, a constant rate infusion
of metaclopramide (5 mg/mL at 0.01–0.02 mg/kg/h) and lactulose
(5 mL) was administered. Sucralfate (5 mL) was given if an animal
experienced anorexia and/or bloating.
Sensor cables were kept away from the animal’s reach using a
custom-designed counter-balanced lever system, and the microdialysis collection lines and tubes were securely placed into a
harness worn by the animal (Fig. 3). This set-up allowed for continuous recording and sampling over 7 days without the need to
disconnect and reconnect the monitoring wires.
Eriochrome Cyanine R staining
Spinal cord segments were fixed in 4% PFA and cryoprotected
using graded concentrations of sucrose (6, 12, 24% sucrose in 0.1 M
Phosphate Buffer each for 48 h). Tissue was then transversely cut in
20-lm sections and stained with Eriochrome Cyanine R as described previously.15,16,23 The distribution of spared white and grey
matter was mapped using digital color images taken at 800-lm
intervals throughout the lesion site (Zeiss AxioImager M2 microscope) and analyzed using Zen Imaging Software (Carl Zeiss Canada Ltd., Toronto, Ontario). The extent of spared white matter and
gray matter were calculated as the percentage of total area of the
spinal cord (i.e., area within the tracing of spinal cord perimeter),
with lesion epicenter located centrally.
Data analysis
SCBF and PaPO2 were recorded continuously at a sampling rate
of 10 and 1 Hz respectively during baseline recording and for 3 h
after SCI. Thereafter, the sampling rate for PaPO2 was reduced to 1/
60 Hz, as the sensor carries only a limited supply of the ruthenium
lumiphor. To mitigate movement artifacts in the oxygenation and
blood flow data, a post-processing filter was applied (smoothing
type, median filter; window width, 601 samples/1 min of sampling).
For SCBF, PaPO2, and pressure data, values were averaged over
15-min intervals for the first 24 h and into 60-min bins after the first
24 h. Microdialysis samples were collected every 15 min from the
beginning of the baseline period to 6 h post-injury. After 6 h, dialysates were taken in duplicate at 15-min intervals every 12 h.
These duplicate values were averaged for each time-point. The
delay from microdialysis catheter tip to collecting vial was 12 mins,
and this was accounted for when analyzing the results. The lactate
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to pyruvate (L/P) ratio was calculated from the measured values of
lactate and pyruvate concentrations. To account for absolute differences in the baseline recordings, all values were expressed as a
percentage change from baseline (% from baseline) as a function of
time (min). Results are expressed as mean values (– standard error
of the mean), with correlations between parameters determined
using Spearman correlation coefficients with Bonferroni correction
(GraphPad Prism 6).
Results
Injury parameters
Eight animals received a contusion SCI by dropping a 50 g
weight from a 50 cm height at the T10 level of the spinal cord
followed by 1 h of compression (150 g total weight). The maximum
impact force applied to the exposed spinal cord measured at the tip
of the impactor was on average 5443 – 438 kdynes (Table 1). The
impactor tip traveled 6.36 – 0.30 mm from initial contact with the
exposed dura with a velocity of 2736 – 102 mm/sec at impact. Such
contusion-compression injury resulted in a compete loss of gray
and white matter at center of the impact (T10), with loss of white
and gray matter at distances up to 10–13 mm from the epicenter in
both rostral and caudal directions (Fig. 4).
Post-injury changes in intraparenchymal pressure,
blood flow, PaPO2, and pressure
At the 0.2-cm position (i.e., the more proximal of the two sensor
insertion points), intraparenchymal spinal cord pressure, which
started at 10.4 – 1.0 mm Hg drastically increased *370% (an absolute difference of about 35 mm Hg) of baseline values and remained elevated while residual compression remained on the cord
(Fig. 5A). Following decompression, the pressure immediately
dropped back to slightly above baseline values. After this transient
fall, the pressure gradually increased once again to reach a maximum of *220% of baseline (an absolute difference of about 14 mm
Hg) at 4.5 h post-SCI. After 15 h, a slight decrease in pressure was
observed, although values remained above baseline levels for the
7 days of observation (*150%; an absolute difference of about
5 mm Hg).
SCBF and PaPO2 levels fell rapidly below baseline levels following SCI and while the spinal cord remained compressed
(Fig. 5B, 5C). Following decompression, both SCBF and PaPO2

FIG. 3. Post-operative set-up for continuous microdialysis sampling and monitoring of SCBF/PaPO2 and pressure for a total of 7-days
after SCI. SCBF/PaPO2, pressure, and microdialysis probes were inserted into the spinal cord 0.2 and 2.2 cm away from the edge of the
initial impact (A) To achieve microdialysis samples over 7 days, we used a miniature infusion pump (iPRECIO) for dialysate inflow that
was implanted and left within the animal. The outflow tubing for each microdialysis catheter was tunneled percutaneously out to a
collection vial (*) and secured via a harness to the upper thoracic region of the animal. (B) The SCBF/PaPO2 and pressure probes were also
tunneled percutaneously and attached to a lead, connecting the harness to the counter-balance lever system that was positioned above the
center of the pen. The lever system with counterweights ensured the sensor wires were held out of the animals’ reach at all times so that
they could not be chewed on or otherwise disrupted, yet still allowed free movement of the animals within the enclosure. SCBF, spinal cord
blood flow; SCI, spinal cord injury; PaPO2: partial pressure of oxygen. Color image is available online at www.liebertpub.com/neu
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Table 1. Measures of Age, Body Weight, and Injury

Age (months)
[Average – SEM]
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4.57
4.77
5.23
4.40
3.83
4.00
4.00
4.47
[4.4 6 0.2]

Body weight (kg)
[Average – SEM]

Max force (kdynes)
[Average – SEM]

Displacement (mm)
[Average – SEM]

Impact velocity (mm/sec)
[Average – SEM]

23.0
23.0
24.0
24.5
22.5
23.5
23.5
20.0
[23.0 6 0.5]

6004
5310
5128
5048
5227
8075
3712
5039
[5443 6 438]

6.75
6.11
5.63
7.33
6.93
6.92
4.73
6.47
[6.36 6 0.30]

2935
2835
2542
2911
2826
2917
2091
2838
[2736 6 102]

SEM, standard error of the mean.

recovered slightly in the first few minutes, but remained below
baseline levels for the next 3 h (*25% of baseline for PaPO2 and
*60% of baseline for SCBF). Thereafter, SCBF showed a modest
but continuous increase with time to about 150% of the baseline
value. At around 4–6 h post-injury, the anesthesia and mechanical
ventilation with 100% oxygen were stopped, and the animal was
extubated on room air. This coincided with increased spinal cord
perfusion and a dramatic drop in PaPO2 levels to *8% of baseline.
Starting at around 24 h post-injury, the SCBF steadily increased to
about 200% of baseline at the 7-day post-injury time-point. Despite
this increase in SCBF, the PaPO2 levels stayed fairly constant and
remained at 8–10% of baseline values until the end of the study.
At the 2.2-cm position (i.e., the more distal of the two sensor
positions), only modest changes in SCBF, PaPO2, and pressure
were observed following traumatic contusion, during sustained
compression, and after decompression (Fig. 6). Notably, PaPO2
dropped drastically after anesthesia and mechanical ventilation

were discontinued (*4 h post-SCI). Thereafter, PaPO2 continued
to decrease for up to 48 h post-injury, after which it leveled off and
remained low (Fig. 6). There was also a slight increase in intraparenchymal pressure at 4 h post-injury and remained elevated
(albeit very slightly) for the duration of the experiment.
Post-injury changes in microdialysis markers
Time-dependent post-injury changes in microdialysis markers of
excitotoxicity and membrane damage (glutamate and glycerol) and
energy metabolism (glucose, lactate, and pyruvate) are summarized
in Figure 7 and Figure 8, respectively.
At the 0.2-cm position, a sharp increase in glutamate levels
was detected, reaching a peak increase of *6000% within 15 min
after contusion (Fig.7A; solid circles) and rapidly declined thereafter. This decreasing trend continued for another 2–3 h after decompression when glutamate reached high steady-state levels of

FIG. 4. Spared tissue analyses of Eriochrome Cyanine R–stained spinal cords. Spared gray and white matter determined by area measurements taken from axial sections of porcine spinal cord tissue 800 lm apart. Our T10 50-g/50-cm contusion injury model followed by 1 h
of compression resulted in significant tissue damage extending 10–13 mm away from the lesion epicenter (‘‘epi’’) in both rostral-caudal
directions. The values are means – standard error of the mean. Scale bar: 1 mm. Color image is available online at www.liebertpub.com/neu
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FIG. 5. Dynamic changes (%D) of blood flow, partial pressure of oxygen and pressure in the penumbra (0.2 cm) of the traumatic
spinal cord injury site. The percentage change (%D) is calculated using an average of 60 min of baseline before SCI. (A) Intraparenchymal spinal cord pressure, (B) spinal cord blood flow (SCBF), (C) and partial pressure of oxygen (PaPO2) responses before,
during and after 1 h spinal cord contusion/compression (gray shading). SCI resulted in a prompt increase in cord pressure and a loss of
SCBF with a critical reduction in PaPO2. Following decompression, spinal cord pressure decreased sharply; however, it increased again
within hours and remained consistently elevated for days. Within hours of decompression, SCBF restored to within baseline levels and
continued to increase up to 200% above baseline levels by Day 7. Decompression only partially restored PaPO2 and throughout the 7day monitoring period seemed entirely unaffected. The dashed line at the 4 h post-SCI mark (:) represents the discontinuation of
anesthesia and ventilation at the end of the surgical procedure. BSL, baseline; SCI, spinal cord injury.

*1400% that persisted for several days. Glycerol levels exhibited
a peak value of 272% – 48.2 within 30 min after contusion and
remained around this level throughout the compression period
(Fig. 7B). Immediately after decompression, levels increased again
and remained high at around 325% for a period of 12 h. This was
followed by a gradual decline to almost 60% of baseline values as
of Day 2.
At the 0.2-cm position, glucose levels declined rapidly during
the 60-min sustained compression period to a value as low as 60%
of baseline (Fig. 8A). Decompression was not associated with an
increase in glucose, and levels remained well below baseline
(*65%) for up to 5 h after decompression. Subsequently, glucose
levels returned nearly to baseline values within 24 h of SCI. Elevated lactate and decreasing pyruvate levels were observed during
SCI (Fig. 8B, 8C), resulting in a marked rise in L/P ratio to above
700% within 60 min of sustained compression (Fig. 8D). After
decompression, both lactate and pyruvate levels steadily increased
up to 24 h after injury but proceeded to decrease after that point. As
lactate levels did not change in direct proportion to pyruvate, the L/
P ratio declined within the first 24 h followed by a gradual progressive rise until the end of the experiment (reaching nearly 350%
at end of experiment). Throughout the entire post-injury period, the
L/P ratio remained above baseline values.

At the 2.2-cm position, glutamate levels showed a similar pattern
to the 0.2 cm probe, although far less pronounced (reaching close to
850%; Fig. 7A; open squares). After SCI, glycerol levels were
elevated to about 225% from baseline but then declined, although
they remained elevated above baseline for the first 4 h after injury
(Fig. 7B).
A modest increase in glucose levels was observed acutely after
SCI to around 140% at the 2.2-cm location, which quickly returned
to baseline levels within minutes (Fig. 8A). Cessation of anesthesia
and mechanical ventilation also coincided with a slight and transient increase above baseline. Lactate levels steadily increased to
just above 150% during the first 24 h, followed by a decrease
(Fig. 8B). Acutely after SCI, pyruvate levels also rose to about
150% before levels dropped to within or below baseline values
(Fig. 8C). A steady rise in L/P ratio was detected after SCI, resulting in an increase in L/P ratio similar to the 0.2-cm probe,
reaching a value of about 300% at Day 7 (Fig. 8D).
Relationships between tissue hemodynamics,
hydrostatic pressure, and metabolic responses
Changes in SCBF, PaPO2, and pressure during and after SCI
were compared with changes in microdialysis data to define the
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FIG. 6. Dynamic changes (%D) of blood flow, partial pressure of oxygen (PaPO2), and pressure distal (2.2 cm) to the traumatic spinal
cord injury site. The percentage change (%D) is calculated using an average of 60 min of baseline before SCI. (A) Intraparenchymal
spinal cord pressure, (B) spinal cord blood flow (SCBF), and (C) PaPO2 responses before, during and after 1 h spinal cord contusion/
compression (gray shading). Following SCI a gradual increase in intraparenchymal pressure was observed during the first 24 h after
which levels dropped back to baseline levels. SCBF seemed rather stable throughout the experiment. We observed a slow progressive
decrease in PaPO2 over time. The dashed line at the 4 h post-SCI mark (:) represents the discontinuation of anesthesia and ventilation
at the end of the surgical procedure. BSL, baseline; SCI, spinal cord injury.

relationship between these parameters. Spearman correlation
coefficients are presented in Supplementary Tables 1 and 2 (see
online supplementary material at www.liebertpub.com). We divided the entire dataset into three different time-points after injury based on the metabolic response defined by the L/P ratio
(marker of hypoxia) as follows: 0–1 h post-SCI (the first hour
immediately following the initial impact, which includes compression of the spinal cord marked by a dramatic increase in L/P
ratio); 2) 1–24 h post-SCI (the early 24 h ‘‘acute’’ phase after
decompression/reperfusion, marked by a continual decrease in
L/P ratio); and 3) 25–156 h after SCI (the ‘‘sub-acute’’ phase
after decompression/reperfusion, marked by a secondary increase
in L/P ratio). The Bonferroni correction for alpha with 36 comparisons is p < 0.001
Following SCI and during compression of the spinal cord,
changes in SCBF at the 0.2-cm location positively correlated with
changes in pyruvate (r = 0.967; p < 0.001), and PaPO2 (r = 0.967;
p < 0.001). Though not maintaining statistical significance after
correction for multiple comparisons, there was a trend towards a
positive relationship between SCBF and glucose (r = 0.867;
p = 0.005) and a negative relationship between SCBF and the L/P
ratio (r = -0.833; p < 0.008). Similarly, a strong negative correlation was observed between changes in glucose and an increase in L/
P ratio (r = -0.933; p < 0.001). No significant relation was found

between PaPO2 and L/P ratio after correction for multiple comparisons (r = -0.783; p = 0.017). Notably, the magnitude of spinal
cord pressure changes positively correlated with glutamate release
(r = 0.833; p = 0.008).
Following the first 24 h after decompression, strong relationships
between SCBF, glucose, and L/P ratio also were observed, akin
to the early (0–1 h) SCI phase. SCBF positively correlated with
change in glucose (r = 0.785; p < 0.001) and pyruvate levels
(r = 0.886; p < 0.001), and negatively correlated with changes in L/
P ratio (r = -0.858; p < 0.001) and glycerol levels (r = -0.765;
p < 0.001). Glucose levels also correlated with increased pyruvate
levels (r = 0.765; p < 0.001) levels and decreased L/P ratio
(r = -0.719; p < 0.001). Additionally, changes in spinal cord pressure positively correlated with changes in SCBF (r = 0.813;
p < 0.001).
During the later days after decompression (Days 1–7), a decrease
in spinal cord pressure was associated with enhanced SCBF
(r = -0.551; p < 0.001). Further, a negative correlation was found
between PaPO2 and L/P ratio (r = -0.900; p < 0.001). Contrary to
the results of the prior two phases, SCBF correlated negatively with
PaPO2 (r = -0.465; p < 0.001) and positively with L/P ratio
(r = 0.845; p = 0.002) during the late decompression phase. This
apparent uncoupling of SCBF and PaPO2 during this late phase was
not observed at the 2.2-cm location.
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FIG. 7. Microdialysis measurements of intraparenchymal glutamate and glycerol changes (%D) in response to SCI at 0.2 and 2.2 cm
from injury. The percentage change (%D) is calculated using the average of measurements obtained through 60 min of baseline
recordings just prior to the SCI. (A) glutamate and (B) glycerol responses before, during and after 1 h spinal cord contusion/compression
(gray shading). At the 0.2-cm position (!), an increase in glutamate and glycerol levels was observed upon SCI. The slope of glycerol
increase was not as steep as that of glutamate and peaked later, but the increase was more sustained. Additionally, glycerol levels
increased after decompression while glutamate levels remained unchanged. At the 2.2-cm position (,), a similar SCI-pattern for
glutamate and glycerol was observed, although the responses were modest compared to the responses within the penumbra (0.2 cm). The
dashed line at the 4 h post-SCI mark (:) represents the discontinuation of anesthesia and ventilation at the end of the surgical
procedure. SCI, spinal cord injury.

Discussion
Pre-clinical studies by Tator and Fehings2 and others8–12 have
revealed that vascular disruption and inadequate perfusion are key
factors contributing to the development of secondary ischemic
damage to the traumatically injured spinal cord. Intraparenchymal
hemorrhage, vasospasm, impaired autoregulation, and vasogenic
edema contribute to spinal ischemia, hypoxia, and energy dysfunction, of which all have a significant impact on tissue and
functional recovery. Clinical treatment options to mitigate the
effect of these responses are limited to early surgical decompression and aggressive hemodynamic support to improve spinal cord
perfusion.3,4 Given that aggressive hemodynamic support with the
augmentation of MAP to 85–90 mm Hg may improve neurologic
recovery in acute human SCI,7 having an understanding of the posttraumatic alterations in SCBF and downstream consequences is
central to the management of SCI patients.
Here, spatial and temporal dynamics of local SCBF, tissue oxygenation, pressure, and metabolism were investigated in the ‘‘penumbra’’ surrounding a traumatic SCI using a porcine model. This
was achieved by simultaneously collecting data with laser Doppler/
oxygen probes, pressure sensors, and microdialysis probes positioned in close proximity to one another within the spinal cord for
7 days post-injury. To our knowledge, this represents the first description of combined and continuous intraparenchymal physiologic
and metabolic measures (perfusion, oxygenation, pressure, and microdialysis) over the first 7 days after traumatic spinal cord contusion/compression injury. We divided the entire dataset into three
different time-points after injury: 1) 0–1 h post-SCI—the first hour
immediately following the initial impact, which includes compression of the spinal cord; 2) 1–24 h post-SCI—the early 24 h ‘‘acute’’

phase after decompression/reperfusion; and 3) 25–156 h after SCI—
the ‘‘sub-acute’’ phase after decompression/reperfusion.
First, during the initial 1 h of compression following contusive
impact, tissue pressure markedly increased and was accompanied
by a severe reduction in SCBF, low PaPO2 levels, and a dramatic
increase in L/P ratio, as well as in glutamate and glycerol levels.
Second, during the first day (*24 h) following decompression,
SCBF increased towards pre-injury baseline levels and then surpassed it. This is accompanied by a significant reduction in the L/P
ratio, but only a limited and incomplete recovery of PaPO2. Finally,
between post-injury Days 1 and 7, SCBF increased to about 200%
of baseline levels and underwent a transition from being positively
correlated with PaPO2 to being negatively correlated. During this
late phase of apparent uncoupling of SCBF and PaPO2, L/P ratio
values increased consistently throughout the 7-day period. Further
from the injury site (at the 2.2 cm probe position), the perturbations
in SCBF, PaPO2, and cord pressure were modest, with only a subtle
increase in cord pressure over 7 days. This was nevertheless accompanied by a continuous increase in the L/P ratio. Various articles have demonstrated that probe insertion results in ‘‘probe
encapsulation’’ and initiates an inflammatory response around the
probe that can affect the recovery of small molecules, such as
glucose.24,25 These changes usually begin 24–36 h after probe
implantation.26 Because of the 7-day duration of our experiments, it
is certainly possible that such probe encapsulation might occur. We
acknowledge that this complicates the interpretation of our results,
and hence the physiologic responses to traumatic SCI measured in
the latter days of our study might be an underestimation of what is
actually occurring.
While there are many published animal studies that have characterized the effect of traumatic injury on SCBF, most have utilized
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FIG. 8. Microdialysis measurements of intraparenchymal glucose, lactate, and pyruvate (%D) in response to SCI at 0.2 and 2.2 cm
from injury. The percentage change (%D) is calculated using the average of measurements obtained through 60 min of baseline
recordings just prior to the SCI. (A) Glucose, (B) lactate, (C) pyruvate, and (D) lactate to pyruvate (L/P) ratio responses before, during,
and after 1 h spinal cord contusion/compression (gray shading). At the 0.2-cm position (!), glucose values decreased significantly upon
SCI, and subsequently returned to baseline by Day 1. Within minutes after SCI, we observed an increase in lactate, a decrease in
pyruvate, and a resulting increase in L/P ratio. After decompression, glucose, pyruvate and lactate increased while L/P ratio declined to
200% above baseline at 24 h. Thereafter, both lactate and pyruvate levels decreased again, although pyruvate fell proportionately more,
resulting in a subsequent rise in L/P ratio till the end of the experiment (500% above baseline). At the 2.2-cm position (,), a slight
increase in glucose levels was observed within the first 24 h after SCI; however, levels retuned to baseline thereafter. Within hours after
SCI, we observed a slow but steady rise in lactate while pyruvate levels remained unchanged, producing an increase in L/P ratio. After
24 h, we observed a drop in lactate and a simultaneous and disproportionately greater drop in pyruvate, resulting in a continuous increase
in L/P ratio to 500% above baseline at Day 7. The dashed line at the 4 h post-SCI mark (:) represents the discontinuation of anesthesia
and ventilation at the end of the surgical procedure. SCI, spinal cord injury.
rodent models with SCI induced by extradural clip compression for
relatively short durations (1 min up to 40 min).10–13 A few investigators have employed ongoing compression for 3 h up to 3 days
using a metal rod placed on the dorsal dura of the spinal cord or by
inserting a water-absorbing urethane polymer under the lamina.27,28 Although different injury models and techniques of assessing blood flow were used (laser Doppler flowmetry, hydrogen
clearance, microspheres) these compressive SCI models generally
have reported acute decreases in SCBF in white and gray matter at
and around the injury site, although Kobrine and colleagues have
reported hyperemia during compression.29 The latter is generally

observed with lesser severities of injury. Further, it has been shown
that functional recovery is dependent on the return of blood flow,
which is in turn proportionate to the duration and severity of the
compression.30–32 In animal studies that have employed a contusive
injury mechanism9,33–39 the effect on SCBF is not as consistent.
However, it is important to remember that traumatic human SCI is
typically caused by a sudden, high-velocity contusive injury followed by periods of sustained compression (often for many hours
to days). Besides our study, only a few other articles have evaluated
SCBF in a combined contusion/compression model of SCI.40,41
Kubota and colleagues40 found a significant reduction in SCBF
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during spinal cord compression following an initial contusion injury of the cord, which is consistent with our findings. Conversely,
Sjovold41 showed an elevated SCBF that steadily increased over
60 min of compression; however, Sjovold does state that the SCBF
response varied considerably across individual animals. Nonetheless, while focusing on post-traumatic changes in SCBF can
provide important insights, most studies only largely extend for the
duration of the surgery and knowledge of the long-term monitoring
of SCBF after SCI is limited.
Additionally, it is ultimately desirable to understand the subsequent downstream metabolic consequences of these changes within
the areas of potentially vulnerable spinal cord tissue. As the balance
between SCBF and metabolic rate of oxygen influences whether the
tissue is hypoxic or not, monitoring SCBF alone may not provide a
complete picture of the metabolic insult within the injury penumbra. For these reasons, we concurrently evaluated post-traumatic
changes in SCBF and PaPO2, as well as metabolic responses in a
large animal model of contusion/compression SCI.
Adjacent to the impact site (represented by our 0.2 mm probe
position), our data revealed a significant reduction in SCBF and
PaPO2 immediately following SCI while the cord remained compressed, reflecting severe compression-induced hypoperfusion. The
rapid drop in glucose can be attributed to impaired blood flow as
well as rapid conversion of local glucose into pyruvate, as supported by the close correlations between these parameters. In accordance with our previous study,14 the increased lactate and
decreased pyruvate resulting in an elevated L/P ratio is indicative of
anaerobic glycolysis due to ischemia/hypoxia within the spinal
cord. Glutamate increased immediately and remained elevated for
days, indicating cellular release and/or lack of re-uptake, which is
hampered by lack of adenosine triphosphate (ATP) and breakdown
of membrane potentials in both neurons and glial cells. Cellular
release of glutamate, as observed in several other studies, is mainly
due to release of metabolic pools from neuronal and glial cell
bodies, while the transmitter pool of glutamate contributes only a
small fraction of early release.42 In the present experiments, the
increase of glycerol is likely a reflection of cellular membrane
damage and breakdown of glycerol-containing phospholipids. A
small fraction of glycerol also can be potentially generated as a
byproduct of the glycolytic pathway in the post-traumatic scenario.43–45 However, during profound ischemia, ATP deficiency
would favor pyruvate and lactate instead of glycerol production.
Further, glucose levels approached zero in microdialysate samples,
which makes de novo synthesis of glycerol from glucose unlikely
during this time period immediately after SCI while the cord remains compressed.
Immediately following the decompression, we observed SCBF
and glucose to recover only partially (*25%), most likely due to
the proximity to the injury and structural damage of microvasculature. PaPO2 changed in proportion to blood flow, as one would
expect if oxygen delivery were limited by SCBF. The drop in pyruvate observed during the immediate phase after SCI was gradually restored following partial return of blood flow and glucose.
Accumulation of lactate with the L/P ratio remaining above baseline levels suggests ongoing anaerobic glycolysis in the ischemia/
hypoxic lesion area. The strong negative correlation between
PaPO2 levels and the L/P ratio (i.e., low PaPO2 is related to high L/
P ratio) indicates that the persistent poor oxygenation might be the
driving force for the continual increase in L/P ratio, as the increase
in oxygen consumption exceeds oxygen availability.
For glycerol, there was a further increase at decompression
followed by a reduction 1 day after the primary SCI, which may
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indicate reperfusion injury associated with reestablishing the blood
supply. The interpretation of what is driving the glycerol levels is
rather complicated by the existence of other sources of glycerol,
transferred from the bloodstream into CSF and central nervous
system compartments when the blood–brain and blood–spinal cord
barriers are damaged. However, available data after brain injury
(both traumatic and subarachnoid hemorrhage) suggest that this
process might not make a significant contribution to interstitial
glycerol concentrations.44,46 We therefore believe that the rise
in glycerol reflects actual structural damage of cell membranes,
rather than extrinsic delivery through a disrupted blood–spinal cord
barrier.
Contrary to the positive correlation between SCBF and PaPO2
observed during the immediate phase after SCI, a modest but statistically significant negative correlation was seen in the late phase
after SCI (1–7 days). SCBF levels started to rise above baseline
values at 48 h after SCI and continued to increase until the end of
the experiment at 7 days. Comparable changes in blood flow have
been observed after traumatic brain injury (TBI), with most TBI
patients showing reduced cerebral blood flow during the first 12 h
after injury, followed by hyperperfusion (and in some patients
vasospasms) before blood flow eventually normalizes.47 The rise in
SCBF during this time may be attributed to hypoxia, which is
known to cause vasodilation either by direct (inadequate O2 to
sustain smooth muscle contraction) or indirect (production of vasodilator metabolites) actions on cerebral microvasculature. In our
experiment, however, the rise in SCBF during days 1 through 7
post-injury did not confer a measurable improvement in PaPO2.
This observation is consistent with that of Gupta and colleagues,48
who also reported the lack of a direct correlation between cerebral
blood flow and oxygenation in TBI patients. This suggests that
mechanisms other than a sheer reduction in blood perfusion are
responsible for the tissue hypoxia in the latter stages after acute
SCI. Importantly, our findings also highlight that the degree of
hypoxia in the injured spinal cord may be underestimated if we rely
solely on measures of blood perfusion in the post-injury period.
One explanation for the persistently low PaPO2 during Days 1
through 7 is the imbalance between oxygen delivery and oxygen
consumption. The later could be due to mitochondrial dysfunction
and ineffective ATP production during oxidation, observed in ischemic brain tissue and in spinal cord after injury.49,50 Delivery
also may be compromised by impaired intraparenchymal oxygen
diffusion, leading to decreased proportion of oxygen extracted from
the blood during capillary passage through the spinal cord tissue
(oxygen extraction fraction; OEF). Microvascular edema might
cause increased barriers for oxygen diffusion with reduction of
cellular oxygen delivery, despite the observation of blood flow
remaining above what would be considered to be ‘‘ischemic’’
levels. Irregular microvascular collapse could result in significant
increases in tissue path lengths for oxygen, with perivascular edema
contributing to further increases in diffusion barriers for oxygen
delivery. Recent work by Østergaard and colleagues47 has proposed
that changes in capillary flow patterns may have substantial influence on the relationship between CBF, tissue oxygen tension, and
OEF after TBI. Their model predicts that severely disturbed capillary flow patterns could cause a parallel reduction in tissue oxygen
tension and OEF even when gross perfusion is maintained.
To our knowledge, the first experimental SCI study to directly
quantify spinal cord edema and intraparenchymal cord pressure
after traumatic SCI was reported by Saadoun and colleagues in
2008.51 Using a Millar pressure-monitoring microcatheter (SPR1000) 2 days post-injury, they reported mean cord pressures around

Downloaded by Childrens Hospital from online.liebertpub.com at 10/12/17. For personal use only.

12
27 mm Hg in the wild-type mice, which were significantly higher
than in sham-operated animals (with pressures less than 10 mm
Hg). Subsequent clinical studies by this same group have reported
similar pressure increases in traumatic human SCI, in which intraspinal pressure (ISP) has been measured with a Codman pressure monitoring catheter placed into the intrathecal space directly
at the site of spinal cord injury. Werndle and colleagues first reported in a series of 18 patients an increase in ISP to a mean of
approximately 20 mm Hg over the first 9 days post-injury.52 Such
intraspinal pressures were found to be decreased with expansion
duraplasty in a prospective series of 10 patients treated with duraplasty and laminectomy versus 11 patients with laminectomy
alone.53 An interesting case report of one patient from this series
revealed that the intraspinal pressure as measured by the intrathecal pressure probe placed at the site of injury were correlated
very closely to measurements determined by a pressure probe
placed directly into the spinal cord.54 This suggests that as long
as the cord swells to fill the intrathecal space and presses up
against the dura, the subdural pressure recordings reflect the intraparenchymal recordings. More recently, the Papadopoulos
group also has reported on the use of microdialysis catheters
(CMA61; CMA Microdialysis AB, Solna, Sweden) inserted under
the arachnoid on the spinal cord surface in SCI patients.55,56 They
also documented metabolic derangements such as elevated glutamate, glycerol, and lactate/pyruvate ratio, with the latter being
elevated even a week post-injury.
Our findings in the large animal model of SCI followed over
7 days reveal many similarities with the novel findings of the Papadopoulos group in human SCI. In our large animal model, we,
too, observed a considerable increase in intraparenchymal pressure
near the site of injury, doubling to *20 mm Hg in the first 48 h. Our
intraparenchymal microdialysis monitoring revealed similar derangements in the metabolic responses, with increased glycerol and
glutamate early post-injury and an elevated L/P ratio that was
sustained out to 7 days post-injury. As expected, the hemodynamic
and metabolic abnormalities were most pronounced near the site of
injury and less so 2 cm farther from the injury site. However, we
noted that the L/P ratio in our animals did continue to rise over Days
2–7 even at the more distal measurement site, suggesting a rostrocaudal expansion of potential ischemia over the 7 days. Combined,
our results reveal a translational relevance of our experimental
animal paradigm in studying these important hemodynamic and
metabolic responses to acute SCI. Additionally, they support the
recent contention from Saadoun and Papadopoulos that local
monitoring of the injured spinal cord can provide novel insights
into the pathophysiology of acute SCI that can be acted upon by
clinicians with standard hemodynamic management strategies.57
We recognize that there are many aspects of the pathophysiology
of secondary cord edema that we have not studied, including, for
example, the role that prostaglandin E2 (PGE2) may play. Of interest, PGE2 is thought to be a principle mediator vascular permeability and promoting local blood flow associated with edema
seen during acute inflammation.58 Its release has been reported
after SCI in both CSF and spinal cord tissue,59,60 and pursuing such
downstream mediators would be a logical goal of further studies
using our model.
The experimental paradigm we employed is extremely complex
and demanding, and discussion of the limitations is warranted. Our
experiments utilized the pig as a large animal model of SCI. While
many fundamental insights into the local hemodynamic responses
to SCI have been derived from rodent models, we contend that the
porcine model represents a reasonable alternative, particularly for
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these types of acute studies of hemodynamic physiology. Relevant
to this line of inquiry, the spinal cord macro- and micro-vasculature
of the pig shares many similarities to humans,61–63 making it a
routinely utilized animal species for the modeling of ischemic
thoracic SCI in the context of thoraco-abdominal aortic aneurysm
repair.64,65 These vascular similarities also would make the pig a
useful species to study acute physiological responses in traumatic
thoracic SCI. Despite this, we understand that our experimental
paradigm still has important differences with the human SCI condition. While we simulated the contusive nature of human SCI, the
latter is often accompanied by compression that may be sustained
for hours to days before being surgically relieved, if at all. This was
recently illustrated in the landmark 313 patient Surgical Trial of
Acute Spinal Cord Injury Study,66 where the average time of ‘‘early
decompression’’ was 14.2 – 5.4 h and that of ‘‘late decompression’’
was 48.3 – 29.3 h. Our experimental paradigm utilized 1 h of
compression, far exceeding the 1 min of compression typically
utilized in the rodent clip compression model. While it would be
interesting to continue the experiment with persistent compression
beyond 1 h, there are some physiologic limitations for the animal,
which under the current protocol undergoes almost 12 h of anesthesia, with ongoing blood loss from the large posterior exposure
and extensive laminectomy. We would acknowledge, however,
that prolonging the duration of compression and severity of contusion would provide additional insights into the heterogeneity of
human SCI.
As mentioned earlier, there are numerous ways by which investigators have measured SCBF in animal models of SCI. LDF has
been shown to be a valid method for assessing microvascular blood
flow in tissues such as the spinal cord67 and has been employed in
various pre-clinical studies to quantitatively measure hemodynamic responses by using small probes placed over the dura at the
spinal segment of interest.13,36,41,68–73 While LDF cannot provide
the absolute blood flow rates as the hydrogen clearance or the
microsphere technique, LDF has been shown to be highly correlated with both.67,74,75 One of our main considerations in the use of
LDF for SCBF monitoring in our experimental paradigm was that it
could be used post-operatively to continuously monitor SCBF over
several days without requiring an anesthetic and endotracheal intubation for precise hydrogen delivery, as is required for the hydrogen clearance technique. Since motion artifact has been a
recognized problem with LDF,76 considerable effort was extended
to rigidly stabilize the spinal cord column and the LDF probes.
From a translational perspective, our observations point to the
potential importance of being able to monitor local tissue hemodynamics in the acutely injured spinal cord, as emphasized by work
of Papadopoulos and colleagues. While we have taken advantage of
the ability in an animal model to invasively monitor the spinal cord
to derive direct intra-parenchymal measures of blood flow, oxygenation, pressure, and metabolic responses, application in humans
would require a less invasive approach. We are nonetheless intrigued by the observation in our model of persistent ischemia
around the injury site even at 7 days post-injury, which is the time at
which current clinical practice guidelines suggest to stop aggressive MAP augmentation in patients with acute SCI. We also find
that the measurement of SCBF alone does not paint the complete
picture of what is occurring at a metabolic level within the spinal
cord. This advocates for the application of multi-modal monitoring
of the spinal cord, as is done in TBI. Given that we currently have
few treatment options for acute SCI patients, such measures to
monitor local tissue hemodynamics within the injured spinal cord
are justified to optimize our treatment protocols in the acute post-

SPINAL CORD PRESSURE, HEMODYNAMICS, AND METABOLISM AFTER SCI
injury phase—a period where growing evidence points to an opportunity to improve neurologic recovery in human SCI.
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Approach
After acute spinal cord injury (SCI) the spinal cord is frequently found to have swollen
dramatically, particularly after it has been surgically decompressed. In traumatic brain injury
(TBI), brain swelling and increases in intraparenchymal pressure are routinely considered in
both the surgical and hemodynamic management of such patients. However, this swelling has
largely been neglected in SCI, despite being consistently observed. Even after surgical
decompression, such swelling may result in the cord being subjected to significant pressure,
either due to constriction by the pia mater, the dura mater, or both. The physiologic
consequences of this are poorly understood, and many fundamental questions remain about
its impact on intraparenchymal pressure, spinal cord perfusion, and downstream metabolic
responses. Determining the physiologic/biologic consequences of this swelling and how they
can be mitigated to reduce secondary injury will guide the optimal clinical management of
acute SCI. As an example of how swelling, increased intraparenchymal pressure, and its
effects on perfusion are factored into clinical decision-making, TBI investigators have
established the Pressure Reactivity Index (PRx) to identify where autoregulation remains
intact and to guide optimal perfusion support based on that. The PRx has not been
investigated in SCI, but given that the cord also swells and has impaired autoregulation, it is
likely applicable here as well. This promising approach opens the possibility that we could
individualize and optimize the hemodynamic support of acute SCI patients in order to support
perfusion without exacerbating deleterious increases in intraparenchymal pressure.
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Major Aims (As Described in the SOW)

2014

Goals/Milestones
2015

2016

2017

Specific Aim 1:
Evaluate if compression by the surrounding dura produces increased
intraparenchymal pressure within the injured, swollen cord.

Goal 1 – evaluation of duraplasty
ü ACURO approval
ü Assessment of behavioral and functional consequence of SCI with or without
duraplasty
q Assessment of histological consequence of SCI with or without duraplasty

Specific Aim 2:
To evaluate if dural compression contribute to progressive deficit in
blood perfusion and contribute to the pathophysiology of secondary
damage after traumatic SCI

Goal 2 – Evaluation of PRx-based MAP support
ü Quantification of relationship between Mean Arterial Pressure, spinal cord
blood flow, and intraparenchymal pressure
Determination of efficacy of PRx-based MAP support

Specific Aim 3.
Determine if MAP support during the decompression phase of SCI
results in worse long-term functional outcome
Specific Aim 4.
Evaluate if a moving correlation index exists between mean arterial
blood pressure and CSF/cord pressure (pressure reactivity index;
PRx)
Estimated Budget (in thousands)

Update: In Year 3, Quarter 1, we have finished analyzing the microdialsysis data of 8 animals as part of Aim
2. Data thus far show that although pyruvate and lactate are higher in duraplasty group; there are no clear
differences in L/P ratio between two groups close to the injury site. Also no visible differences for glutamate
and glycerol at 0.2 cm from injury was observed. Interestingly, higher glucose was observed in duraplasty
group over 6-hours post-injury compared to control group. Notably, this study is still in its early days, and it
is too preliminary to draw any firm conclusions from these limited data.
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Budget Expenditure to Date
Approved expenditure granting period: $630,109
Actual Expenditure Year 3: $318,882.38

