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OBJECTIVE Traumatic spinal cord injury (tSCI) causes an almost complete loss of blood flow at the site of injury
(primary injury) as well as significant hypoperfusion in the penumbra of the injury. Hypoperfusion in the penumbra pro-

gresses after injury to the spinal cord and is likely to be a major contributor to progressive cell death of spinal cord tissue
that was initially viable (secondary injury). Neuroprotective treatment strategies seek to limit secondary injury. Clinical
monitoring of the temporal and spatial patterns of blood flow within the contused spinal cord is currently not feasible. The
purpose of the current study was to determine whether ultrafast contrast-enhanced ultrasound (CEUS) Doppler allows
for detection of local hemodynamic changes within an injured rodent spinal cord in real time.

METHODS A novel ultrafast CEUS Doppler technique was developed utilizing a research ultrasound platform combined
with a 15-MHz linear array transducer. Ultrafast plane-wave acquisitions enabled the separation of higher-velocity blood
flow in macrocirculation from low-velocity flow within the microcirculation (tissue perfusion). An FDA-approved contrast
agent (microbubbles) was used for visualization of local blood flow in real time. CEUS Doppler acquisition protocols were

developed to characterize tissue perfusion both during contrast inflow and during the steady-state plateau. A compres-
sion injury of the thoracic spinal cord of adult rats was induced using iris forceps.

RESULTS High-frequency ultrasound enabled visualization of spinal cord vessels such as anterior spinal arteries as
well as central arteries (mean diameter [+ SEM] 145.8 + 10.0 um; 76.2 + 4.5 um, respectively). In the intact spinal cord,
ultrafast CEUS Doppler confirmed higher perfusion of the gray matter compared to white matter. Immediately after
compression injury of the thoracic rodent spinal cord, spinal cord vessels were disrupted in an area of 1.93 + 1.14 mm?2.
Ultrafast CEUS Doppler revealed a topographical map of local tissue hypoperfusion with remarkable spatial resolution.
Critical loss of perfusion, defined as less than 40% perfusion compared to the surrounding spared tissue, was seen

within an area of 2.21 £ 0.6 mm?2.

CONCLUSIONS In our current report, we introduce ultrafast CEUS Doppler for monitoring of spinal vascular structure
and function in real time. Development and clinical implementation of this type of imaging could have a significant impact

on the care of patients with tSCI.

https://thejns.org/doi/abs/10.3171/2018.1.SPINE171202
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phases: the primary injury is characterized by di-
rect mechanical tissue destruction and is followed
by secondary injury of tissue surrounding the injury cen-
ter.® Ischemia is thought to be a major contributor to sec-
ondary injury.?® Traumatic SCI causes an almost complete
loss of blood flow at the injury center and significant hy-

TRAUMATIC spinal cord injury (tSCI) evolves in 2

poperfusion of the penumbral zone with progressive cell
death over time.'%!%2> Significant research efforts are on-
going to develop experimental neuroprotective therapies
targeting this “rescue-able” penumbral zone. In brain
trauma, intensive care interventions aim to continuously
adjust arterial blood pressure and intracranial pressure to
optimize tissue perfusion. This approach has resulted in

ABBREVIATIONS CEUS = contrast-enhanced ultrasound; SCI = spinal cord injury; SEM = standard error of the mean; tSCI = traumatic SCI.
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significant reduction of mortality and morbidity.?**” While
current spine trauma guidelines recommend maintenance
of a mean arterial pressure greater than 85 mm Hg,"” in-
tensive management of local tissue perfusion of the con-
tused spinal cord is currently not feasible due to a lack of
appropriate biomarkers.

Ultrasound imaging holds great promise for intraop-
erative neurosurgical applications.?® Ultrasound equip-
ment is readily available in the operative suite, surgeons
are well versed in its use, it is relatively inexpensive, and it
does not expose patient or surgeon to potentially harmful
radiation. Our group has developed a technique that com-
bines contrast-enhanced ultrasound (CEUS) with ultrafast
plane-wave acquisitions—referred to as ultrafast CEUS
Doppler—and has applied this to in vivo spinal cord imag-
ing.*-38 This technique allows for simultaneous visualiza-
tion of high-velocity blood flow in the macrocirculation,
which transports blood between organs, and low-velocity
flow in the microcirculation, where capillary exchange of
oxygen, electrolytes, and nutrients occurs. This novel tech-
nology has not been previously applied to visualize vascu-
lature in the spinal cord. In the current study, we demon-
strate that ultrafast CEUS Doppler can assess the integrity
of spinal cord blood vessels and map hypoperfused spinal
cord tissue in a rodent tSCI model. This technology has
the potential to serve as a novel preclinical and clinical
biomarker, detailing the hemodynamic changes within the
spinal cord tissue in real time.

Methods

All materials used in the following experiments were
obtained from Sigma-Aldrich unless otherwise noted.

In Vitro Phantom Flow Studies

An infusion pump (Chemyx N3000) was used to pump
distilled water with Definity (Lantheus) microbubbles
through a 2-mm dialysis tube, which was suspended in
an acrylic box filled with water. The Vantage ultrasound
research platform (Verasonics) was used to program sin-
gle-angle plane-wave nonlinear Doppler sequences. A
15-MHz linear array transducer (Vermon) was used and
supported by a mounting arm (FISSO). Acquisitions were
collected for both stationary and flowing microbubbles.
Velocity measurements of flowing microbubbles were val-
idated using spectral Doppler on a commercial ultrasound
system (Epiq, Philips Medical Systems).

Rodent Spinal Cord Injury Model

Surgical procedures were performed according to
approved institutional animal care and use committee
(IACUC) protocol following all appropriate guidelines
from the university’s Animal Welfare Assurance (A3464—
01) as well as the NIH Office of Laboratory Animal Wel-
fare (OLAW). Female Sprague-Dawley rats (n = 5, 250—
300 g at the time of experiment; Harlan Laboratories)
were used. The rats were anesthetized using isoflurane
(5% for induction and 2.5%-3% for maintenance), and the
skin overlying the T2—12 vertebrae was shaved, cleaned,
and disinfected. A longitudinal incision was carried out
overlying the T6—11 area using a no. 10 scalpel blade. Af-
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ter subperiosteal dissection of paraspinal muscles, a lami-
nectomy was performed to expose the spinal cord from T6
to T10. A compression-type lesion was produced using a
calibrated compression method (Graefe Iris forceps with
0.8-mm tip for 30 seconds).22?® The rats received lactated
Ringer’s solution during anesthesia (administered subcu-
taneously; 5 ml for every 2 hours).

Ultrasound Imaging With Contrast Agent and Image
Acquisition

Warm and de-gassed ultrasound gel was applied di-
rectly onto the exposed dorsal surface of the T6-10 spi-
nal cord. For ultrasound imaging, the Vantage ultrasound
research system (Verasonics) was used in combination
with a 15-MHz transducer (Vermon). For each CEUS, a
bolus of 0.15 ml of Definity (Lantheus) ultrasound con-
trast agent was injected intravenously, followed by a 0.2-
ml saline flush. Plane-wave nonlinear contrast-enhanced
sagittal images were acquired over the entirety of the
bolus administration for time-intensity analysis.®® For
each acquisition in our study, video screen captures of
the passage of the microbubble bolus were recorded (ap-
proximately 1 minute). Regions of interests were placed
in the hypoechoic center of the injury, in tissue adjacent
to the injury, and in intact tissue further from the injury
center. The mean intensity of the microbubble signal was
plotted over time to compare bolus kinetics between these
3 regions.

In addition, ultrafast plane-wave acquisitions combined
with nonlinear pulsing sequences were acquired, enabling
assessment of perfusion and larger vascular flow.3-3% A
Doppler sequence of alternating amplitudes was trans-
mitted and then summed, generating a nonlinear Dop-
pler sequence where the stronger nonlinear signals from
microbubbles are preserved and weaker nonlinear echoes
from tissue are suppressed.’” Doppler processing of this
sequence separated low-velocity stationary microbubbles
in the microcirculation from higher-velocity microbubbles
in larger vasculature.’” In the current study we refer to the
low-velocity blood flow in the microcirculation as tissue
perfusion. Acquisitions were obtained before the injury
and 15 minutes after injury in each animal. All spinal
CEUS imaging was done as a nonsurvival procedure (see
below). The Doppler flow images of the larger vasculature
were used to analyze vessel diameter of the anterior spinal
and central arteries. For quantification of vessel diameter,
4 random areas of the anterior spinal and central arter-
ies were selected per animal. The vessel diameter was de-
termined using a calibrated length measurement probe in
Adobe Photoshop CS5.

Perfusion images of each animal were co-registered to
the center of the hypoechoic lesion site. The mean perfu-
sion intensity for each pixel was then calculated from the
co-registered images. The inversion of the mean perfusion
map was used to create a heat map to estimate the overall
extent of injury for the group of rats. The white of the heat
map corresponds to complete lack of microbubble signal
found at the site of injury and labeled as 100% injury,
with yellow and orange corresponding to graded deficits
in microbubble signal relative to peak microbubble signal
outside the zone of injury, labeled as 0% injury. In addi-



tion, the contour of 40% of the peak perfusion signal in
intact spinal cord tissue was used to calculate the area of
primary injury for each rat.

Histology

At the end of the experiment, animals were euthanized
using an overdose of Beuthanesia-D (Schering-Plough
Animal Health). Transcardiac perfusion was performed
using ice-cold phosphate-buffered saline (pH 7.4, approxi-
mately 200 ml) followed by cold 4% paraformaldehyde
(approximately 300 ml). Entire spinal columns were re-
moved, postfixed in 4% paraformaldehyde solution over-
night at 4°C, and treated with 30% sucrose solution with
0.01% sodium azide prior to freezing. Seven-millimeter
segments centered over T6—10 were dissected and fro-
zen, and 20-um-thick longitudinal sections were obtained
using a cryostat (Leica, CM1850), thaw mounted onto
gelatin-coated glass slides, and stored at —80°C. Stand-
ard hematoxylin and eosin staining was performed on
longitudinal sections. Photomicrographs were taken us-
ing a Zeiss Primo Star microscope with a color camera
(Axiocam ERc 5s) attached. Images were processed using
either Adobe Photoshop CS5.1 or Adobe Illustrator CS6.

Statistical Analysis

Continuous variables are shown as means + standard
error of the mean (SEM). Statistical calculations were car-
ried out using SPSS 24 for Mac. Acquired ultrasound data
were analyzed using Ultra-Extend software (Toshiba). The
software generated a perfusion-reperfusion curve (from
baseline to 60 seconds) for each region of interest (ROI)
per acquisition, and calculated the area under the curve
(AUC) directly correlated to spinal cord blood flow.

Results
CEUS-Based Detection of Blood Flow

Ultrafast CEUS Doppler In Vitro Separation of Stationary and
Flowing Microbubbles

The ability of ultrafast CEUS Doppler to distinguish
between microbubbles suspended in stationary and mov-
ing fluid was tested using an in vitro flow phantom system.
This experiment demonstrated that ultrafast CEUS Dop-
pler reliably detects and separates stationary from moving
microbubbles (Fig. 1). Figure 1c confirmed the absence of
moving bubbles in the stationary fluid, and the presence
of flow (Fig. 1d) in moving fluid in a flow phantom. Peak
velocity flow was estimated at 3 cm/sec, with a parabolic
velocity profile (Fig. 1f).

Ultrafast CEUS Doppler In Vivo Detection of Larger Vasculature

CEUS visualization of spinal cord blood vessels was
carried out in the midsagittal plane of the intact rodent
thoracic spinal cord (Fig. 2a and d, Video 1).

VIDEO 1. Recording of contrast inflow of a sagittal section of

the intact thoracic rodent spinal cord. Copyright University of

Washington. Published with permission. Click here to view.
Ultrafast CEUS Doppler revealed the vascular anatomy
of the intact spinal cord with excellent spatial resolution.
Analysis of the anterior spinal artery revealed a mean
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FIG. 1. lllustration of ultrafast CEUS Doppler’s ability to distinguish
between stationary (a, ¢, and e) and flowing (b, d, and g) microbubbles,
as well as estimate the velocity of higher-velocity microbubbles (f).
a: Stationary microbubbles are detected using ultrafast CEUS Dop-
pler. b: Detection of flowing microbubbles. ¢ and e: Doppler filtering
removing the nonlinear Doppler signals from stationary microbubbles.
d: Doppler filtering preserving nonlinear Doppler signals from moving
microbubbles. f: Velocity estimates showing a parabola-like flow profile
having a peak central velocity of 3 cm/sec. Figure is available in color
online only.

diameter of 145.8 + 10.0 wm. Central arteries branching
off the anterior spinal artery were measured as 76.2 + 4.5
um in mean diameter. We also routinely visualized the
posterior spinal arterial network (Fig. 2b and e). Velocity
measurements of vascular flow revealed an average blood
flow velocity of 4—6 cm/sec in larger spinal cord vessels (>
50 um in diameter). A compression injury of the thoracic
spinal cord resulted in a complete disruption of microvas-
culature in the injury center (Fig. 2, Video 2).

VIDEO 2. Recording of contrast inflow of a sagittal section of the

acutely injured thoracic rodent spinal cord. Copyright University of

Washington. Published with permission. Click here to view.
Thus, disruption of microvasculature was measured in an
average area of 1.93 + 1.14 mm? approximately 15 minutes
after injury. Hemorrhage and edema at the injury center
resulted in mass effect onto surrounding spinal cord vas-
culature.

CEUS Estimates Local Tissue Perfusion

Ultrafast CEUS Doppler imaging detected local tissue
perfusion in intact and injured thoracic spinal cord (Fig.
2c and f and Fig. 3 left). In the midsagittal plane of the
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FIG. 2. Ultrafast CEUS Doppler imaging of spinal vasculature and blood flow in macro- and microcirculations before (a—c) and
after (d—f) injury in a rodent spinal cord. Panels a and d show higher-velocity microbubble flow in the larger vasculature before and
after tSCI, respectively. Panels b and e show estimates of microbubble velocity in the larger vasculature before and after injury,
respectively. Panels ¢ and f show the lower-velocity microbubbles in the microcirculation (i.e., perfusion) before and after injury,
respectively. dB = decibel—ratio of Doppler power signals represented in log scale to the lowest signal displayed in black.

intact spinal cord, greater perfusion signals were visual-
ized in the central region of the spinal cord, likely cor-
responding to the differences in vascular density between
gray and white matter (Fig. 2¢). Following a compression
injury, a dramatic loss of tissue perfusion was detected in
the injury center (Figs. 2 and 3).

We then further analyzed perfusion characteristics of
the injury center and penumbra during the inflow of the
microbubble bolus. Figure 3 compares the bolus kinetics
in the intact, injured, and penumbral region of an acutely
injured rodent spinal cord. Contrast inflow to the adjacent
penumbral area was significantly reduced and delayed. A
range of a 1- to 2-second delay in peak microbubble infu-
sion was recorded in hypoperfused lesion penumbra com-
pared to the intact spinal cord. A near-complete absence
of microbubble perfusion signal was observed at the site
of injury epicenter.

We then analyzed perfusion signal during the steady-
state plateau of contrast agent in the lesion center and hy-
poperfused penumbra (Fig. 4). Utilizing a 40% of peak
perfusion signal contour of the primary injury, compres-
sion injuries of the thoracic spinal cord resulted in a mean
area of 2.21 + 0.6 mm? of critically low tissue perfusion.
Co-registration of individual perfusion studies allowed for
calculation of a mean perfusion heat map. Interestingly,
the area of the injury with less than 40% tissue perfusion
compared to surrounding healthy tissue showed close re-
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semblance to the necrotic injury core seen on an H & E—
stained sagittal section.

Discussion

In the current study, we introduce ultrafast CEUS Dop-
pler for structural and functional characterization of spinal
cord vasculature. Following tSCI, CEUS can quantify the
extent of disrupted microvasculature and produce a topo-
graphical map of tissue hypoperfusion with a spatial reso-
lution to resolve perfusion differences in and surrounding
the site of injury.

Traumatic SCI causes an almost complete loss of blood
flow in the injury center and significant hypoperfusion
in the penumbral zone with progressive cell death over
time.!%1625 [schemia is thought to be a major contributor to
secondary injury.?> A recent clinical study demonstrated
that both clinical motor response and amplitude of motor
evoked potentials correlate with spinal perfusion pressure
in patients with acute tSCI.*° Moreover, hypoperfusion ex-
acerbates secondary injury by progressive cell death over
time.!*'%25 Indeed, two routinely used clinical treatment
strategies aim to improve the local tissue perfusion of the
contused spinal cord. First, surgical decompression of the
spinal cord is recommended within 24 hours after injury,
as it may improve functional outcome.>!*154142 Second,
trauma guidelines recommend maintenance of the mean
arterial blood pressure at 85-90 mm Hg for the first 7
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FIG. 3. Left: Sagittal CEUS image of an injured spinal cord with colors demarcating the injury center with a loss of perfusion (red),
an area of hypoperfusion (blue), and an intact area (green). Right: Contrast inflow curves of the areas demarcated in the CEUS

image.

days after acute SCI.* However, current technologies do
not allow for a real-time assessment of local spinal tissue
perfusion.

Vascular events following tSCI have been studied utiliz-
ing terminal imaging techniques in animal tSCi models.**
Various angiographic methods followed by tissue histolo-
gy'124 or by synchroton radiation microtomography have
allowed visualization of spinal microvasculature.” In vivo
and intraoperative visualization of intrinsic spinal cord
vasculature remains challenging. Routinely used clinical
imaging modalities such as magnetic resonance angiog-
raphy (MRA) and computed tomography angiography
(CTA) do not provide adequate spatial resolution to allow
for depiction of the spinal cord vasculature. Accordingly,
in a recent clinical study utilizing CTA the limited imag-
ing resolution allowed for visualization of only the largest
spinal cord vessel (the anterior spinal artery) in patients
with SCL.* These in vivo imaging limitations have recent-
ly been overcome by the development of novel ultrasound
imaging techniques.

Studies on SCI patients have utilized ultrasound to vi-
sualize post-traumatic spinal hematoma.**! In an animal
model, intrinsic spinal vasculature has been visualized
using high-frequency ultrasound systems combined with
conventional Doppler.?? This study revealed vascular dis-
ruption and development of an expanding hematoma in
the injury center. Similar to our findings, the authors de-
tected destruction of microvasculature at the epicenter of
the injury and subsequent mass effect onto the remaining
adjacent vessels. Another study utilized intravenous con-
trast in combination with traditional ultrasound to study
tissue perfusion kinetics following rodent tSCIL.33 In this
study, high-frequency CEUS revealed a dramatic loss of
perfusion at the injury center of a T10 contusion injury.”
Importantly, the degree of hypoperfusion at the injury
center and penumbra worsened during the 1st hour fol-
lowing trauma, indicating that ischemia might be prevent-
able if treated early. However, unique to our set-up is the

development of ultrafast plane-wave acquisitions, which
allows capture of the passage of the microbubble bolus
and separation of low-velocity blood flow within the mi-
crocirculation from higher-velocity flow in the macrocir-
culation .’ Thus, perfusion signal obtained using ultra-
fast CEUS Doppler is not contaminated by contrast signal
from larger vessels. Our novel ultrafast CEUS Doppler
allows, for the first time, assessment of spinal vasculature
structural integrity.

Measurements of vessel diameter on CEUS were simi-
lar to measurements obtained in a histological analysis
of spinal cord vessels.*> CEUS estimated the mean diam-

500um

FIG. 4. Upper: Sagittal contour map delineating the injured spinal cord
tissue with critically low tissue perfusion. The outlined area (yellow and
white) demarcates the area of the injury with less than 40% tissue perfu-
sion compared to surrounding healthy tissue. Lower: H & E-stained
sagittal section of the same spinal cord showing the acute SCI. Note the
close resemblance of the necrotic core to the area outlined in the sagit-
tal contour map.
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eter of the anterior spinal artery as 145.8 + 10.0 um com-
pared to the histological measurement of 110 wm and the
central arteries as 76.2 + 4.5 um compared to 51 um.»
The slightly larger diameter obtained by CEUS measure-
ments might have been caused by blooming of the high
contrast levels within the blood vessels compared to sur-
rounding tissue. Importantly, ultrafast CEUS Doppler
provides a topographical map with high spatial resolu-
tion of the microcirculation that facilitates capillary ex-
change of oxygen, electrolytes, and nutrients. Laser Dop-
pler, on the other hand, a technique widely used to assess
spinal perfusion in various animal models of SCI %1
does not provide quantitative data regarding the extent
of local hypoperfusion. Rather, laser Doppler provides a
combined estimate of blood flow in a tissue volume un-
der the probe to a depth of approximately 1-3 mm."® A
topographical assessment of spinal cord perfusion in a rat
in real time with the high spatial resolution provided by
ultrafast CEUS Doppler has not been possible with other
techniques.

Clinical Significance

Intraoperative ultrasound is in routine use in the neu-
rosurgical operating room. It aids in the visualization of
spinal compression or spinal tumors. In addition, CEUS
is routinely used to visualize perfusion of the heart and
liver around the world. Ultrasound contrast agents are also
FDA-approved for imaging of the liver and heart in the US
and have been in clinical use in the United States for over
20 years, with an excellent safety record.>* The technique
proposed in the current report might, once translated into
the clinic, be able to identify patients with a significant hy-
poperfused penumbra surrounding the center of the SCI.
It might be hypothesized that such patients could be ideal
candidates for neuroprotective interventions. Recently, de-
compression of the thecal sac has been shown to alleviate
intraspinal pressure in rodents? and humans.’*® Further-
more, a recent clinical study demonstrated that both clini-
cal motor response and amplitude of motor evoked poten-
tials correlate with spinal perfusion pressure in patients
with acute tSCIL.*° Our current report suggests that CEUS
could potentially help to detect and monitor local tissue
perfusion at the injury site. We envision utilizing routine
preoperative MRI for an estimation of the rostrocaudal ex-
tent of a spinal contusion' in order to allow for complete
intraoperative CEUS-based screening of the injury. More-
over, preoperative MRI could be useful to identify spared
tissue that would serve as a reference for perfusion param-
eters of intact spared tissue. We also believe that intra-
operative CEUS may be useful for additional indications
within the field of spine surgery. CEUS-based monitoring
of spinal cord perfusion could be a useful monitoring ad-
junct during reduction of severe spinal deformities or oc-
clusion of spinal arteriovenous malformations. Moreover,
intraoperative visualization of intrinsic spinal tumors us-
ing CEUS may help with lesion localization and confirma-
tion of successful resection.

Limitations

The current study has several limitations. First, the
calibrated compression method for tSCI results in a rela-
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tively small area of injury. Future studies are needed to
describe loss of microvasculature and blood perfusion in a
more common rodent SCI model (such as a contusion in-
jury model). The topographical perfusion map obtained in
more extensive injuries will then be compared to findings
after human tSCI. Importantly, once translated to clinical
use, ultrafast CEUS Doppler might help to better define
the extremely heterogeneous population of human SCI
patients.”?> And vice versa, it will hopefully help to adjust
and validate rodent animal models of tSCI, as they have
been unreliable in predicting clinical treatment responses.
Secondly, the proposed ultrafast CEUS Doppler can only
be collected in patients who undergo direct posterior de-
compression of the injured spinal cord. Thus, patients who
undergo anterior procedures or posterior stabilization-on-
ly procedures would not be candidates for this procedure.
Moreover, while MRI does not provide the resolution to
assess integrity of spinal blood vessels and local perfusion,
recent advances in diffusion tensor imaging have suggest-
ed a potential role of this technique in the quantification of
tract injury.??° Future studies are needed to compare dif-
fusion tensor imaging with CEUS. Finally, in the patient
population, time to surgery after tSCI is likely to be vari-
able. In the current study, we examined the acute changes
that occur after tSCI. However, future studies are needed
to determine the usefulness of CEUS imaging at various
time points after tSCI.

Conclusions

In the current study we present a novel ultrafast CEUS
Doppler technique that allows for real-time imaging of
low-velocity blood flow in the microcirculation and high-
er-velocity blood flow in the larger vasculature in a rodent
tSCI. Once translated, this technique may be useful for
intraoperative screening of structural and functional in-
tegrity of the spinal cord vasculature and its impact on
functional outcome following tSCI.
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