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Abstract

Optimal surgical management of spine trauma will restore blood flow to the ischemic
spinal cord. However, spine stabilization may also further exacerbate injury by inducing
ischemia. Current electrophysiological technology is not capable of detecting acute
changes in spinal cord blood flow or localizing ischemia. Furthermore, alerts are delayed
and unreliable. We developed an epidural optical device capable of directly measuring and
immediately detecting changes in spinal cord blood flow using diffuse correlation
spectroscopy (DCS). Herein we test the hypothesis that our device can continuously
monitor blood flow during spine distraction. Additionally, we demonstrate the ability of
our device to monitor multiple sites along the spinal cord and axially resolve changes in

spinal cord blood flow.

DCS-measured blood flow in the spinal cord was monitored at up to three spatial locations
(cranial to, at, and caudal to the distraction site) during surgical distraction in a sheep
model. Distraction was halted at 50% of baseline blood flow at the distraction site. We
were able to monitor blood flow with DCS in multiple regions of the spinal cord
simultaneously at ~1 Hz. The distraction site had a greater decrement in flow than sites

caudal to the injury (median -40 vs. -9%,).

This pilot study demonstrated high temporal resolution and the capacity to axially resolve
changes in spinal cord blood flow at and remote from the site of distraction. These early
results suggest that this technology may assist in the surgical management of spine trauma

and in corrective surgery of the spine.
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Introduction

Spinal cord blood flow and regulation is impaired after traumatic spinal cord injury* and
low spinal cord perfusion pressure predicts poor outcome.” Hypotension, hypoxia,
vasospasm, inflammation, edema, and hemorrhage all propagate spinal ischemia after
injury.? From the limited information available from animal research, it is thought that
decompression and stabilization after injury may significantly improve spinal cord
hemodynamics.”> Conversely, it is also possible that stabilization and decompression for
trauma may worsen spinal cord blood flow, as spinal cord ischemia complicates even

elective spine surgery.e'8

Distraction-related neurologic injury is thought to occur from (1) vascular compromise
from stretching leading to ischemia;*>® and (2) direct traction disrupting the spinal cord
tracts.’® A study of animal models suggests that vascular compromise temporally precedes
direct injury; therefore, the ability to monitor blood flow during distraction may enable

earlier intervention before the onset of a traction injury.* 1!

With continuous evoked potential monitoring, the neurologic function of the spinal cord
can be assessed during surgical correction and has become the standard of care in
performing spine surgery.12 Somatosensory-evoked potentials and motor-evoked
potentials (MEPs) monitor the integrity of the posterior spinal sensory pathways and the
anterior and lateral spinal motor tracts, respectively. However, signals are often delayed
relative to the inciting event, limiting the efficacy of any intervention to preserve function.
Delays of 7 to 19 minutes in the response of somatosensory-evoked potentials and 11 to
17 minutes in the response of MEPs have been reported after the onset of purely ischemic

13,14

interventions. Evoked potential monitoring may also be influenced by other factors

15,16 A 2012 evidence-based clinical

including anesthesia, temperature, and limb perfusion.
guideline found that only 16% to 40% of patients with substantial electrophysiologic
changes intraoperatively had postoperative-onset paraparesis, paraplegia, or
quadriplegia.’” Nevertheless, although this method is flawed, no clinically viable technique
currently exists to directly evaluate spinal cord perfusion and enable surgeons to preserve

function.



Downloaded by Univ Of Pennsylvania from www.liebertpub.com at 06/17/20. For personal use only.

Page 7 of 33

Journal of Neurotrauma
Multi-Site Optical Monitoring of Spinal Cord Ischemia During Spine Distraction (DOI: 10.1089/neu.2020.7012)

This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

7
As ischemia, secondary to stretching and vasospasm of the vasculature appears to precede

any mechanical axonal disruption of the cord, a monitor designed to monitor blood would
seem to offer the earliest alert of impending injury. The most frequently used technology

is laser Doppler flowmetry (LDF),**°

which measures flow in a very limited tissue volume,
0.3-0.5 mm?>, in close proximity to the probe tip and at single spinal level (spatial position).
Unless the LDF probe is placed to penetrate the spinal cord, it can only measure superficial
tissue. Additionally, positioning of the rigid probe is troublesome, the probes are prone to
movement and fracture, and they cannot be left in place for an extended period of time.
Use of laser speckle contrast imaging (LSCI) to measure spinal cord perfusion has been
reported.’ However, like LDF, this technique is sensitive only to superficial blood flow and
therefore typical implementations of technique using a camera require exposure of the
measured regions of the spinal cord to the illumination and detection optics, i.e., a large

laminectomy. Additionally, blood on the dural surface can interfere with this

measurement.

Near-infrared (NIR, ~650-950nm) light is highly scattered, but minimally absorbed, in most
tissues.”’ Thus, NIR photons travel for long distances in tissue, permitting NIR light to
measure ‘deep’ tissues (>1cm below the illuminated surface) with multiply scattered light.
Diffuse correlation spectroscopy (DCS) is a recently developed optical monitoring
technique that uses long coherence-length NIR lasers to illuminate tissue and detect
fluctuations in the interference pattern of light that has propagated through tissue.?> 2
DCS has rigorous mathematical underpinnings®® and has been validated as a way to

2428 including in the ischemic ovine spinal cord,?® *° which is

measure blood perfusion,
similar in size and physiology to the human spinal cord.** Briefly, DCS relies upon the
temporal fluctuations in the intensity of a single light speckle or spatial mode provide
insight into the motion of blood cells. These fluctuations are readily quantified by the
intensity temporal autocorrelation function of transmitted light. The resultant data may be

fit to a photon diffusion (correlation diffusion) model to determine a blood flow index

(BFI).

The novel technology that we apply in this pilot study does not require laminectomy,

preserving the interaction of the lamina/ligaments upon spinal cord blood flow.
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Measurements also reflect interrogation of the entire depth of the cord without injuring
the cord. Data can be obtained continuously and we can monitor multiple injured and non-

injured sites simultaneously.

Materials and Methods

All animal studies were approved by the Institutional Animal Care and Use Committee of
Stony Brook University under protocol 404982-2, originally approved 2012. The
experimental facilities are certified by the American Association for the Accreditation of

Laboratory Animal Care.

Experimental Overview

We utilized a thin, highly flexible fiber optic probe employing Diffuse Correlation
Spectroscopy (DCS) to test the ability of the device to measure spinal cord blood flow at
the site of gradually increasing spinal distraction. Distraction was halted when the blood
flow reached 50% of baseline. Additionally, in a subset of animals, we monitored blood
flow cranial or both cranial and caudal to the site of distraction to test the ability of the
device to detect regional changes in blood flow, i.e., axially resolving the location of
ischemia along the spine. Finally, in another subset of animals, we successfully utilized
motor evoked potential (MEP) monitoring during spinal cord distraction. Animals were
recovered overnight. On the morning after surgery, animals underwent a neurobehavioral
assessment, were euthanized, and immediately thereafter spinal cords were harvested for

histopathological analysis.

The Sheep Model and Sample Size Justification

Experiments were performed in a Dorsett sheep model. The sheep spine is similar in size
and physiologic properties to that of humans.> The sheep model has been used
extensively for research using similar devices, such as cerebrospinal catheters, spinal
stimulators, epidural catheters, and both endovascular and open vascular aortic

interventions.?%°

Ten healthy male and female Dorset sheep 2 to 3 years old weighing approximately 65 kg
were used for the study. Our a priori sample size calculation suggested that eight sheep

would be necessary to identify a difference in blood flow at the site of distraction of 50%
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(power of 0.8; significance 0.05), assuming a 25% standard deviation. A priori samples sizes

were not calculated based upon secondary neurobehavioral or neurohistopathological
outcomes. Animals were housed in individual, adjacent stalls permitting interaction as well
as monitoring of individual water and food consumption, per local veterinary policy.

Surgeries began at 8:00 am local time.

Surgical Procedures

Animals were pre-treated with glycopyrrolate (0.02 mg/kg, intramuscular) in their pens
before transport to the surgical suite. Anesthesia was induced with ketamine (10-20
mg/kg intramuscular). After this step, an intravenous catheter was placed to permit use of
intravenous agents and to deepen the anesthetic for intubation. Femoral artery and
central jugular intravenous cannula were placed after anesthetic induction to continuously
measure the mean arterial pressure (MAP) and provide intravenous infusions of
anesthesia. Animals were maintained on isoflurane 2.0% to 3.5% during surgical exposure,

supplemented with fentanyl (5-10 pg/kg/hr) and rocuronium (0.3-1.25 mg/kg).

After the spine was exposed, isoflurane was discontinued, rocuronium was reversed with
neostigmine (0.7 mg/kg). During spine distraction an appropriate plane of anesthesia was
maintained with a propofol infusion (100-30,000 pg/kg/min intravenously) supplemented
with fentanyl (5-10 pg/kg intravenously) and ketamine as-needed boluses (1-5 mg/kg

intravenously) in response to any movement.

Prior to surgery, animals were positioned prone on a radiolucent midline chest support
device on a fluoroscopy table, then covered and warmed with a Bair Hugger (3M,
Maplewood, MN, USA) forced-air heating blanket with a portal for surgical access.
Temperature was monitored via a rectal thermistor. After fluoroscopic identification of the
appropriate spine level, a midline incision was made down to the spinous processes.
Electrocautery was used for subperiosteal dissection to the tips of the transverse
processes. Pedicle start points were identified using anatomic landmarks and confirmed
using fluoroscopy. A burr was used to make a pilot hole, and a pedicle awl was used to
create a tract down the pedicle into the vertebral body. A ball-tipped probe was used to

palpate the tract and confirm the position was acceptable. The tract was tapped and an
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10
appropriately sized stainless-steel poly-axial pedicle screw (K2M, Leesburg, VA, USA) was

placed. Screws were placed bilaterally in sequential vertebrae between the T9 and L1
levels. A 5.5-mm stainless steel rod was placed in the head of the pedicle screw. Proximal
endcaps were fully tightened and distal endcaps were loosely applied, permitting motion

along the rod during the distraction maneuver.

After placement of instrumentation, a laminotomy was created at least three levels caudal
to the instrumented level; this separation distance minimizes artifacts associated with the
laminotomy. DCS fiber optic probes were placed through this laminotomy into the epidural
space and advanced under fluoroscopic imaging at the level of distraction (Sheep 1, 2),
additionally at two levels cranial to the distraction site (Sheep 3 to 10), and one or two
levels caudal to the site of distraction (Sheep 4, 9, 10). Specifics of probe placement for

each sheep are described below.

DCS flow was continuously monitored (described below) throughout distraction, which
was performed in intervals of 2 mm by placing ratcheting distractors bilaterally between
the pedicle screws. After each distraction step, screw endcaps were tightened to maintain
distraction, and the animal was monitored for 2 minutes. When measured, bilateral MEPs
were acquired at the end of each 2-minute interval. A Vernier caliper was used to confirm
the length of distraction by measuring the distance between the pedicle screws bilaterally.
Distraction was terminated when either a 50% fall in blood flow was measured with DCS
(that is, ABF = -50%) or when the maximum range of the ratchetting distractor was
reached. After completion of the monitoring protocol, the distraction was released to
allow the spine to relax. The hardware was removed and the wound was closed,;
monitoring continued throughout this period. Postoperative pain was managed with
buprenorphine 0.05 mg/kg to 0.01 mg/kg every 8 hours, and a fentanyl patch (2-3
ug/kg/hr) was sutured subdermally at the conclusion of surgery. This was supplemented
with carprofen 2 mg/kg to 4 mg/kg subcutaneously and morphine sulfate 0.1-0.2 mg/kg

every 6 hours as needed.
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Monitoring

MEP monitoring was conducted using a Nihon Koden Neuropack MEB-9400 S1 (Nihon
Kohden America, Irvine, CA, USA). Disposable subdermal needle electrodes were placed
according to the International 10-20 system. The motor stimulus electrodes were placed a
few centimeters behind the Cz plane at C3' to C4’. The motor recording electrodes were
placed in semi-membranous tissues or the gastrocnemius muscles in the lower extremities
and in the flexor carpi ulnaris for the upper limbs. The paradigm of motor cortex
transcranial stimulation used a train of five pulses with a duration of 0.05 ms, an inter-
stimulus interval of 2 ms, and a voltage adjusted between 100 and 500 volts to produce a

compound muscle action potential > 50 pV.

The optical probes used in this study consisted of a flexible sheath 0.9 mm in diameter
enclosing a pair of single-mode detector fibers and a source fiber (Fiberoptic Systems Inc,
Simi CA, Fig. 1). The tip of each fiber was polished at a 45° angle to direct the light
perpendicular to the axis of the probe. The detector fiber tips were positioned 2 cm axially
from the source fiber tip and provide redundancy at each probe location. Up to three of

these probes were inserted through a single laminotomy.

DCS was monitored continuously throughout distraction and recovery. BFI values were
derived from DCS data fit to a semi-infinite photon diffusion model using a field-
programmable gate-array analysis device at 0.5 Hz to 2 Hz, depending on the integration
time necessary to achieve an acceptable signal-to-noise ratio.*® The BFI was normalized to
the pre-intervention baseline (after installation of surgical hardware), producing a change
in the relative BFI (ABF = [BFI/ BFlp-1]*100) that was displayed in real time. After reaching
ABF =-50% or the maximum range of the ratchetting distractor, DCS was monitored
continuously for 10 minutes; if performed, MEP were measured every 2 minutes. In post-
processing, the difference in the nadir of blood flow at injured and non-injured locations

was assessed with Wilcoxon’s rank sum test.
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Assessment of Neurological Deficits

We assessed the functional deficit created by spinal distraction using a modified Tarlov

37,38

scale 24 hours postoperatively. Focusing on the hindlimb, this scale ranges from 0 (no

voluntary movement) to 6 (normal movement):

Tarlov 0: No voluntary movement

Tarlov 1: Barely perceptible movement

Tarlov 2: Brisk movement, but no weight sport or coordination
Tarlov 3: Alternate stepping and movement

Tarlov 4: Weight support

Tarlov 5: Ambulation with mild deficit

Tarlov 6: Normal movement.

Histology

Immediately after the functional assessment, animals were euthanized, and the spinal
cord was harvested for histopathological analysis. Sections of spinal cord (2 cm) were
excised at the site of distraction and at the caudal- and cranial-to-injury DCS monitoring
sites. These sections were fixed in 10% formalin before being embedded in paraffin.
Subsequently, six cross-sections, 5-um thick, were recovered from each spinal cord
section. To assess an acute axonal injury in the spinal cord, we used beta amyloid
precursor protein (B-APP) immunohistochemistry. B-APP is a membrane protein
synthesized in the cell body of neurons and transported to the synapses by fast
anterograde axoplasm transport.>® Acute axon injury impedes axonal transport, leading to
local accumulation of B-APP and axonal spheroid formation at the proximal stump at the
site of the injury.*® B-APP immunostaining enables the detection of axonal injury within
hours of the injury,*! although B-APP expression alone does not differentiate axonal injury

from mechanic force, hypoxia, or other causes.*?

For B-APP detection, immunohistochemistry of B-APP (Millipore, Catalog MAB348, Clone:

22C11; Dilution 1:20000) was performed on 5-um-thick paraffin sections in a Clinical
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Laboratory Improvement Amendment (CLIA) approved laboratory on a Leica Bond-lll

automated immunostainer using Fast Red chromogens from Bond Polymer Refine
Detection kits (Leica Microsystems, Buffalo Grove, IL, USA, DS9390) as red secondary stains
to detect signals. Adjacent sections stained with hematoxylin and eosin were examined for

comparison with the immunohistochemistry slides.

The B-APP immunohistochemistry slides were interpreted by a board-certified
neuropathologist (CC), who was blinded to the site of distraction, changes in blood flow,
and the animals’ postoperative Tarlov scales. The extent of axonal injury was quantified
under a light microscope as an B-APP score. The B-APP score was determined by manually
counting the number of B-APP-positive axonal spheroids with diameter >10um in a 40x
high-powered field (HPF), in the region of the highest spheroid density (Fig. 2). Spinal cord
injury was considered none (0 spheroids/HPF), mild (1-9 spheroids/HPF), moderate (10-50
spheroids/HPF), and severe (>50 spheroids/HPF, or the presence of cavitary lesion,
hemorrhage or confluent B-APP staining). For each animal, 3-5 sections of spinal cord at,
above or below the level of the site of injury were examined in a blind fashion. The

resulting B-APP score was compared with the score for other experimental metrics.

Primary and Secondary Measurements

In this pilot study, our primary goal was to test the ability of DCS to monitor blood flow
continuously at the site of gradually increasing distraction, comparing these continuous
measurements to baseline (pre-distraction) measurements. Additionally, we compared
changes in blood flow at the distraction site to changes in blood flow in cranial and caudal
sites. We also compared reductions in blood flow at the site of distraction to the
occurrence of axonal injury by comparing B-APP scores from histological samples at,
cranial to, and caudal to the distraction point. Finally, we compared time courses of

changes in spinal cord blood flow at the site of injury with changes in MEP amplitudes.

Results
Table 1 summarizes the maximum distraction distances and minimum blood flow at each
probe position (measurements from the same probe were averaged together). In our

sample of 13 sheep, three were excluded from the analysis because of surgical
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complications leading to breakage of the optical probe (one animal) and inability to

reliably radiographically visualize the probe location relative to the site of distraction (two
animals). One sheep died while recovering from anesthesia (Sheep 1); this sheep was not

included in the neurobehavioral or histopathological assessment.

DCS blood flow index (BFI) was continuously monitored at the distraction site in 10 sheep;
and was significantly lower than baseline in the ten minutes after maximal distraction (pre-
distraction baseline: ABF=0; maximum distraction: median ABF=-40%, interquartile range [-
43, -26]; Fig. 3A). Moreover, in 8 sheep measured at multiple sites, blood flow at the
distraction site was reduced at maximal distraction compared to sites cranial to the injury
(ABF =-7%; [-12, 13]; p < 0.001). The caudal site was not significantly different from the
distraction site (ABF = -7% [-25%, -1%]; p = 0.11). After release, blood flow at the

distraction site recovered to a median ABF of -13% [-31%, -5%].

Fig. 4 shows an example of continuous measurement of blood flow at and cranial to the
distraction site throughout distraction and release in a single sheep. Blood flow cranial to
the distraction site was fairly stable (less than 20% variation) during the distraction
procedure. By contrast, blood flow at the distraction site was depressed during distraction,

recovering to near baseline after release of mechanical traction.

At the site of injury, B-APP score was (median [IQR], higher is worse) 38 [5, 64]; caudal to
the site of injury B-APP score was 15 [4, 34]; cranial to the injury B-APP score was 0 [0, 1].
These data are shown graphically in Fig. 3B; statistical significance between groups was
calculated using the Wilcoxon Rank Sum test. The B-APP score cranial to the site of injury
was lower than the distraction site (trending towards significance, p=0.051) while the

score caudal to the site of injury was not significantly different.

Adequate-quality serial MEP signals could only be obtained in four of 10 sheep, likely
because of the skull’s thickness over the motor cortex. The median [IQR] fractional change
in the MEP amplitude, immediately after achieving ABF = -50%, was -15% [-53%, 11%] (full
range -89% to 34%). Prior to release of distraction in these four sheep, approximately 10
minutes later, the change in MEP amplitude from baseline ranged from -91% to 46%, with

a median of -87%.
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We present the contrasting results of two of those studies in which MEP and DCS data

were acquired. In Fig. 5 and Fig. 6, the time courses of the percentage of change in blood
flow from baseline, distraction distance, and amplitude of evoked potential are shown. In
Fig. 5 changes in MEP amplitude in lagged changes in DCS blood flow during distraction. In
Fig. 6, changes in MEP amplitude more closely followed change in blood flow during

distraction.

Tarlov scores were correlated with B-APP scores (Spearman’s rho, p =-0.76; p = 0.026);
blood flow changes at the injury site and the maximum distraction distance were not

correlated with either the Tarlov score or B-APP score.

Discussion

Ischemia is an important mechanism of injury to the spinal cord during trauma and spine
surgery for the correction of traumatic, congenital, and acquired deformities. Current
intraoperative methods to monitor ischemia have known delays in detection and only
indirectly measure ischemia through changes in electrophysiological signals. There is no
clinical tool that allows for the continuous and direct measurement of spinal cord blood
flow intra-operatively at a single site, much less at multiple sites. This pilot study
demonstrates the ability of a fiber optic device, employing diffuse correlation spectroscopy
(DCS), to measure blood flow continuously at multiple sites throughout spine distraction,

in a large animal model.

Unlike evoked potential monitoring, which reports on the functionality of the entire nerve
pathway, the DCS device allows for the axial localization of changes in blood flow within
the spinal cord. We found that the DCS measured blood flow index decreased most at the
site of distraction (ABF = -40%) compared to cranial to the distraction site (ABF = -7%;
p<0.01). Blood supply to the spinal cord is complex consisting of three longitudinal arteries
descending from the vertebral arteries and multiple segmental medullary arteries entering
along its length. Blood flow cranial to the site of distraction may be less affected by an
injury to the spinal vasculature at the site of distraction. All sites measured had lower
average flow during distraction. It is possible that changes in blood flow extend over

several spinal levels and not just at the distraction site as has been reported in the
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literature. ° It is unclear the exact distance from the site of distraction that this effect is

seen. A future study measuring blood flow at defined intervals from the distraction site will

better characterize this effect.

After release of the distraction, blood flow at the site increased but was still lower than at
baseline (ABF = -13%). We acknowledge that this measurement is susceptible to motion
artifact from abrupt movement of the vertebrae when distraction is released; moreover,
the vertebrae did not always relax to their pre-distraction position. Nevertheless, this
observation suggests that ischemia may persist despite complete removal of the
distraction force. This finding of decreased blood flow at the site of distraction is similar to
the findings of Naito® and Owen® who used a hydrogen wash out technique to assess blood
flow. A larger sample with additional measurement sites along the length of the spinal

cord may be better able to differentiate these factors.

In this small sample, our histologic findings were consistent with localized injury at the site
of distraction (B-APP > 35 in 6 of 9 samples) and disruption of the cranial to caudal vessels;
however, this trend was not statistically significant. The median greatest degree of injury
found on the histopathology and the greatest decrement in blood flow were both at the
site of distraction. Injury may have been limited by our protocol in which distraction was
halted when blood flow decreased to 50% of baseline, suggesting potential studies into the
benefit of blood flow monitoring to guide early intervention and prevention of more
extensive injury. As expected, the maximum B-APP score was correlated with motor
deficits measured with the modified Tarlov scale. Reductions in blood flow alone, as
measured by DCS, were not associated with motor deficits, although this may have been a
function of insufficient sample size. Likewise, with MEP measurements in only four sheep,
we could not statistically correlate DCS with MEP; however, our preliminary findings on
that comparison were intriguing. Ischemia may be the earliest contributor to SCI during a
distraction injury, and its early identification may prevent subsequent physical disruption

of the spinal cord.

Our histologic findings suggest that the MEP changes were not related to physical

disruption of the axons and were therefore related to ischemia. While MEP data was only
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able to be acquired in four animals, our results demonstrated an important temporal

insensitivity in the MEP amplitude relative to blood flow changes as measured with DCS. At
the time point which ABF = -50%, MEP was noted to be decreased by only ~15%. At ten
minutes at this level of distraction, MEP declined by 87%. This is similar to the findings of

Hong,43

who found a delayed spinal cord injury of 10.7 minutes at a mean of 20.9 mm
distraction in a porcine model. Similarly, Lips has shown there is a delayed detection of
motor pathway function after selectively reducing thoracic spine blood flow."® Sarwahi
also demonstrated using Laser Doppler flowmetry that spinal cord blood flow changes
precede MEP loss at a mean of 15.8 minutes.** In that study, blood flow changes were
induced by inflating a balloon in the epidural space. Our study induced blood flow changes
in a more clinically applicable manner by studying spinal cord distraction. Changes in
neurological (motor function) assessed by the Tarlov scale did not correlate with the

change in blood flow or maximum distraction distance under the experimental parameters

applied in these studies.

This study had a number of limitations. Among these are a relatively small population of
sheep and the use of multiple probes to sample spatially separated sites in each sheep. We
believe that although the sample size is small, this preliminary study demonstrates the
ability of DCS to optically monitor spinal cord blood flow in a distraction model. Further
rigorous animal and clinical studies will be needed to prove the real benefit of optical
monitoring of the blood flow during spinal surgery. Previous work by the authors have
shown that blood flow in the sheep spinal cord can reliably be detected using the DCS

probe.?®*

Thickness of the sheep skull limited our ability to obtain MEP data in all
animals. We believe this does not disqualify our results as the measurements that we were
able to obtain data showed reliable electrophysiological signals demonstrating the
temporal relationship between decreased optical flow and decreased MEP amplitude. As
this is a pilot study, future refinements in electrophysiologic technique will allow us to
better study the relationship between blood flow and MEP signal change. The diffuse
optical measurements we made were limited to relative changes in blood flow, which is a

useful biomarker, but an incomplete metric of the adequacy of oxygen delivery to the

tissue. Current intraoperative electrophysiological neuro-monitoring also uses relative
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metrics, e.g., the monitoring alert corresponds to a relative decrease in amplitude from

baseline measurements. We envision optical flow technology to be used in a similar way in
that the relative change of blood flow from baseline measurements will be the clinically
significant parameter. We also did not measure pure linear distraction because we did not
disrupt the anterior and middle columns of the spine. Rather, an acute kyphotic deformity
was created. Theoretically, this would stretch the dorsal sensory tracts more than the
ventral motor tracts of the spinal cord. However, we believe our results are still valid and
can be applied clinically, because pure distraction is a rare event and distraction often

occurs with other deforming forces.

We envisage the initial applications of this novel technology during spinal surgical
procedures where the spinal cord is at risk for ischemia, as a compliment to current
electrophysiological techniques. While DCS systems are currently research tools and are
currently not widely available nor typically designed for extended clinical use, there are
several commercial devices addressing these challenges which have recently entered the
market. The DCS probe can be inserted caudal to the operative levels either with a
laminotomy or a small opening in the ligamentum flavum. In the current study, the spinal
cord probe was easily inserted into the epidural space by creating a small laminotomy and
blood flow signals were obtained in all animals. We have also previously placed these
probes percutaneously. The probes can, like any epidural probe or catheter, occasionally
cause venous bleeding within the epidural space. The probes at times required some
optimization of positioning, through slight advancement, withdrawal, or rotation to
optimize signal. A future probe design will have the ability to monitor multiple levels of the
spinal cord via a single probe, throughout surgical procedures and continuously monitor
blood flow. Any decrease in blood flow will be immediately apparent and allow the
surgeon who can intervene to before neurologic injury ensues. A second application of this
novel technique is to monitor ischemia in the setting of a traumatic spinal cord injury. In
select individuals, the probe can be inserted percutaneously under fluoroscopic guidance,
while in others the probe would be placed at the time of surgical intervention, providing
the clinician with real time information regarding spinal cord perfusion intraoperatively, to

guide stabilization, and perioperatively, to guide efforts at enhancing spinal cord flow.
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Conclusions

In conclusion, in this pilot study we have demonstrated that our epidural fiber optic DCS
device can detect a reduction in blood flow at the site of a distraction and can
continuously and simultaneously monitor multiple sites along the spinal cord. Reduction in
blood flow was found to temporally precede decrease in MEP amplitude and may
therefore be of great value in providing an earlier warning of a potential problem to the

surgeon during spinal surgery.
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Table 1: Summary of probe positions, distraction sites, maximum changes in distraction

(mm), minimum relative blood flow (ABF, %) and B-APP score caudal to, at, and cranial to

the site of distraction. ABF was averaged over the 10 minute period of maximum

distraction. Up to 3 probes were placed with up to two adjacent positions recorded per

probe. Not all sites were measured for each sheep; sites without measurements are

designated by NA; the average is reported for sites with two measurements. Sheep 1

expired during recovery and was not included in histopathological analysis.
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Figure 1

Schematic and photo of the distal tip of the fiber optic probe. Tissue is interrogated
roughly 1/3 + 1/3 of the source-detector separation; thus, the current configuration of the
probe allows for measurement of blood flow throughout most of the spinal cord (cross-

section approximately 1 cm). Det = DCS detector fiber; Src = DCS source fiber.
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Figure 2

Quantitative scoring of spinal cord injury by B-APP immunohistochemical staining. (A, B, C,
D): low magnification (2x) image of complete spinal cord cross section. The boxed area
indicates the region of highest spheroid density. (A’, B’, C’, B’): high magnification (40x)
image from the corresponding boxed area. The B-APP score was generated by counting the
number of spheroids with diameter >10 um (A’ arrows) per 40x HPF in the highest region.
(A, A’): Mild injury. (B, B’): Moderate injury. (C, C’): Severe injury with cavity (*) and

hemorrhage. (D, D’) Severe injury with confluent B-APP staining.
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Figure 3

(A) change in blood flow from baseline and (B) B-APP score caudal to, at, and cranial to the
site of distraction in 10 sheep. The number of measurements at each spatial location
varied and is noted above each group. In three sheep, blood flow was measured caudal to
the site of injury; in eight sheep, blood flow was measured cranial to the site of injury
(three sheep had measurements both cranial and caudal to the distraction site). Neither
the B-APP score nor blood flow was different between the sites caudal to and at the injury
(Wilcoxon’s signed-rank test). However, ABF significantly (p < 0.01) and B-APP nearly
significantly (p = 0.051) differed between the site of injury and locations in the spinal cord
cranial to the injury. Median ABF caudal to site -9 (IQR [-25, -1]), at site -40 [-43, -26], and
cranial to site -7 [-12, 13]. Median B-APP score caudal to site 15 [4, 34], at site 38 [5, 64],
and cranial to site 0 [0, 1]. Sheep 1 was excluded from the B-APP measurements because it
died during extubation. The sample from Sheep 10 cranial to the site of distraction was

damaged and no B-APP score was calculated.
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after release of mechanical distraction (4 mm from baseline position).
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Figure 4

An example of temporal blood flow monitoring at two different locations on the spine
(sheep 3). The green vertical lines denote the start and stop of increasing distraction; the
red vertical line denotes the release of distraction. Distances (12 mm, 25 mm, and 4 mm)
are changes from baseline at mid-distraction, maximal distraction, and after distraction

was released, respectively. The spine did not fully relax into its pre-distraction position
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Figure 5

Temporal changes in relative blood flow (ABF), distraction distance (Ad), and MEP
amplitude (AMEP) in Sheep 4. There was a persistently high (minimum 33% of baseline)
MEP amplitude during distraction, despite declines in blood flow (ABF = 50%) for 20

minutes.
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Figure 6
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Figure 6

Temporal changes in relative blood flow (ABF), distraction distance (Ad), and MEP
amplitude (AMEP) in Sheep 7. In this animal, the MEP amplitude more closely tracked the

blood flow as a function of time.



