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Abstract

One of the only currently available treatment options to potentially improve neurological recovery after acute

spinal cord injury (SCI) is augmentation of mean arterial blood pressure (MAP) to promote blood flow and oxygen

delivery to the injured cord. However, to optimize such hemodynamic management, clinicians require a method to

monitor the physiological effects of these MAP alterations within the injured cord. Therefore, we investigated the

feasibility and effectiveness of using a novel optical sensor, based on near-infrared spectroscopy (NIRS), to

monitor real-time spinal cord oxygenation and hemodynamics during the first 7 days post-injury in a porcine model

of acute SCI. Six Yucatan miniature pigs underwent a T10 vertebral level contusion-compression injury. Spinal

cord oxygenation and hemodynamics were continuously monitored by a minimally invasive custom-made NIRS

sensor, and by invasive intraparenchymal (IP) probes to validate the NIRS measures. Episodes of MAP alteration

and hypoxia were performed acutely after injury, and at 2 and 7 days post-injury to simulate the types of

hemodynamic changes SCI patients experience after injury. The NIRS sensor demonstrated the ability to provide

oxygenation and hemodynamic measurements over the 7-day post-SCI period. NIRS measures showed statistically

significant correlations with each of the invasive IP measures and MAP changes during episodes of MAP alteration

and hypoxia throughout the first week post-injury ( p < 0.05). These results indicate that this novel NIRS system

can monitor real-time changes in spinal cord oxygenation and hemodynamics over the first 7 days post-injury, and

has the ability to detect local tissue changes that are reflective of systemic hemodynamic changes.
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Introduction

Neurological damage from acute traumatic spinal cord

injury (SCI) occurs in two stages: the primary injury caused

by the immediate trauma and the secondary injury that results from

the pathophysiological responses that follow the primary trauma.1,2

It is during this acute injury phase that clinicians are able to take

advantage of attenuating these pathophysiological responses to

prevent further damage. Although much attention has been paid to

novel drug therapies for acute SCI,3,4 two treatment approaches

are commonly used in clinical practice in an attempt to improve

neurological outcome: 1) urgent surgical decompression and 2)

aggressive hemodynamic management.5–7 Both options aim to

improve blood flow and oxygen delivery to the injured spinal cord

tissue.

The importance of hemodynamic management and its poten-

tial to improve neurological recovery has been considered for

years.8–11 The current clinical guidelines for the treatment of acute

SCI recommend that mean arterial blood pressure (MAP) be aug-

mented to 85–90 mm Hg for 7 days post-injury.7 However, the

evidence that links specific MAP targets to improved neurological

outcome is surprisingly weak.12–14 One of the reasons why it may

be difficult to demonstrate that specific MAP targets improve

neurological outcome is that clinicians are unable to determine how
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changes in MAP affect blood flow and oxygen delivery within the

injury site to mitigate ischemia and cellular death. There is cur-

rently no method to monitor the real-time response of these spinal

cord physiological measures to alterations in MAP over the first

7 days post-injury.15 Having a method to continuously monitor

spinal cord oxygenation and hemodynamics would help clinicians

optimize hemodynamic management, and enable them to more

comprehensively evaluate the effects of this intervention on neu-

rological outcome. To address this need, we developed a sensor,

based on near-infrared spectroscopy (NIRS), that could monitor

real-time spinal cord oxygenation and hemodynamics in a mini-

mally invasive manner.16

NIRS is a well-established optical technology clinically used to

monitor oxygen delivery in various tissues such as the brain and

skeletal muscle.17–20 It is a non-invasive (non-destructive) method

that uses near-infrared (NIR) light (700–1000 nm) to monitor re-

gional tissue oxygenation and hemodynamics.21 Photons in the NIR

spectrum are transmitted into the tissue where the chromophores,

oxygenated hemoglobin (O2Hb) and deoxygenated hemoglobin

(HHb), absorb NIR light in a wavelength-dependent manner.22,23

O2Hb and HHb have an equal absorption spectra at 800 nm,

whereas at 760 nm, NIR light has a peak absorption by HHb.24 By

using a single multi-wavelength (MW) light source and one pho-

todetector, NIRS has the capacity to monitor changes in tissue

oxygen delivery, consumption, and utilization as measured by

O2Hb and HHb concentrations and the oxygenated-deoxygenated

hemoglobin difference (Hbdiff = O2Hb – HHb), a relative measure

of tissue oxygenation.25–28 Changes in total hemoglobin (THb =
O2Hb + HHb) reflect local blood volume, an index of local mi-

crocirculatory hemodynamics.29,30 Using spatially resolved (SR) or

MW configurations to measure changes in light attenuation be-

tween multiple light sources and photodetectors, NIRS can also

provide an absolute quantitative measure of tissue oxygenation by

calculating the tissue oxygenation index (TOI).16,31,32

We previously investigated a customized NIRS sensor for real-

time monitoring of spinal cord oxygenation in a porcine model of

acute SCI.16 In fully anesthetized pigs, we demonstrated a high

degree of sensitivity and specificity of NIRS-derived O2Hb,

Hbdiff, and TOI in detecting spinal cord oxygenation changes

during the first 5–6 h post-injury.16 Acknowledging that patients

with acute SCI currently have MAP augmentation for up to 7 days

and are not always fully anesthetized during this period, we

sought to extend our evaluation of the NIRS sensor into a more

clinically relevant setting. Hence, in this study, we designed a

new NIRS sensor and investigated its ability to continuously

monitor spinal cord oxygenation and hemodynamic changes for 7

days post-injury in a porcine model of acute SCI, even in awake,

mobile animals.

Methods

All animal protocols and procedures performed in this study
were approved by the Animal Care Committee of the University of
British Columbia (UBC) and were compliant with the policies of
the Canadian Council of Animal Care and the U.S. Army Medical
Research and Materiel Command (USAMRMC) Animal Care and
Use Review Office (ACURO). The anesthesia/analgesia protocols
were established by the UBC Center for Comparative Medicine.

Customized NIRS sensor

The customized miniature NIRS sensor that we developed for
this study (Fig. 1) was a modification of the sensor applied in

our first study.16 The current sensor (Pathonix Innovation Inc.,
Vancouver, BC, Canada) consists of a single MW light-emitting
diode (LED) capable of emitting NIR light in five wavelengths
(660, 730, 810, 850, and 950 nm) with a total output power of 2 mW
(Shenzhen Keborui Electronics Co., Ltd., Shenzhen, China) and
one small silicon photodetector. The inter-optode distance is 10 mm
to enable light penetration of a depth of 5 mm. The sensor has a
width of 5 mm and is encased inside a durable, fluid-resistant, and
transparent medical-grade catheter. Our goal in designing this
new sensor was to make it similar in size to a surgical drain used
routinely after human surgeries to evacuate blood from the epidu-
ral space. This allowed the sensor to be externalized percutane-
ously through the skin away from the surgical wound and then
pulled out in its entirety at the end of the 7-day period. The sensor
was connected to the NIRS controller unit by a flexible, multi-
branch, shielded wire to protect against potential electromagnetic
interference.

Sensor fixation system

To stabilize the NIRS sensor optode over the dura for 7-day data
collection in a survival porcine model of SCI, a fixation system was
designed. This fixator provided three degrees of freedom for fine
adjustment of the sensor’s optode. A small magnetic component
(N52; K&J Magnetics Inc., Pipersville, PA, USA) was mounted at
the fixator’s arm to stabilize the sensor’s optode over the dura
(Fig. 2B). The wire of the NIRS sensor was sutured to the skin of

FIG. 1. Customized implantable NIRS sensor. The NIRS sensor
consists of one single multi-wavelength light-emitting diode
(MW-LED) with 5 NIR wavelengths and one silicon photode-
tector. The NIRS sensor is connected to the NIRS controller unit
by a multi-branch shielded wire, and magnets (on the other side of
the sensor) are used to stabilize the sensor over the dura. LED,
light-emitting diode; MW, multi-wavelength; NIRS, near-infrared
spectroscopy. Color image is available online.

2 CHEUNG ET AL.

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

B
R

IT
IS

H
 C

O
L

U
M

B
IA

 f
ro

m
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 0
8/

26
/2

0.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



the animal at the entry site to prevent unnecessary movement
of the sensor inside the animal and the sutures were then removed
at the end of the 7-day monitoring period. This mode of magnetic
fixation to secure the sensor on top of the dura in a ‘‘non-rigid’’
fashion allowed for the sensor to be pulled out at the end of the
week of monitoring, avoiding an additional surgery to retrieve
the sensor.

Sensor operating system

We utilized an upgraded version of our previously developed
customized MW-NIRS controller unit with microchip firmware
that controlled the sensor’s NIR light emission and processed all
the relayed information on emission, absorption, scatter, and de-
tection of each NIR wavelength (Fig. 2C).16 The controller unit
transmitted this information through a standard USB-C cable to a
dedicated laptop computer running a customized NIRS software.
The system used a mathematical algorithm derived from a mod-
ified Beer-Lambert Law to process the light attenuation of each
wavelength related to the absorption of O2Hb and HHb, and then
translate this information to the relative concentrations of these
chromophores.

The software also calculated TOI using an additional algo-
rithm we developed to analyze the light attenuation of the five
wavelengths. Our calculation of TOI in porcine spinal cord tissue
was validated in our previous study, in which a statistically sig-
nificant correlation between TOI and blood-gas-derived capillary
oxygen saturation percentage (ScapO2) was found.16 The con-
troller unit and operating software were upgraded to support
long-term, 7-day data collection. The upgraded software also
included the ability to adjust the intensity and gain of each
wavelength separately during data collection to fine-tune the
emitter. This feature allowed better adjustment of light emission
and detection to enable higher consistency across animals. The
NIRS signals were collected and recorded at 100 Hz and the
software graphically displayed O2Hb, HHb, THb, Hbdiff, and
TOI in real time.

Porcine model of SCI

Six female Yucatan miniature pigs weighing between 25 and
31 kg at the time of surgery were used in this study. Animals were
prepared for surgery, and intubated and anesthetized as previously
described.33,34 A pulse oximeter was attached to the animal’s ear
to monitor arterial oxygen saturation (SaO2) levels and heart rate at
a frequency of 0.25 Hz. The right left carotid artery and jugular vein
were exposed by blunt dissection. The carotid artery was cathe-
terized (18 Gauge Arterial Catheterization Set FA-04018; Arrow
International, Reading, PA, USA) to monitor invasive MAP at a
frequency of 10 Hz. The jugular vein was catheterized (7 French
Multi-Lumen Central Venous Catheterization Set CE-12703;
Arrow International) to perform norepinephrine (NE) and ni-
troprusside (NP) infusions to deliberately increase and decrease
the MAP, respectively. The animal was then carefully repositioned
into a prone position. A dorsal laminectomy was performed be-
tween vertebral levels T5 and L1 to expose the dura and underlying
spinal cord, and the T10 vertebral level was identified and marked
as the intended impact site.

The T5, T9, T10, T11, and T14 vertebrae were instrumented
bilaterally with pedicle screws (3.5 · 25 mm Vertex screws;
Medtronic, Memphis, TN, USA) and titanium rods. An articu-
lating arm (660 Magnetic Base Indicator Holder; Starrett, Athol,
MA, USA) was attached to this construct for proper positioning of
the impact device, which consisted of an impactor (diameter of
0.953 cm) fitted with a load cell (LLB215; Futek Advanced Sensor
Technology, Irvine, CA, USA) to record the force at impact. The
impactor slid down a guide rail equipped with a Balluff Micro-
pulse� linear position sensor (BTL6-G500-M0102-PF-S115;

Balluff Canada Inc., Mississauga, ON, Canada) to record the
impactor position, from which displacement and velocity were
determined.

Five minutes prior to the contusion-compression SCI, a sin-
gle intravenous fentanyl bolus was administered to achieve
effective pain relief during the impact. The contusion was in-
duced by dropping the 50 g impactor along the guide rail onto
the cord at the vertebral T10 level from a height of 16.73 cm.
An additional 100 g mass was gently added for a total com-
pression weight of 150 g. After 30 min of sustained compres-
sion, the cord was decompressed by removing the additional
mass and impactor.

Intraparenchymal probes and NIRS sensor placement

Before SCI, two sets of two intraparenchymal (IP) probes were
inserted into the spinal cord and the NIRS sensor was positioned
on the spinal cord (Fig. 2). In each set of IP probes, one probe was
used for dual monitoring of spinal cord blood flow (SCBF), which
employed laser Doppler flowmetry,35 and the partial pressure of
oxygen (PO2), which used a fluorescence quenching and fiber-
optic technology (0.45 mm diameter; NX-BF/OF/E; Oxford
Optronix, Abingdon, UK).36 The second IP probe was used for
monitoring spinal cord pressure (SCP; 0.31 mm diameter; FOP-
LS-NS-1006A; FISO Technologies Inc., Harvard Apparatus,
Saint-Laurent, QC, Canada), which used a fiber-optic combined
Fabry-Perot interferometry pressure sensor.37,38 SCBF and PO2

were recorded at a sampling rate of 10 Hz and SCP was recorded
at a sampling rate of 1 Hz. The IP probes were inserted through
the skin and into catheters, which were placed into a custom three
dimensional (3-D) printed housing unit with precision-drilled
holes to guide probe insertion and secure the probes in place.39,40

The IP probes were then inserted through the dura into the spinal
cord at a 45-degree angle, with the tips situated at a depth of
approximately 3–4 mm under the dura, 1.5 cm and 3.5 cm caudal
from the center of the intended impact site. Ultrasound imaging
(L14-5/38, 38 mm linear array probe, Ultrasonix RP; BK Ultra-
sound, Richmond, BC, Canada) was performed to verify proper
probe placement inside the spinal cord and determine the actual
probe tip position.

The NIRS sensor was tunneled through the skin using a
Hemovac surgical trocar (Fig. 2A). The sensor was positioned
on top of the dura 3.5 cm rostral from the center of the intended
T10 injury site and held in place using lateral connectors and
magnet-based fixators. This was as close to the injury site as the
sensor could be placed to ensure it would not be affected by the
actual impact. Fibrin bio-adhesive sealant (Tisseel�; Baxter
Healthcare, Deerfield, IL, USA) was applied to the area around
the sensor to further maintain gentle contact with the cord and
to prevent blood from seeping under the sensor, potentially
interfering with photon transmission. The wires from the IP
probes and NIRS sensor were percutaneously brought out of the
surgical field.

Experimental protocol

On the first day of the experiment (Day 1), the IP probes and
NIRS sensor were positioned and the physiological parameters of
interest were allowed to stabilize before continuous monitoring
began. Baseline monitoring occurred for 60 min, followed by a
series of events or ‘‘physiological challenges’’ as shown in the
experimental timeline (Fig. 3). Two mild hypoxic episodes were
induced by detaching the ventilator from the pig. It was reattached
when oxygen saturation, as indicated by the pulse oximeter,
reached 80%. Each hypoxic episode lasted for approximately
30 sec. The pig was then allowed to recover for 15 min. After the
contusion-compression SCI and 30 min after decompression, MAP
was increased by 20 mm Hg by infusing NE via the jugular vein
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catheter. The target MAP was maintained for 30 min and the av-
erage NE dose was 0.33 – 0.07 (range 0.11–0.64) lg/kg/min. The
incision was then closed, and the sensors remained internalized to
continuously collect data over 7 days. The externalized recording
wires were attached to a suspended beam with a counterbalance
lever system positioned above the center of the animal pen.33 The
lever system with counterweights kept the sensor wires away from
the animal’s reach, preventing tangling and damage of the sensor
wires, while also allowing the pig to recover and move freely inside
its enclosure. Post-operative recovery was managed as previously
described.33

On the second day post-injury (Day 3), MAP alterations were
performed on the awake, non-sedated pig. NE was infused intra-
venously to increase MAP by 20 mm Hg and the average NE dose
was 0.42 – 0.02 (range 0.37–0.46) lg/kg/min. After the target
MAP was reached and maintained for 30 min, infusion of NE
ended, and the animal was allowed to recover for 30 min. MAP was

then decreased by 20 mm Hg using NP. The target MAP was
maintained for 30 min and the average NP dose was 0.27 – 0.06
(range 0.07–0.43) lg/kg/min.

On the seventh day post-injury (Day 8), the pig was sedated,
intubated, and anesthetized. MAP alterations were performed in a
similar manner as on previous days, but with MAP targets main-
tained for 60 min instead of 30 min. Each MAP alteration was fol-
lowed by a 30-min recovery period. The average NE dose was
0.46 – 0.09 (range 0.17–0.74) lg/kg/min and the average NP dose
was 0.43 – 0.12 (range 0.08–0.75) lg/kg/min. After increasing and
decreasing the MAP, two severe hypoxic episodes were induced
until the oxygen saturation reached 70%. Each episode lasted for
about 45 sec, followed by 15 min of recovery time. The pig was then
euthanized. After 5 min, we stopped recording data from the NIRS
sensor and IP probes. The entire NIRS sensor was pulled out through
its original percutaneous insertion site (similar to the clinical removal
of a surgical drain) and IP probes were surgically removed.

FIG. 3. Experimental protocol. Following baseline measurements on the day of surgery (Day 1), two episodes of mild hypoxia
(oxygen saturation [SpO2] 80%), T10 vertebral level contusion SCI, 30 min of sustained compression, cord decompression, and one 30-
min episode of MAP increase were performed. On 2 days post-injury (Day 3), one 30-min episode each of MAP increase and decrease
were performed. On 7 days post-injury (Day 8), one 60-min episode each of MAP increase and decrease, and two episodes of severe
hypoxia (SpO2 70%) were performed. MAP, mean arterial blood pressure; SCI, spinal cord injury. Color image is available online.

FIG. 2. NIRS sensor application. (A) A surgical trocar is used to tunnel the NIRS sensor through the skin and into the surgical wound.
(B) The NIRS sensor is placed and fixed on the dura at vertebral level T9 using rods and magnetic fixators. Invasive IP probes are inserted
in the spinal cord at vertebral level T11. (C) The NIRS sensor is connected to the NIRS controller unit and the wire is externalized,
allowing the entire sensor to be pulled out at the end of the monitoring period without a second surgery to retrieve it. (D) Schematic of the
IP probes and NIRS sensor placement. IP, intraparenchymal; NIRS, near-infrared spectroscopy. Color image is available online.
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Statistical analysis

NIRS measures of spinal cord chromophore concentrations
(O2Hb and HHb), spinal cord IP measures (SCBF, PO2, and SCP),
and vital signs (SaO2, heart rate, and respiratory rate) were con-
tinuously recorded throughout the 7-day experiment. Before MAP
alterations were performed, baseline MAP levels were determined
by the average MAP calculated from the most recent 15 min of
MAP recordings. The raw optical data were converted into changes
in NIRS parameters (O2Hb and HHb), and THb, Hbdiff, and TOI
were calculated via the NIRS software. Movement artifacts were
observed when the animals were awake and mobile in their cages,
which resulted in clear and distinguishable artifacts that were iden-
tified, marked, and removed from the data manually. The changes
for each variable during each event, including spinal cord NIRS-
derived O2Hb, HHb, THb, Hbdiff, TOI, and IP-measured PO2 and
SCBF were compared with 0 using the Wilcoxon signed-rank test
to determine statistical significance. Pearson correlation coeffi-
cients were calculated to establish the pairwise relationships be-
tween the NIRS and IP measurements during episodes of induced
hypoxia and during the pharmacological increases and decreases
in MAP. Bland-Altman plot analyses were used to evaluate the
agreement between NIRS and IP measurements.41,42 Data are
presented as mean – standard error of the mean (SEM) and the level
of significance was set at p < 0.05 for all statistical analysis and
comparisons. Data were analyzed using SAS version 9.4 (SAS
Institute, Cary, NC, USA) and GraphPad Prism 8.3.0 (GraphPad
Software, La Jolla, CA, USA).

Results

Six female Yucatan pigs with a mean weight of 27.5 – 0.89 kg

were studied. The customized miniature NIRS sensor successfully

monitored spinal cord oxygenation and hemodynamics (O2Hb,

HHb, Hbdiff, TOI, and THb) during experimental interventions in

all animals. One animal with a pre-existing respiratory and cardiac

condition experienced complications. No health complications re-

sulted from placement of the NIRS sensor and continuous moni-

toring. At the end of the 7-day experiment, we were able to easily

pull the entire NIRS sensor and cable out through the surgical

incision site.

Spinal cord injury biomechanics

We measured the impact force and subsequently calculated

impulse, displacement, and velocity to evaluate the consistency of

the injury between animals (n = 6). The average impact force ap-

plied to the exposed spinal cord was 4023.36 – 144.18 kdyn

(mean – SEM) with an impulse of 12.80 – 0.38 kdyn*sec. The

average displacement of the impactor from initial contact with the

exposed dura was 4.58 – 0.27 mm with a velocity of 1970.81 –
7.75 mm/sec at impact. Individual impact biomechanics for each

animal are presented in Table 1.

IP versus NIRS parameters

To compare the minimally invasive NIRS measurements with

the invasive IP measurements, we continuously measured both

parameters during physiological manipulations from the day of

surgery (Day 1) to 7 days post-injury (Day 8; Fig. 3). NIRS mea-

surements were collected approximately 3.5 cm rostral to the injury

site. For a similar comparison of measurements from the same

distance away from the epicenter of injury, we used the IP data

collected by the probes placed 3.5 cm caudal to the injury site.

Hypoxia induction pre-SCI on Day 1 resulted in a sudden drop in

PO2 measured with the IP catheter, which was also observed in the

NIRS oxygenation parameters of Hbdiff and O2Hb (Fig. 4). This

response was also captured on Day 8 in the same animal.

In addition, increasing MAP by NE infusion 30 min after de-

compression on Day 1 resulted in an increase in the IP measure of

SCBF and a similar increase in the NIRS measure of THb. This

response was maintained on Day 8 in the same animal (Fig. 5).

Overall, the ability of the NIRS sensor to monitor spinal cord

oxygenation and hemodynamic changes during hypoxic events

and MAP alterations on the day of surgery (Day 1) was maintained

7 days post-injury (Day 8), demonstrating that the NIRS sensor can

maintain meaningful physiological measurements over the 7-day

post-SCI period.

Relationship between IP and NIRS measures
and MAP

Analysis of the continuous 7-day data collected minimally in-

vasively via the NIRS sensor and invasively via the IP probes dem-

onstrated statistically significant correlations between the NIRS and

IP measures of oxygenation and hemodynamics, particularly during

the experimentally induced physiological challenges of hypoxia and

MAP alterations (Table 2). Importantly, the NIRS measures of

O2Hb, Hbdiff, and TOI were strongly associated with the invasive

IP measure of PO2, and NIRS-measured THb was strongly related

to IP-measured SCBF during the physiological challenges. The

NIRS measures of O2Hb, TOI, Hbdiff, and THb also demonstrated

statistically significant correlations to changes in MAP during the

induced increases and decreases in MAP.

Bland-Altman plots displayed agreement between NIRS O2Hb

and Hbdiff with IP PO2. Analysis of the relationship between O2Hb

and PO2 revealed a mean difference of 1.158 with upper and lower

Table 1. Measures of Weight and Injury Parameters

Animal # Body weight (kg) Force (kdynes) Impulse (kdynes*sec) Displacement (mm) Impact velocity (mm/sec)

1 31.0 4548.20 12.11 4.47 1978.58
2 29.0 3595.44 12.83 4.36 1988.35
3 26.0 3758.58 11.77 3.91 1973.54
4 25.0 4270.77 12.39 4.47 1988.69
5 27.5 3859.88 14.27 5.84 1952.86
6 26.5 4107.31 13.44 4.46 1942.84
Mean 27.5 4023.36 12.80 4.58 1970.81
SEM 0.89 144.18 0.38 0.27 7.75

Body weight, force, impulse, displacement, and velocity measurements at impact are shown for each animal. Data are presented as mean – SEM.
SEM, standard error of the mean.
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limits of agreement of -28.27 and 30.59, respectively (Fig. 6A).

Hbdiff and PO2 (n = 6) demonstrated a mean difference of -8.647

with upper and lower limits of agreement of -56.53 and 39.24

(Fig. 6B). The majority of the differences between the NIRS

measures of O2Hb and Hbdiff compared with IP PO2 were within

the limits of agreement, demonstrating that both O2Hb and Hbdiff

are comparable to PO2.

One NIRS parameter that was particularly interesting was

Hbdiff, the calculated difference between O2Hb and HHb. Hbdiff

reflects the oxygenation status of the tissue. For example, when

O2Hb increases, HHb decreases, and therefore the difference be-

tween the two parameters increases. Conversely, as the O2Hb de-

creases, the HHb increases, and the difference between the two

measures decreases. In this 7-day experiment, we observed that

Hbdiff increased and decreased with the induced MAP increases

and decreases on the day of surgery (Day 1; n = 6), 2 days post-

injury (Day 3; n = 5), and 7 days post-injury (Day 8; n = 5), and was

typically more sensitive to changes in MAP than to the IP measure

of PO2 (Fig. 7).

Discussion

Hemodynamic management is one of the only treatment options

currently available for individuals who suffer an acute SCI. For

frontline providers, aggressive augmentation of a patient’s MAP is

a readily achievable therapeutic approach with the potential to

mediate ischemia and maximize tissue sparing in the injured spinal

cord. Current clinical guidelines for acute SCI patients recommend

increasing MAP to 85–90 mm Hg for 7 days post-injury to maintain

adequate perfusion during the acute injury period.7 However, the

evidence supporting specific MAP target values is weak, with

conflicting reports on whether they improve neurological out-

come.14,43–46 In a study examining spinal cord perfusion pressure

(SCPP), different MAP levels were required to reach the reported

optimal SCPP value (where SCPP is the difference between MAP

and intrathecal pressure), suggesting that specific MAP targets may

be beneficial for some patients, but could be harmful for others.47

Therefore, optimizing hemodynamic management of acute SCI

is paramount and without a method to monitor the physiological

response in the injured cord to these hemodynamic alterations,

achieving such individual optimization is unlikely.

To attempt to bridge this gap, we developed a sensor using NIRS

to provide real-time information about oxygenation and hemody-

namics in the injured spinal cord. We previously demonstrated

the feasibility and validity of our customized NIRS sensor in an

‘‘ideal’’ setting of an anesthetized non-survival large-animal model

of SCI to monitor such physiological changes, which yielded a

high degree of sensitivity and specificity in detecting spinal cord

FIG. 5. MAP increase by 20 mm Hg using (NE). Increasing the MAP on Day 1 results in an increase in SCBF measured with the IP
sensor, which is mirrored by an increase in the NIRS THb measurement. Both responses are maintained on Day 8 in the same animal. IP,
intraparenchymal; MAP, mean arterial blood pressure; NE, norepinephrine; NIRS, near-infrared spectroscopy; SCBF, spinal cord blood
flow; THb, total hemoglobin. Color image is available online.

FIG. 4. Hypoxic challenge. On Day 1, hypoxia results in a significant drop in PO2 measured with the IP sensor, which is also
visualized in the chromophore concentration (ab) of NIRS-derived O2Hb and the Hbdiff waveform. Similar responses are observed on
Day 8 in the same animal. Hbdiff, oxygenated-deoxygenated hemoglobin difference; IP, intraparenchymal; NIRS, near-infrared spec-
troscopy; O2Hb, oxygenated hemoglobin; PO2, partial pressure of oxygen. Color image is available online.
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oxygenation changes.16 In this present study, we confirm that this

monitoring could be extended for 7 days in the same animal model,

as this is the time window recommended by current clinical

guidelines for MAP augmentation.7

NIRS-derived measures of oxygenation and hemodynamics

were monitored successfully during episodes of ventilatory hyp-

oxia and alterations of MAP throughout the 7-day post-operative

period. We assessed how well the minimally invasive NIRS and

invasive IP oxygenation measures correlate, given that each of

them measures tissue oxygenation status in the spinal cord using

slightly different parameters. IP-derived PO2 provides a measure of

the local PO2 dissolved within the tissue,48 whereas NIRS-derived

O2Hb and the calculated value, Hbdiff, provide measures of the

concentration of oxygen-carrying hemoglobin and represent re-

gional tissue oxygen demand, supply, and utilization.49 We com-

pared PO2 with O2Hb and with Hbdiff, as both are validated indices

of local tissue oxygenation.49,50 In addition, we recognize that IP-

derived SCBF reflects temporal changes of blood flow, whereas

NIRS-derived THb represents changes of local blood volume in the

spinal cord tissue.29,30 Although THb and SCBF represent different

aspects of microcirculatory hemodynamics, similar patterns of

change are observed in each of the measurements in response to

increases in MAP, indicating an overall increased hemodynamic

response in the injured cord.

The observation that the minimally invasive NIRS measures

statistically significantly correlate with the invasive IP measures is

important from a translational perspective. In its ultimate applica-

tion for human SCI, such invasive IP measurements will not be

available for comparison, because the invasive IP probes in this

experiment were only used to validate the NIRS measurements. In

terms of clinical applications, our results indicate that the NIRS

sensor is able to provide measurements of what is indeed occurring

within the injured spinal cord in response to alterations in the MAP.

The NIRS measures are also strongly related to the invasive MAP

measurements, demonstrating that the NIRS sensor is able to de-

tect local tissue changes within the injured spinal cord that re-

flect systemic hemodynamic changes (MAP) over the first 7 days

post-injury.

The Bland-Altman plots also reveal that the calculated differ-

ences between the NIRS measurements of O2Hb and Hbdiff

compared with the IP measurement of PO2 are in agreement and

these parameters may therefore be used comparably in a clinical

context.42,51

Monitoring tissue oxygenation is already an established ap-

proach in the management of traumatic brain injury (TBI) to

minimize secondary hypoxic and ischemic brain damage.52 Several

studies have demonstrated the importance of monitoring brain

oxygenation to guide clinical decisions and improve diag-

noses.53–55 In patients with severe TBI, care driven by brain tissue

oxygenation monitoring resulted in improved clinical outcomes

and significantly reduced mortality rates.54,55 This emphasizes the

importance of ensuring oxygen supply to compromised neural

tissue and the relevance of translating the principles of this clinical

TBI management approach into a strategy for optimized oxygen

delivery and hemodynamic management in patients with acute SCI.

We recognize that this study has limitations. The NIRS sensor

was positioned rostral to the injury site, whereas the IP probes were

inserted caudal to the injury. Although both the NIRS sensor and IP

probes were measuring 3.5 cm away from the injury site, it is

possible that the sensors were monitoring different responses from

Table 2. Pearson Correlation Coefficients

Relationship between NIRS and IP measures

Measure Measure
Pearson correlation

coefficient P-value

NIRS O2Hb IP PO2 0.736 p < 0.0001
NIRS Hbdiff IP PO2 0.717 p < 0.0001
NIRS TOI IP PO2 0.613 p < 0.0001
NIRS THb IP SCBF 0.492 p < 0.001

Relationship between NIRS and MAP measures

Measure Measure
Pearson Correlation

Coefficient P-value

NIRS O2Hb MAP 0.715 p < 0.0001
NIRS Hbdiff MAP 0.653 p < 0.001
NIRS TOI MAP 0.434 p < 0.05
NIRS THb MAP 0.718 p < 0.0001

Based on the correlation coefficients and p-values, the correlation
relationships of the NIRS measures with each of IP and MAP are
statistically significant.

Hbdiff, oxygenated-deoxygenated hemoglobin difference; IP, intrapar-
enchymal; MAP, mean arterial blood pressure; NIRS, near-infrared
spectroscopy; O2Hb, oxygenated hemoglobin; PO2, partial pressure of
oxygen; SCBF, spinal cord blood flow; THb, total hemoglobin; TOI, tissue
oxygenation index.

FIG. 6. Bland-Altman plots comparing NIRS (A) O2Hb and (B) Hbdiff to IP PO2. The differences between the NIRS and IP mea-
surements are plotted against the averages of the two measurements. The dotted horizontal black line represents the mean differences
between the two methods. The dotted horizontal red line represents the upper and lower 95% limits of agreement (mean difference
–1.96 · SD). IP, intraparenchymal; NIRS, near-infrared spectroscopy; SD, standard deviation. Color image is available online.
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either side of the injured spinal cord tissue. Despite the different

locations, previous studies have reported similar changes in SCBF

rostral and caudal to the site of injury in both a rat and rhesus

monkey model of SCI, which should be expected given the seg-

mental blood supply to the spinal cord.56,57 In addition, placement

of the NIRS and IP sensors 3.5 cm away from the epicenter of injury

likely resulted in measurements from relatively normal spinal cord

tissue,33 and may not be representative of measurements from the

injured spinal cord tissue. However, due to the experimental setup

for injury and positioning of the impactor, the NIRS sensor was

already placed as close to the site of injury as possible, to provide

both pre- and post-SCI measurements without disruption of the

sensor-dura interface during the actual impact.

We also recognize the limited range of 20 mm Hg for MAP

alterations may not fully represent clinical reality, as some patients

experience changes in MAP beyond this range.47 However, be-

cause this was a 7-day survival study, we did not want to risk

inducing a high range of MAP alterations, and therefore studying

the relationship between MAP and NIRS parameters will require

further studies. Further, there are occasions where changes in NIRS

O2Hb, Hbdiff, TOI, and THb do not follow the exact changes in

MAP. A low Pearson correlation coefficient is observed between

the NIRS TOI and MAP measures, suggesting that there are times

when the MAP is altered, but the tissue oxygenation remains un-

changed. This highlights the importance of being able to know what

is happening inside the spinal cord, and not solely inferring phys-

iological responses based on the MAP.

Although the NIRS sensor is able to provide high-frequency

data, the NIRS measures are sensitive to movements in the awake

animal. On Day 3, monitoring awake and mobile animals resulted

in several movement artifacts in both the NIRS and IP measures,

although such movements did not change the overall oxygenation

and hemodynamic measures. By removing movement artifacts,

we are able to mitigate the effects of movement from the NIRS

data. The addition of an automatic movement artifact removal filter

into the NIRS software algorithm will improve the clinical NIRS

system.

This is the first report of maintenance of a fully functioning

NIRS sensor directly applied on the dura of the spinal cord for

7 days post-injury. Before advancing to clinical trials, it will be

critical to fully investigate the safety of the NIRS sensor, and to

establish the potential for the NIR light firing from the sensor

to generate heat, or the sensor itself to exert any adverse physical

pressure onto the spinal cord. These potential issues will need to

be addressed in in vitro and in vivo studies, as well as through

histological examination of the spinal cord tissue at the monitoring

site. The NIRS sensor, controller unit, and software will also need

further technical refinement before the system is introduced into

clinical trials. This will ensure that a safe, biocompatible, and

miniaturized device with the smallest possible footprint can be

secured on the surface of the dura and be maintained in place for

several days of monitoring, followed by easy and safe removal from

the patient at the end of the monitoring period.

Overall, this study demonstrates the feasibility of a novel NIRS

approach for monitoring changes in spinal cord tissue oxygenation

and hemodynamics in a large-animal model for 7 days post-injury.

We demonstrated that, during the acute injury period, the NIRS

system can detect physiological changes that are strongly associ-

ated with changes detected by IP monitoring probes and changes in

MAP. Our novel NIRS sensor could ultimately provide clinicians

with real-time information about spinal cord physiology, thereby

enabling an individualized approach to hemodynamic manage-

ment. We aim to translate this NIRS system into clinical practice to

help clinicians optimize the hemodynamic management of patients

with acute SCI and improve the chances of neurological recovery

following injury.
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