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Whole body measurements using near-infrared
spectroscopy in a rat spinal cord contusion
injury model

*, Seth Herr?, Ho-Ching (Shawn) Yang

1
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Riyi Shi ©*2, Yunjie Tong

'Weldon School of Biomedical Engineering, Purdue University, West Lafayette, Indiana, USA, *Center for
Paralysis Research and Department of Basic Medical Sciences, College of Veterinary Medicine, Purdue
University, West Lafayette, Indiana, USA

Background: Spinal cord injuries cause great damage to the central nervous system as well as the peripheral
vasculature. While treatments for spinal cord injury typically focus on the spine itself, improvements in the
function of the peripheral vasculature after spinal cord injury have shown to improve overall neurological
recovery.

Objective: This study focused on the use of near-infrared spectroscopy (NIRS) as a mode to monitor cerebral
and peripheral vascular condition non-invasively during the recovery process.

Design: Animal research study.

Methods: Rats underwent spinal contusion or sham injury and relative concentrations of de-/oxyhemoglobin
(A[HbQO]/A[Hb]) over time were measured over the cerebral, spinal, and pedal regions via NIRS.
Correlational relationships across the body were determined. Rats received 1 NIRS measurement before
injury and 3 after injury: 4, 7, and 14 days post.

Results: Correlational relationships between signals across the body, between animals with and without spinal
cord injury, indicate that NIRS was able to detect patterns of vascular change in the spine and the periphery
occurring secondary to spinal cord injury and evolving during subsequent recovery. Additionally, NIRS
determined an overall correlational decrease within the central nervous system, between spinal and cerebral
measurements.

Conclusion: NIRS was able to closely reflect physiologic changes in the rat during recovery, demonstrating a
promising method to monitor whole body hemodynamics after spinal cord injury.

Keywords: Near infrared spectroscopy, spinal cord injury, blood flow, peripheral

Introduction 0

. .. . . 1—
Spinal cord injuries (SCI) can cause lifelong debilita- and contmgous .chnlcal complications. Apa'rt
tion and loss of nerve function.? Paralysis and from paralysis, patients often suffer from neuropathic

other complications stem from the initial impact to pain, bowl and bladder disfunction, obesity (lack of

the cord (primary injury), but persistent complications ;novime.nt), and are at 51(g1n1flcantl?/ hlghe; risk 2f(l)f
also arise from secondary injury, where chemical and Feve;plng 3 neuro egﬁneratlye | 1seas;f:l. )

cellular cascades lead to neuronal cell dysfunction urthermore, gmage .to the  spinal  sympat .etlc
and death long after injury. Specifically, inflammation, nervous system disrupts its control over caudal periph-

excitotoxicity, ischemia, hypoxia, and reactive alde- eral vasculature as well, causing a variety of vascular
hydes are all known to contribute to this cell death irregularities such as chronic hypotension, decreased
vessel diameter and blood flow, increased vascular
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resistance and shear stress, and hypersensitivity to
vasoconstrictive agents.'>!” Together these changes
can cause endothelial damage and acute bouts of
blood pressure dysregulation and hypotension,
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increasing the risk for cardiovascular disease and
impairing recovery.'®

The key to providing treatment able to influence sec-
ondary injury is consistent, reliable monitoring during
the secondary phase to assess patient condition.
Specifically, monitoring of a patient’s vascular health
and function has allowed for the intervention of tar-
geted treatments that have shown to reduce the risk of
permanent damage. Following initial surgical interven-
tions such as spinal cord decompression to reduce
pressure generated by hemorrhage in the spinal cord,
restoration and strict maintenance of the patient’s
hemodynamics, i.e. blood flow and mean arterial
pressure, especially to the site of injury and below,
have been shown to significantly improve the outcome
of a patient’s neurological recovery.'” ' Therefore, a
reliable, noninvasive monitoring system will allow phys-
icians to continuously assess vascular condition and
determine if further surgical intervention or treatment
is warranted for ensuring cord pressure relief and ade-
quate blood flow.”

Near infrared spectroscopy (NIRS) is a diffuse
optical imaging tool used for measuring the relative
concentrations of oxyhemoglobin (A[HbO]) and deoxy-
hemoglobin (A[Hb]). Though blood flow is believed to
be the predominant contributing factor in the NIRS
signal, with increases of flow corresponding to an
increase in A[HbO] and decrease in A[Hb], changes in
blood volume and metabolic rate impact the signal as
well, altogether reflecting complex hemodynamic
changes. NIRS is a low cost, portable optical technol-
ogy easily adaptable to record real-time physiologic
changes from many locations over the body at once
with high temporal resolution. While the system can
act invasively, it also works noninvasively, allowing
for examinations over long periods of time.
Additionally, the system is easily set up and operated,
making it ideal for quick and accurate measurements.
Together, NIRS is a promising technique for assessing
hemodynamic changes in SCI models.

NIRS was first used by Macnab et al. to monitor
spinal cord hemodynamics in an animal model.”’
Subsequently, NIRS has been used in both animals
and humans, primarily as a real-time indicator of ische-
mia and hypoxia.?*?® Blood flow changes, i.e. ische-
mia/hypoxia, precede neurological damage, therefore
NIRS can act as a warning to determine when or if
counter actions are needed before permanent damage
sets in. Similarly, some clinical trials have used NIRS
measurements on the spinal cord and surrounding mus-
culature to notify of possible ischemia during major
surgeries requiring artery ligation.”® ** Recently, using
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spinal contusion models, NIRS was successfully used
as a monitoring system both invasively and noninva-
sively to detect induced acute alterations of mean arter-
ial pressure post-SCL*>3® While research to date is
limited, NIRS has shown great promise as a method
for hemodynamic assessment, and hence, potentially
offers a means for reducing or even preventing paralysis
due to ‘secondary injury’ following SCI. However, these
studies limit NIRS to the period of treatment appli-
cation and focus solely on the spinal cord or directly
affected tissues.

For the best use of noninvasive NIRS as a diagnos-
tic/preventative tool, signals in the whole body should
be considered. For this reason, we focused on spon-
taneous low  frequency oscillations  (sLFOs,
0.01~0.1 Hz) found in the NIRS signal. These sLFOs
represent systemic hemodynamic fluctuations in the
body, which are related to vasomotion that helps
move the blood in the arteries. It is known that in the
resting state, sFLOs in NIRS signals are widely
observed throughout the body, including the brain
and periphery. They are highly correlated, especially
between symmetric sites of the body, i.e. left and right
brain, peripheries.’” Therefore, we hypothesize that
damage to the spinal vasculature and nervous system
from SCI and the subsequent decrease of vascular
control will disrupt these sLFOs, decreasing signal
correlation.

The purpose of this study was to understand the
hemodynamic changes and their correlations from mul-
tiple locations, including the spine, the brain, and per-
iphery before and after SCI. Focus was placed on
whole body signals to determine how hemodynamics
are affected by SCI (1) at the central (i.e. brain, spine)
and the peripheral sites, and (2) from above and
below the injury. Because NIRS is a non-invasive tech-
nology, we can examine the long-term effects on hemo-
dynamics during the recovery process though the
secondary phase of SCI and their relationship to vascu-
lar health.

Materials and methods
Protocol
Approval for Animal Study (Protocol# 1111000095)
The study was conducted with 8 male Sprague
Dawley rats: 4 rats in the SCI group and 4 rats in the
sham group. One sham rat was excluded as it did not
survive anesthesia. Spinal cord injury was achieved
through a moderate contusion model using a NYU
weight drop impactor, set at 25 mm drop height.
Anesthesia was first administered intraperitoneally
(IP) with a dosage of 80 mg/kg of ketamine and
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Figure 1

10 mg/kg of xylazine. Sham rats received the laminect-
omy, but the cord was left uninjured. After injury, rats
were sutured and carefully monitored for weight,
bladder control, pain, and typical recovery.

NIRS data collection occurred 2 days prior to
surgery and 4, 7, and 14, days post-operation (Fig. 1).
The same anesthesia protocol was used during scans.
Prior to scanning, hair on the head and back was
removed to improve signal quality. Each scan lasted
about 5 min. All animals were euthanized by CO2 gas
after study completion.

NIRS data acquisition
The CW NIRS system (NIRScoutXP NIRx
Medizintechnik GmbH; Berlin, Germany) was used

Days
14

Experimental Protocol. Scans 2 days prior to SCI and 4, 7, and 14 days post SCI. Scan length: ~5 min.

to measure relative AJHbO] and A[Hb]. This system
uses laser sources, each combining two wavelengths
(785 and 830 nm). A series of probe holders were built
for NIRS measurement (Fig. 2a). Rats were first
secured in a stereotaxic device to keep the head level.
An accompanying attachment was created to fit into
the device and affix NIRS probes on the rat’s head
(Fig. 2b), including three NIRS channels (one source
and three detectors), left and right hemisphere probe
source-detector distance 1.3 cm and median probe
source-detector distance 2 cm.

Additionally, a stiff cloth vest with an adjustable
Velcro strap was sewn with holes cut out to hold
NIRS probes with a set inter-probe distance, allowing
for consistent probe placement over the spinal region

A gy |
amep | |

120 240 80
Time{sec)

Figure 2 Experimental Configuration and Data Processing. (a) Anesthetized rat in NIRS setup, with head secured by a stereotaxic
device (b) Head Device: 1 source, 3 detectors (c) Spinal Vest: 3 sources (red dots), 3 detectors (d) 3D Printed Foot Clamp: 1 source,
1 detector (e) 5 s interval of raw data in (f), heartbeat seen at ~3.5 Hz (f) Full ~7 min raw, unfiltered data (1 channel) (g) Data from (f)

filtered to 0.01-0.1 Hz (1 channel).
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across scans (Fig. 2¢). The vest holds 1 column of three
sources and 1 column of three detectors, each paired
horizontally, creating 3 channels with a source-detector
distance of 3 cm. The vest was wrapped around the rat’s
mid-section and affixed so that the center channel
rested above the affected vertebrae. Peripheral data
(hindlimb and forelimb paws, and tail) were collected
from each foot using 3D printed clasps (one channel
each), holding 1 source and detector each (Fig. 2d).
An additional channel was placed on the tail using a
metal ring around each probe and a strong magnet
underneath the tail. Probes were readjusted until a
good signal quality, i.e. a visible heartbeat could be
seen (Fig. 2 e-g), was reached before scanning.

Data analysis

All NIRS data were processed using the nirsLAB analy-
sis package (v2016.05, NIRx Medical Technologies,
LLC.; Los Angeles, USA) and MATLAB (MATLAB
2018b, The MathWorks Inc., Natick, MA, 2000).%® A
zero-delay band-pass filter (0.01-0.1 Hz, 3rd order)
was applied to examine the low frequency component
of each signal.

Correlation values were determined between each
channel for both AJHbO] and A[Hb]. Tail signals were
universally excluded as the signal quality was consist-
ently poor. Correlation values were grouped into differ-
ent categories: spinal-spinal, cerebral-spinal, feet-feet,
cerebral-feet, spinal-feet, and analyzed over the four
scans with a one-way ANOVA test (P < 0.05) for stat-
istical significance.

(1)

Results

Full body signal

Figure 3 shows an example of the whole body NIRS
measurement (filtered) for a single rat pre-surgery
(healthy). As shown in Fig. 3d-f, the center back
channel (red square) is placed above the injury
location so that there are spinal recordings from
above and below the injury as well. Hindlimb and
forelimb paws and tail signals, defined here as “per-
ipheral signals,” follow the divide of the spinal chan-
nels to have recording from above and below the
injury. Prior to injury, high correlations were found
between the three head channels (r,,, = 0.8514, P <
0.05) as well as among the three back channels

(favg = 0.8599, P < 0.05). Peripheral channels, while
similar, are not as highly correlated (ravg feet =
0.2374, P <0.05, Tayp feet-tait = 0.1314, P < 0.05).

Consistent high correlation values among head chan-
nels were seen across the entire 2-week scanning
period for both SCI and sham rats (See Appendix
Fig. Al).

Spinal correlation

In correlation values between the three spinal chan-
nels, a significant drop (P < 0.05) in A[HbO] corre-
lation values occurs from pre-surgery values to 4-
and 7-days post operation in SCI rats (Table 1), fol-
lowed by a rise at 14 days (Fig. 4a). A[HDb] values
exhibit a similar pattern, but there are no significant
changes. Sham rats showed no significant changes
overall.
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Figure 3 Example filtered NIRS data (1 rat) from before injury. Relative location of injury highlighted with red box in (1) and (2). (1)
NIRS probe design: 9 sources (red circles) and 11 detectors (blue circles), 11 channels corresponding to plotted graphs in 2 (black
lines). (a-c) Three head channels: left, middle, right (d-f) Three back channels: lower, middle, upper. (g-j) Four feet channels: front

left, front right, back left, back right (k) Tail channel.
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Table 1 Correlational values for signal groupings and paired statistical values for SCI/Sham A [HbO].
Average R

A [HbO] Before 4 Days 7 Days 14 Days s F P

SCI Spinal 0.8004 0.3063 0.4211 0.5331 0.3060 5.73 0.005
Cerebro-spinal 0.5382 0.4419 0.2942 0.2459 0.2367 11.62 0.001
Feet-feet 0.2483 0.1615 0.1528 0.3761 0.2653 3.66 0.05
Spinal-feet 0.3498 0.1777 0.2580 0.3037 0.2531 4.08 0.01

Sham Spinal 0.7442 0.5792 0.6607 0.5952 0.2339 0.93 0.5
Cerebro-spinal 0.4914 0.5339 0.4672 0.3577 0.2105 3.45 0.05
Feet-feet 0.3211 0.1223 0.40583 0.2055 0.3043 3.08 0.05
Spinal-feet 0.3986 0.1913 0.3899 0.1873 0.2096 11.49 0.001

Cerebral spinal correlation

Correlation values between the three head channels
and 3 back channels showed a significant drop
(P < 0.05) in both A[HbO] and A[Hb] correlation
values from the before and 4 days post-op to the 7-
and 14-days post-op in SCI rats (Table 1, Table 2)
(Fig. 5a, b). Sham rats showed a reversed pattern
to the back-back SCI correlation, with an increase
in correlation at 4 days, followed by a decrease

with a significant drop in correlation values at 14
days (Fig. 5c, d).

Peripheral correlation

From the peripheral channels, a significant rise is seen
in the A[HbO] correlation values between the four
feet channels at 14 days post-op in SCI rats

(Table 1) (Fig. 6a), (rsci_avebo) = 0.2347, Tscrave
[Hb] = 026927 I‘Sharn;dvg[HbO] = 026367 I‘Sha\mfawg[Hb] =

(a) A[HbO] in SCl rats (b) A[Hb] in SCl rats
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Figure 4 Correlation between three back channels over time. (a) A[HbO] in SClI rats (b) A[Hb] in SClI rats (c) A[HbO] in sham rats (d)

A[Hb] in sham rats.
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Table 2 Correlational values for signal groupings and paired statistical values for SCl/Sham A [Hb].

Average R

A [Hb] Before 4 Days 7 Days 14 Days s F P

SCI Spinal 0.8188 0.7484 0.5889 0.5919 0.2266 3.10 0.05
Cerebro-spinal 0.6069 0.6787 0.4373 0.3639 0.1995 19.28 0.001
Feet-feet 0.3020 0.1082 0.1494 0.2731 0.2848 2.61 0.1
Spinal-feet 0.4365 0.2461 0.2874 0.3241 0.3053 3.44 0.05

Sham Spinal 0.7320 0.7179 0.8474 0.8016 0.1495 1.48 0.001
Cerebro-spinal 0.5818 0.6433 0.5966 0.4231 0.1929 6.65 0.001
Feet-feet 0.3221 0.1492 0.4258 0.1818 0.3007 3.28 0.05
Spinal-feet 0.3236 0.2620 0.4360 0.1863 0.2457 6.64 0.001

0.2855). Correlation values between the four feet chan-
nels and the three back channels showed a drop in
values from before SCI to 4 days post-op in both A
[HbO] and A[Hb] (Table 1, Table 2) (Fig. 7a,b).
Both groups depict a similar pattern to spinal-spinal
correlation values of a correlation drop 4 days after
surgery and SCI followed by a slow recovery. Sham
rats generally saw a decrease in correlation at 4 days,
followed by an increase at 7 days, and eventual
decrease at 14 days. Correlation values between feet

(a) A[HbO] in SCl rats
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and head channels showed little change over time
(Appendix Fig. A2).

Discussion

This study characterized NIRS signals obtained non-
invasively in a rat spinal cord injury model and sham
control animals and examined whole body hemody-
namic correlations over an extended period post-
injury. Clear patterns of correlational decreases in A
[HbO] and A[Hb] signals after injury followed by a

(b) A[Hb] in SCl rats
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Figure 5 Correlation between three back channels and three head channels over time. (a) A[HbO] in SCI rats (b) A[Hb] in SCl rats

(c) A[HbO] in sham rats (d) A[Hb] in sham rats.
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(a) A[HbO] in SCl rats (b) A[Hb] in SCl rats
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Figure 6 Correlation between four feet channels over time. (a) A[HbO] in SCI rats (b) A[Hb] in SCI rats (c) A[HbO] in sham rats (d)

A[Hb] in sham rats.

slow recovery to pre-injury values could be seen when
examining the spinal cord and periphery in SCI rats.
Continued decreases could be seen in cerebral-spinal/
cerebral-feet signals as well. These patterns of change
reflected physiologic changes known to occur in the
vasculature due to SCI, thus supporting the use of
NIRS as a metric for monitoring following SCI, to
guide treatment to minimize ‘secondary injury’ and
potentially optimize recovery.'>3%4

Spinal cord recovery

Correlation coefficients from the spinal signals above,
over, and below the injury were calculated to observe
consistency of spinal hemodynamics. From the unin-
jured spinal cords to 4 days post injury, a significant
decrease can be seen in A[HbO] (Fig. 4a). From 4 to 7
days post the correlation coefficients rise, though
remaining significantly lower than uninjured. At 14
days post SCI, correlation values were non-significantly
different from uninjured values, which may represent
hemodynamic recovery in those rats. Previous studies

showed that SCI causes the destruction of blood
vessels at the injury epicenter, followed by a period of
rapid angiogenesis, with vasculature reaching reforma-
tion through the epicenter after 7 days and reorganiz-
ation and pruning evident at 14 days post SCI, closely
mirroring our results.”*° It is worth noting that in
the sham rats, a laminectomy was still performed,
which certainly would cause vascular trauma. This
could explain the decrease in A[HbO] in both sham
and SCI rats. However, the trend of recovery was
much more obvious in the case of SCI in both A
[HbO] and A[HD], indicating the reliability of NIRS
signals in reflecting the SCI time course.

Impact on cerebral and peripheral signals

Throughout the testing period, cerebral channels
retained high correlation values to one another, but
gradually decreased in correlation to spinal channels.
Consistent high correlation values among the cerebral
channels indicated that the SCI did not have significant
impact on the cerebrovasculature. From a practical
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(a) A[HbO] in SCl rats (b) A[Hb] in SCl rats
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Figure 7 Correlation between four feet channels and 3 back channels over time. (a) A[HbO] in SCI rats (b) A[Hb] in SCI rats (c)

A[HbO] in sham rats (d) A[Hb] in sham rats.

point of view, the un-altered cerebral signal can serve as
a reference to evaluate the changes in the spinal cord
and peripheries before and after the SCI. A significant
correlation decrease (cerebral-spinal) was found in both
A[HbO] and A[Hb] from pre and 4-days post injury to 7-
and 14-days post injury (Fig. 5a, b). A similar pattern
can be seen in cerebral-feet correlation values, though
significant differences were only found in A[Hb] (See
Appendix Fig. A2). Together, these two results might
suggest that even after vasculature regenerates in the
spine and regional hemodynamic recovery is evident,
whole body (long-distance) hemodynamic homeostasis
might take much longer to occur.

Further examination of the peripheral signals showed
that both feet-feet correlation values and feet-spinal cor-
relation values displayed similar patterns to spinal corre-
lations; a drop at 4-days post followed by a slow rise. It is
worth noting that peripheral vascular health has been
proven to decrease in SCI patients in the upper and
lower limbs, with stronger changes dependent on the
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injury location.'>*"*** Acute damage to the nervous
system deregulates muscle control, resulting in persistent
hypotension, while chronic damage due to inactivity and
reduced metabolic demand are known to decrease arter-
ial diameter and blood flow and increase blood velocity,
vascular resistance, and sensitivity to hypertensive
agents.'> ' These changes can induce periods of
unstable blood pressure and increase shear stress,
which can cause endothelial damage in the affected
limbs, which in theory, should decrease peripheral corre-
lation values. However, when comparing front paw to
back paw signals, the same pattern can be seen as in
total feet-feet and spinal correlations (See Appendix
Fig. A3). Altogether, this could indicate that the
primary factor in SCI recovery discernible by NIRS,
when examining the spine and periphery alone, is the res-
toration of spinal function, however when compared to
the cerebrovasculature, influence of permanent damage
can be seen as correlation values failed to recover.
However, average feet-feet correlation values were low



overall, both before and after SCI. This may be due to
design of the probe holder that did not optimize the
light coupling between probes and the tissues.

Advantage of longitudinal monitoring of SCI
The majority of current NIRS studies on the impact of
SCI have limited themselves to monitoring for the
onset of hypoxia and ischemia in order to administer
treatment immediately to prevent neuronal deficits.”>
2 Capitalizing on the ability of NIRS to perform
non-invasive measurements and record from the
entire body simultaneously, it can be used as a long-
term monitoring system for SCI and possibly a
metric for vascular health. Arteries within the lower
limbs have been shown to deteriorate in SCI patients
over time.'>*'*> Both CT and MRI have been used
to image spinal health after injury, but these typically
are not used to assess peripheral recovery.** As com-
pared to these methods, NIRS is a low-cost procedure,
easily adaptable to fit the patient condition, and has
demonstrated promise of detecting injury induced
hemodynamic changes. Few studies have determined
NIRS’ ability to detect acute bouts of fluctuating
mean arterial pressure after SCI already.”>® Its use
could provide real-time monitoring of artery regener-
ation in the spine and peripheral arterial condition
to aide in the prevention vascular damage and
hypoxia.

Limitations and future studies

Though the non-invasive nature of NIRS allows us to
monitor animals for prolonged periods, NIRS is
prone to physiological noise from superficial layers
(e.g. skin, skull). For example, 1 SCI rat experienced
some fluid swelling above the injury epicenter (evident
at 4 days, but decreased at 7 days), which can decrease
the signal quality. Additionally, this study had a small
sample size. However, clear correlational patterns
were still observed in SCI rats and differed from sham
rats. These patterns were seen both centrally and in
the periphery, however future experiments will
improve upon the peripheral probe holder design to
reduce signal noise, increase the average correlation
values overall, increase sample size, and include the
tail channel.

NIRS provides an overall measurement of an individ-
ual’s hemodynamics through the relative concentrations
of de/oxyhemoglobin and oxygen saturation. Clear
patterns were seen in the results, however the combi-
nation of diffuse correlation spectroscopy (DCS) with
NIRS is worth investigating as validation of our
results due to its ability to monitor microvascular
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cerebral and muscular blood flow precisely and
oxygen consumption.***+

Conclusion

This study demonstrated the use of NIRS to monitor
cerebral, spinal, and peripheral hemodynamics and
their correlation in rats before and after SCI as a
method to assess vascular health. With its noninvasive
nature and adaptability, NIRS is an ideal monitoring
system for SCI and has shown to offer valuable hemo-
dynamic information on vascular recovery in localized
regions and the body as a whole. Future studies can
combine NIRS with DCS to investigate microvascular
blood flow and oxygen consumption of rats under SCI.
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