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MEDICAL IMAGING

Perfusion imaging metrics after acute traumatic spinal
cord injury are associated with injury severity in rats
and humans
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Traumatic spinal cord injury (tSCI) causes an immediate loss of neurological function, and the prediction of recov-
ery is difficult in the acute phase. In this study, we used contrast-enhanced ultrasound imaging to quantify intra-
spinal vascular disruption acutely after tSCI. In a rodent thoracic tSCl model, contrast-enhanced ultrasound
revealed a perfusion area deficit that was positively correlated with injury severity and negatively correlated with
hindlimb locomotor function at 8 weeks after injury. The spinal perfusion index was calculated by normalizing the
contrast inflow at the injury center to the contrast inflow in the injury periphery. The spinal perfusion index
decreased with increasing injury severity and positively correlated with hindlimb locomotor function at 8 weeks
after injury. The feasibility of intraoperative contrast-enhanced ultrasound imaging was further tested in a cohort
of 27 patients with acute tSCl of varying severity and including both motor-complete and motor-incomplete tSCls.
Both the perfusion area deficit and spinal perfusion index were different between motor-complete and motor-
incomplete patients. Moreover, the perfusion area deficit and spinal perfusion index correlated with the injury
severity at intake and exhibited a correlation with extent of functional recovery at 6 months. Our data suggest that
intraoperative contrast-enhanced, ultrasound-derived metrics are correlated with injury severity and chronic
functional outcome after tSCl. Larger clinical studies are required to better assess the reliability of the proposed

contrast-enhanced ultrasound biomarkers and their prognostic capacity.

INTRODUCTION

Traumatic spinal cord injury (tSCI) results in an immediate loss of
neurological function, with concomitant functional, psychological,
and financial consequences for both the affected individuals and
their families (I, 2). In the United States, more than a quarter of a
million Americans are living with tSCI (3), and the annual incidence
is 26 new cases per 100,000 individuals (4), resulting in estimated
annual treatment costs of $9.7 billion (5). In clinical practice, the
severity of tSCI and long-term functional outcomes are typically as-
sessed using the International Standards for Neurological Classifica-
tion of Spinal Cord Injury (ISNCSCI) at the time of the patient’s
presentation to the trauma hospital. This classification system pro-
vides a grading of the patient’s neurological examination according
to the American Spinal Injury Association (ASIA) impairment scale
(AIS) (6, 7). ISNCSCI is a valid, reliable, and responsive tool for as-
sessing adults with tSCI (8), with several studies confirming high
intrarater and interrater reliability (9, 10). However, the impact of
timing of the ISNCSCI examination on its predictive capacity for
long-term functional outcome remains controversial (11). Before the
adoption of contemporary spinal instrumentation at the end of
the 20th century, the ISNCSCI examination was obtained upon
patient transfer from acute hospitalization to an inpatient rehabili-
tation facility, about 1 month after tSCI, and served as a baseline for
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predicting long-term outcome (12-15). However, the relatively short
therapeutic window of experimental neuroprotective interventions
and patient desire for early prognosis have motivated the use of the
ISNCSCI exam performed upon arrival at the trauma center (16-18).
The need for this early marker is substantiated by the finding that
spinal cord decompression within 24 hours after tSCI improves
sensorimotor recovery. In contrast, surgeries conducted 24 to
36 hours after the injury are associated with a diminished neuro-
protective effect of this intervention (19).

Several factors might contribute to the limited prognostic capacity
of the ISNCSCI examination in the acute phase after injury. Even mild
tSCI with subtle impingement of the spinal cord can cause transient
spinal cord ischemia with temporary loss of motor and sensory func-
tion, also referred to as neurapraxia, especially in very early exami-
nations (20). Consequently, ultra-early ISNCSCI examination might
overestimate the injury severity as well as bias the interpretation of
neuroprotective interventions (21, 22). In addition, injury expansion
within the first 72 hours might contribute to differences in the predic-
tive capabilities of the ISNCSCI examination within the first 24 hours
compared with 72 hours after injury. Within the first hours after tSCI,
the hypoperfused injury center enlarges in both rodents and humans
(23, 24). Lastly, an ISNCSCI examination is impossible in patients with
concomitant traumatic head injury, multisystem trauma, drug in-
toxication, or pharmacological sedation. In summary, several studies
suggest that the prognostic capacity of the ISNCSCI examination is
limited within the first 72 hours after tSCI (22, 25-27).

Given the substantial demand for early prediction of neurologi-
cal outcome, both neurochemical and imaging markers have been
developed as tSCI biomarkers. Cerebral spinal fluid (CSF) collected
24 hours after tSCI contains inflammatory markers and structural
proteins that accurately classify tSCI severity and predict neurological
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recovery in human (28). However, collection of CSF requires a time-
consuming lumbar puncture and laboratory analysis that are not
standardized between centers. Magnetic resonance imaging (MRI)
parameters, such as intramedullary lesion length, hemorrhage, and
spinal cord swelling, measured on acute posttraumatic MRI have
shown promise as possible predictive biomarkers (29-31). However,
analyzing spinal cord parameters on MRI at the time of admission
can be challenging because the spinal cord is compressed and the
spinal column is misaligned.

Here, we propose ultrafast contrast-enhanced ultrasound (CEUS)
as a quantitative imaging metric for acute tSCI. CEUS depicts blood
flow in both the micro- and macrocirculation (23, 32-35), the dis-
ruption of which constitutes a hallmark pathophysiological event in
tSCI evolution (36). Our current study supports the key role of
vascular disruption in the pathophysiology of tSCI. We report the
development of two complementary CEUS-based parameters, the
perfusion area deficit (PAD), which quantifies the amount of dam-
aged hypoperfused spinal cord tissue, and the spinal perfusion
index (SPI), which quantifies the amount of vital perfused spinal
tissue at the injury center. In rodent tSCI, acutely measured PAD
and SPI were correlated with injury severity and functional out-
come up to 8 weeks. In a cohort of patients with tSCI, we collected
perfusion-related metrics by CEUS imaging at the conclusion of
early decompression and stabilization surgery (19). In contrast with
rodent tSCI, disruption of vascular perfusion was heterogenous in
our patient cohort, with both hyperperfusion and necrosis penum-
bra patterns detected. Our preliminary clinical data suggest that in-
traoperative CEUS is feasible and can provide perfusion information
that may constitute a valuable indicator for assessing tSCI severity in
the clinic.

RESULTS

tSCl causes disruption of spinal cord blood flow

The disruption of spinal cord parenchymal perfusion was investi-
gated using three independent techniques: ultrafast ultrasound
imaging, a microsphere deposition assay, and histological vessel
patency analysis. Adult rodents underwent a moderate thoracic
tSCI (150 kDyn). After tSCI, CEUS midline sagittal images were
acquired. CEUS Doppler revealed disruption and displacement of
intrinsic spinal cord blood vessels at the injury center (Fig. 1A). At
baseline before injury in the intact spinal cord, blood volume was
evenly distributed along the rostrocaudal extent of the imaged spi-
nal cord region. Examination of blood flow changes within the
microcirculation revealed a PAD centered in the injury center mea-
suring on average 1.32 + 0.43 mm? (Fig. 1A). Relative blood volume
was calculated from the area under the curve (AUC) of the CEUS
signal obtained during a bolus contrast injection at baseline or acutely
after tSCI. Analysis of relative blood volume in rostrocaudal spinal
cord segments centered on the injury site at baseline (blue) and
about 30 min after a moderate tSCI (orange) showed a significant
reduction in the AUC (P < 0.0001; Fig. 1B). Next, a microsphere
deposition assay was carried out to corroborate disruption of tissue
perfusion in the acutely contused spinal cord. The microsphere
deposition method is a gold standard for measuring blood flow
within the microcirculation. We injected microspheres before
(green) and after the injury (red) (Fig. 1C) and calculated the
change in perfusion as a percentage of before injury (37). We ob-
served a drop in perfusion after injury within a spinal segment
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spanning 5 to 6 mm centered over the injury site (Fig. 1D). Tissue
perfusion was disrupted in the gray matter at injury epicenter,
whereas about 25% perfusion remained in the white matter
(Fig. 1D). An analysis confirmed that the gray matter sustained
significantly greater loss of perfusion compared with white matter
after a moderate tSCI (P < 0.05). Intravenous infusions of lectin
were used to label patent spinal cord blood vessels before and after
injury in the same animal, with either red or green conjugated lec-
tin applied before and after the injury, respectively. Analysis of
lectin-labeled histology before and after injury suggested the dis-
ruption of intrinsic spinal cord blood vessels at the injury site
(Fig. 1E). At the injury center, only 28.9 + 13.9% of vessels in the
gray matter remained patent compared with 54.6 + 17.3% in the
white matter (Fig. 1F). The loss of spinal cord vessel patency was
most pronounced in the central gray matter and dorsal white mat-
ter tracts.

PAD is correlated with injury severity in rodent tSCI

We then studied how the injury severity influences the extent of
reduced blood flow in the spinal cord parenchyma. Rodents under-
went mild (100 kDyn), moderate (150 kDyn), or severe (200 kDyn)
tSCI, resulting in graded degrees of hindlimb locomotor dysfunc-
tion (Fig. 2, A and B, and table S1). A degree of spontaneous loco-
motor and sensory recovery was detected in animals of all three
severity groups, as measured by an open-field locomotor Basso,
Beatie, and Bresnahan (BBB) test and ladder walk performance
(Fig. 2, A and B). As expected, injury severity was related to differ-
ent behavioral dysfunction during the 8-week postinjury (wpi) pe-
riod in all animals (Fig. 2, A and B).

CEUS was performed acutely after tSCI to evaluate perfusion
and directional blood flow in the spinal cord (Fig. 2C). The PAD was
0.41 + 0.10, 1.32 + 0.43, and 2.87 + 0.27 mm~ in mild, moderate,
and severe rodent tSCI, respectively (P < 0.001; Fig. 2D). The extent
of the PAD increased with injury severity in both the rostrocaudal
and dorsoventral directions (Fig. 2D). The PAD size measured on
acute CEUS was significantly correlated with BBB scores at both
2 and 8 wpi (r* = 0.80, P < 0.0001 and * = 0.82, P < 0.001, respec-
tively; Fig. 2E and fig. S1A). PAD was also significantly positively
correlated with 2- and 8-wpi ladder walk missed steps (r* = 0.60,
P <0.01and 7* = 0.65, P < 0.001, respectively; Fig. 2F and fig. S1B).
PAD was negatively correlated with the extent of spared myelin
at the epicenter, as determined by a histological analysis 8 wpi
(r* = 0.72, P < 0.001; fig. S1C). Combined, these data suggest that,
acutely after tSCI, PAD is associated with metrics of chronic func-
tional deficits in rodent tSCI.

SPI correlates with functional outcome in rodent tSCI

We quantified the residual perfused spinal cord parenchyma at the
injury center relative to the uninjured portion of the spinal cord as a
possible surrogate for vital tissue. We developed this index of spinal
perfusion as the contrast inflow in the injury center normalized to
the contrast inflow in the spinal cord parenchyma rostral and caudal
to the injury (Fig. 3A). The SPI was calculated in all CEUS obtained
acutely after rodent tSCI. The SPI measured 0.89 + 0.04, 0.51 +0.11,
and 0.34 + 0.06 in mild (100 kDyn), moderate (150 kDyn), and se-
vere (200 kDyn) rodent tSCI, respectively (Fig. 3B). The SPI in mild
tSCI was significantly higher compared with moderate (P < 0.05)
and with severe tSCI (P < 0.001) (Fig. 3B). Acute CEUS SPI exhib-
ited a significant correlation with hindlimb locomotor deficit graded
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Fig. 1. tSCl causes disruption of spinal cord blood  p
flow and perfusion. (A) Representative CEUS mid-
line sagittal images of the thoracic rat spinal cord. Red
dotted line, injury center. Scale bar, 2 mm. (B) Analysis
of relative blood volume in the gray matter (GM) esti-
mated by the AUC in rostrocaudal spinal cord seg-
ments centered on the injury center at baseline (blue)
and at about 30 min after a 150-kDyn injury (orange).
AU, arbitrary units. Data are presented as means + SD;
two-way ANOVA followed by lesion status and loca-
tion followed by Bonferroni’s multiple comparisons
test. P < 0.0001; n = 6. (C) Representative microsphere
deposition renderings in a rat spinal cord with injec- €
tion before injury (yellow) and after injury (red). Dots
represent individual florescent microspheres detect-
ed within the spinal cord. Light gray, white matter
(WM); dark gray, GM. Red arrow, injury epicenter.
Scale bar, 2 mm. (D) Quantification of gray (top) and
white (bottom) matter percent change in perfusion
from preinjury in microsphere deposition assay rela-
tive to distance from the center of a 150-kDyn tSCl
lesion. Data are presented as means + SEM. n = 9.
(E) Representative histological images of spinal cord
lectin vascular labeling before and after tSCl in rat.
Green, preinjury lectin injection; red, postinjury lectin
injection. Scale bars, 500 pm. Heatmap of vessel
patency. Color scale, % patency. n = 6. (F) Quantifica-
tion of vessel patency at the injury site in gray (top)
and white (bottom) matter. Data are presented as
means + SEM.n =6.

Histological tissue vessel patency

by BBB testing at both 2 and 8 wpi (r* = 0.84, P < 0.0001 and
r*=0.83, P < 0.001, respectively; Fig. 3C and fig. S2A). Similarly, the
SPI was correlated with the number of missed steps in the ladder
walk at 2 and 8 wpi (* = 0.71, P < 0.0001 and * = 0.58, P < 0.01,
respectively Fig. 3D and fig. S2B), and the amount of spared myelin
at the epicenter at 8 wpi (r* = 0.68, P < 0.01; fig. $3). SPI was also
correlated with the PAD (+* = 0.90, P < 0.001; Fig. 3E).
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CEUS analysis of PAD and SPI is feasible in patients with
acute tSCl

To evaluate the feasibility of acquiring PAD and SPI in patients with
acute tSCI and to investigate their relationship with recovery met-
rics in human, we enrolled a total of 27 patients with acute tSCI who
underwent posterior surgical spinal decompression and stabiliza-
tion. The cohort was, on average, 55.1 + 4.1 years old and consisted
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Fig. 2. PAD is correlated with functional outcome in rodent tSCI. (A and B) Behavioral assessments using BBB (A) and ladder walk (B) testing. kD, kDyn. Data are pre-
sented as means + SEM. Analysis by two-way ANOVA, followed by Tukey’s post hoc test. **P < 0.01 and ****P < 0.0001. n = 4, sham; n = 10, 100 kDyn; n = 6, 150 kDyn;
and n = 6, 200 kDyn. (C) Representative images of rodent spinal cord by ultrafast CEUS Doppler tissue perfusion (left; red dotted line, PAD; gray scale, dB) and super-
resolution ultrasound localization imaging depicting directional flow [right; color scale, relative velocity (AU); red, toward dorsal flow; blue, toward ventral flow]. Scale bar,
2 mm. (D) Analysis of PAD, rostrocaudal, dorsoventral, and relative dorsoventral dimensions of PAD. Data are presented as box plots with minimum, maximum, median,
and quartiles. Analysis by one-way ANOVA for lesion severity followed by Tukey’s post hoc test. *P < 0.05, ***P < 0.01, and **#*P < 0.0001. (E and F) Correlation analysis
of acute PAD and BBB hindlimb locomotor test (E) or PAD and missed steps in the ladder walk test (F). Each data point represents an individual animal. Pearson’s correlation

analysis, r* = 0.82, P < 0.001 (E), and r* 0.65, P < 0.001 (F). [(C) to (F)] 100 kDyn, n = 10; 150 kDyn, n = 6; and 200 kDyn, n = 6.

of 5 female and 22 male patients. The cause of tSCI was motor ve-
hicle accidents (n = 13, 48.2%), falls from height (n = 9, 33.3%), and
falls from ground (n = 5, 18.5%). The injury locations were in the
cervical spine (n = 22, 81.5%) and the thoracic spine (n =5, 18.5%)
(table S2). At the time of admission, to assess acute neurological im-
pairment, we evaluated and graded each participant by AIS grade.
Complete motor and sensory loss (AIS grade A) was documented in
14 patients (51.9%), whereas the remaining 13 patients suffered
from incomplete tSCI (AIS grade C, n =9, 33.3%; AIS grade D,
n =4, 14.8%) (table S2). All patients underwent posterior surgical
decompression and fusion followed by intraoperative CEUS, on av-
erage, 16.6 + 2.5 hours after the traumatic event. Stabilizing pedicle
screw-rod construct involved, on average, 5.6 + 0.3 spinal segments
and spanned the cervicothoracic junction in 16 (59.3%) patients. All
patients underwent direct decompression of the contused spinal
cord by having, on average, 3.0 + 0.3 laminae removed. The estimated
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blood loss was 479.6 + 86.9 ml. Surgeries took, on average, 211.1 +
13.3 min to complete (table S3).

Before closing the surgical wound, all patients underwent ultra-
sound imaging of the injured spinal cord. Ultrasound B-mode images
revealed hyperechogenicity, consistent with hemorrhagic contusion,
at the site of tSCI in all patients (Fig. 4A). In motor-incomplete tSClIs,
hyperechogenicity was typically confined to the central gray matter,
whereas more extensive pathological changes were seen in motor-
complete injuries. An intravenous bolus of contrast agent was given,
and contrast inflow was recorded on sagittal midline CEUS. During
the time of CEUS acquisition, 92.6% of patients required pressure sup-
port to maintain mean arterial blood pressures at 81.3 + 1.4 mmHg.
Surgeries and CEUS were well tolerated. We did not encounter
any intraoperative complications associated with surgeries or
CEUS imaging. Three patients in our cohort passed away during the
initial hospitalization, and an additional two patients succumbed to
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Fig. 3. SPl is correlated with injury severity and functional outcome in rodent tSCl. (A) Representative CEUS image of rodent spinal cord with SPI ROIs overlaid. Injury,
red; reference, purple. Scale bar, 2 mm. (B) Normalized SPI in 100-, 150-, or 200-kDyn rodent tSCI. Data are presented as means + SEM. Analysis by one-way ANOVA fol-
lowed by Tukey’s post hoc test. *P < 0.05 and ***P < 0.001. (C) Relationship of acute SPI and the hindlimb BBB locomotor score 8 wpi. Pearson’s correlation analysis,
r* = 0.83, P < 0.001. (D) The relationship of acute SPI and the number of missed steps during ladder walk testing 8 wpi. Pearson’s correlation analysis, * = 0.58, P < 0.01.
(E) Relationship of acute SPI and PAD in the rodent tSCI model. Pearson’s correlation analysis, = 0.90, P < 0.001. 100 kDyn, n = 10; 150 kDyn, n = 6; and 200 kDyn, n = 6.

tSCI-related complications within the 6-month follow-up period. All
patients underwent a complete ISNCSCI examination before the
surgery upon admission to Harborview emergency room, and 22 pa-
tients completed the exam again 6 months after their injury.

Analysis of contrast inflow on sagittal ultrasound studies revealed
aPAD in 21 (77.8%) patients (Fig. 4A). All patients lacking discern-
ible PAD were individuals with incomplete tSCI and were graded as
either AIS C or D at admission. There was no statistically significant
correlation between PAD and T2-hyperintense intramedullary ede-
ma on preoperative MRI in a subset of the cohort (n = 17; 7* = 0.32,
P> 0.05; fig. S4A). PAD was positively correlated with the AIS grade
determined at admission (7 = 0.83, P < 0.01; fig. S4B). Patients with
incomplete tSCI had a significantly smaller PAD compared with
those with complete tSCI (8.3 + 3.8 mm” versus 89.4 + 11.8 mm?
P < 0.001; Fig. 4B). A total of 16 patients (57.1%) showed improve-
ment in their AIS grades at the last available follow-up examination
compared with their initial assessment (Table 1). Functional im-
provement was observed in just 35.7% of patients with AIS A, where-
as improvement was more frequently seen in those with AIS C and
D (77.8 and 100%, respectively). Patients who experienced func-
tional improvement had a significantly smaller PAD compared with
patients who did not exhibit AIS grade improvement (20.8 + 7.8
versus 86.1 + 15.5, P < 0.001; fig. S4C). The size of the PAD mea-
sured on acute intraoperative CEUS exhibited a positive correlation
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with the 6-month AIS injury severity (r; = 0.83, P < 0.001; Fig. 4C).
Receiver operating characteristic (ROC) analysis revealed that a PAD
cutoff of 53.2 mm? was related to the AIS grade of the spinal cord
injury with an AUC of 0.98 (P < 0.001; Fig. 4D).

We then quantified the amount of perfused spinal cord tissue at
the injury center by calculating the SPI (Fig. 5A). In contrast to ro-
dent tSCI, patients with mild tSCI (AIS D) had pronounced hyper-
emia at the site of injury as evidenced by an average SPI of 1.7 + 0.37.
All hyperemic tSCI lesions were detected in patients with cervical
tSCIL. The intraoperative SPI exhibited a significant negative correla-
tion with injury severity as determine by the ISNCSCI examination
at admission (r; = 0.77, P < 0.001; fig. S4D). Patients with complete
tSCI at admission had an SPI that was significantly smaller compared
with patients with incomplete tSCI (0.37 & 0.11 versus 1.48 + 0.13;
P < 0.001; Fig. 5B). SPI exhibited a negative correlation with the AIS
score at last follow-up (r, = —0.82, P < 0.001; Fig. 5C). Patients with
an improved AIS grade at the time of their last follow-up had a sig-
nificantly higher SPI compared with patients who did not exhibit
AIS score improvement (1.28 + 0.15 versus 0.45 = 0.18, P < 0.001;
fig. S4E). ROC analysis revealed that a SPI cutoff of 0.57 was associ-
ated with completeness of the spinal cord injury with an AUC of 0.96
(P <0.001; Fig. 5D). Last, compared with our rodent tSCI model, SPI
and PAD in our patient cohort exhibited a less strong albeit statisti-
cally significant correlation (+* = 0.73, P < 0.001; Fig. 5E).
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Fig. 4. PAD is related to injury severity in human tSCI. (A) Representative intraoperative ultrasound displaying B-mode (left) and tissue perfusion (right) images after
surgical decompression of a motor-incomplete (top row) and motor-complete (bottom row) human tSCI. Green dotted line, PAD. Scale bar, 5 mm. (B) Comparison of PAD
area between participants with admission exam motor-incomplete (AIS C to E) or motor-complete (AIS A and B). Data are presented as means + SEM. Mann-Whitney U
test, ***P < 0.001. Incomplete tSCI: n = 13; complete tSCl: n = 14. (C) Scatterplot of PAD in patients with acute tSCl in relation to the AIS grade at 6 months or last available
follow-up Spearman’s rank correlation analysis, r; = 0.83, P < 0.001. AISE,n =6; AISD, n=6; AISC,n =5; AISB,n=1; AIS A, n = 9. (D) ROC of PAD versus completeness of

tSCl at the last follow-up. AUC = 0.98 (P < 0.001; n = 22).

Table 1. Patient neurological outcomes. Data are presented as number of participants (% of cohort). n = 27.

AIS grade admission N (% of total)

AIS grade improvement (% of Mortality (% of grade)

grade)
AL 14(51.9%) 5857%) 3 (21.4%)
B o o 0
c 9@33% 70778% 2 (22.2%)
D 4 (14.8%) 4 (100%) 0(0.0%)
DISCUSSION tSCIL. CEUS in human tSCI reveals distinct patterns of vascular dis-

In this study, we introduce CEUS-derived metrics to quantify dam-
aged spinal cord tissue (PAD) and residual perfused tissue (SPI) in
acute tSCI. In rodent models, acute CEUS-derived PAD and SPI
correlate with injury severity and functional outcomes. We also
demonstrate the feasibility and safety of acquiring and calculat-
ing CEUS-derived metrics intraoperatively in patients with acute
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ruption and promising prognostic potential.

We used CEUS to evaluate vascular disruption, a critical initial
pathophysiological event after tSCI (36). Disruption of spinal cord
blood flow with subsequent ischemia has been documented in a va-
riety of tSCI models using different techniques, such as microan-
giography (38, 39), autoradiography (40, 41), hydrogen electrode
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Fig. 5. SPI is related to injury severity in human tSCI. (A) Representative intraoperative ultrasound of B-mode (left) and tissue perfusion (right) in motor-incomplete
(top row) and motor-complete (bottom row) human tSCI. Injury center, red; rostral and caudal reference regions, purple. (B) SPI of patients with motor-incomplete (AIS C
to E) and motor-complete (AIS A and B) determined on admission exam. Data are presented as means + SEM; Mann-Whitney U test, ***P < 0.001. Incomplete tSCl, n = 13;
complete tSCl, n = 14. (C) Intraoperative SPI in relation to AIS grade at the last available follow-up. Spearman’s rank correlation analysis, r; = —0.82, P < 0.001. AISE, n = 6;
AISD,n=6;AISC,n=5; AISB, n=1; AIS A, n = 9. (D) ROC of SPI versus completeness of tSCl at the last follow-up. AUC = 0.96 (P < 0.001; n = 22). (E) Scatterplot of the
relationship between SPI and PAD in the patient cohort. Pearson’s correlation analysis, P= 0.73,P < 0.001; n=27.
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(42), and the microsphere deposition assay (39). In the current re-
port, we corroborate the disruption of spinal cord perfusion in
rodent tSCI models of varying severity using two gold-standard
methods, the fluorescent microspheres deposition assay and vessel
patency using histological methods. Several studies have demon-
strated that the degree of vascular disruption is directly propor-
tional to the severity of tSCI. A linear relationship between tSCI
severity and spinal cord blood flow at the injury site has been dem-
onstrated (43). In these experiments, adult rats were subjected to
mild, moderate, or severe cervical compression tSCI, and spinal cord
blood flow was measured using the hydrogen clearance technique
30 min after injury. Our laboratory recently corroborated an injury
severity—dependent decrease of spinal cord perfusion in rodents
using CEUS (35). A severe contusion tSCI in the thoracic spinal
cord resulted in a substantially larger PAD compared with a moder-
ate tSCI. PAD correlated with the hindlimb locomotor score at 8 wpi.
In the current study, we demonstrated that the size of the PAD is
correlated with injury severity, underscoring the close link be-
tween vascular disruption and the severity of injury in rodent and
human tSCI.

The human patient cohort exhibited heterogeneity in tSCI sever-
ity, injury location, and etiology, which aligns with existing litera-
ture (44). Consequently, the size of the PAD in patients was more
variable than in the controlled rodent injury model (45). In some
patients with motor-incomplete injuries, PAD was minimal or ab-
sent. Additional variability in the human cohort included factors
such as age, comorbidities, and preexisting spinal conditions, such
as myelopathy, stenosis, or prior surgeries. Low-energy trauma, such
as ground falls, can injure the spinal cord, especially when it is con-
fined in a stenotic spinal canal, such as in central cord syndrome
(46). Given the aging of our society, the incidence of central cord
syndrome is rising rapidly (47). In addition, high-energy trauma,
such as high-speed car accidents, may cause disruption of the spinal
column with violent contusion, stretch, or disruption of the spinal
cord. Previous studies using intraoperative laser speckle imaging af-
ter acute tSCI demonstrated three distinct pathological patterns of
spinal cord blood flow: a necrosis-penumbra pattern (observed in
thoracic injuries), a hyperperfusion pattern (observed in cervical in-
juries), and a patchy-perfusion pattern (found in cervical and thoracic
injuries) (48). In our study, we detected both the necrosis-penumbra
and hyperperfusion patterns using CEUS. The patchy-perfusion
pattern was not observed in our study, which may be due to our
limited patient cohort or the fact that this particular perfusion pat-
tern is restricted to superficial spinal cord tissue, whereas CEUS vi-
sualizes the entire diameter of the spinal cord.

In our patient cohort, we detected increased tissue perfusion at
the injury center compared with the spared periphery in patients
with incomplete cervical tSCI. Posttraumatic tissue hyperemia is a
complex physiological response involving various mechanisms that
have been studied across several organ systems. Increases in inflam-
matory cytokines, tissue catabolism, and hypoxia are associated with
an acute rise in blood flow to traumatized tissue (49, 50). There is a
paucity of data regarding posttraumatic hyperperfusion in the spi-
nal cord. Our study found that the hyperperfusion pattern is typi-
cally observed in patients with cervical tSCI, consistent with the
existing literature (48). Moreover, our data suggest that hyperperfu-
sion may be associated with less severe motor-incomplete tSCI. This
aligns with a preclinical study, where hyperemia was observed after
transient (1 hour or less) nondestructive loading of the canine spinal
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cord (51). However, in our patient cohort, we did not detect a cor-
relation between SPI and the interval between injury and surgical
decompression. Moreover, the SPI did not exhibit a detectable cor-
relation with the mean arterial pressure at the time of acquisition in
our patient cohort (n = 27, 7 = 0.1; P = 0.138). Note that in rat
studies, the spinal cord was exposed before injury and in patients
after injury, and the bony decompression itself may influence the
hemodynamic patterns, such as hyperemia, observed in humans.
The impact of various posttraumatic perfusion patterns on injury
evolution and recovery is an intriguing topic for future studies.

We propose that CEUS-derived PAD may be a surrogate mea-
sure for damaged spinal cord parenchyma. Almost all prognostic
biomarkers for tSCI are either directly or indirectly related to the
amount of damaged spinal parenchyma. Cerebrospinal fluid and
serum biomarkers comprise cellular proteins discharged from struc-
turally damaged cells into the subarachnoid space or bloodstream.
The magnitude of structural spinal cord damage correlates with
injury severity and potentially the clinical outcome (52). Among
various markers, inflammatory, autoimmune, neuronal, and astro-
glia markers have demonstrated promising predictive capacity in
human trials (28). Elevated posttraumatic cerebrospinal fluid con-
centrations of cytokines such as interleukin-6 (IL-6) and IL-8, as
well as glial fibrillary acidic protein (GFAP) correlate with AIS
grades. Protein concentrations of IL-6, IL-8, monocyte chemoat-
tractant protein-1 (MCP-1), tau, S100b, and GFAP are associated
with neurological recovery, with reduced concentrations observed
in patients showing improvement (53). In addition, phosphorylat-
ed neurofilament heavy chain (pNF-H) and neuron-specific enolase
(NSE) serve diagnostic purposes, because serum or CSF concentra-
tions reflect injury severity with elevated concentrations observed
24 and 48 hours after the injury (54, 55). Furthermore, prolonged
pNE-H elevations 48 hours after the injury are associated with
higher mortality. However, the use of serum and CSF biomarkers
in the context of spinal cord injuries faces substantial limitations.
First, the practical application of these markers can be hampered
by the need for sample acquisition, especially in the case of CSE,
which necessitates labor-intensive lumbar puncture procedures. In
addition, these biomarkers require time to reach elevated concen-
trations after tSCI, limiting their use in acutely sampled CSF and
potentially delaying diagnosis and intervention. Moreover, the vari-
ability in sample processing times and the need for standardized
laboratory protocols can introduce challenges in achieving consis-
tent and reliable results.

MRI-based measurements represent another type of prognostic
imaging biomarker for tSCI. An array of sequences has successfully
predicted the probability of short-term improvements after tSCI. In
T2-weighted MRI scans, the sagittal intramedullary lesion length,
intramedullary hemorrhage, and spinal cord signal abnormalities
demonstrate a strong correlation with the extent of neurologic im-
pairment and functional conversion (29, 30, 56). In addition, MRI
abnormalities both rostral and caudal to the lesion and in the cere-
bral cortex correspond with functional outcomes, suggesting both
anterograde and retrograde posttraumatic degeneration (57-60).
MRI has also been used to examine the properties of traumatized
spinal cord parenchyma. The use of diffusion tensor imaging (DTI)
MRI offers a promising method to assess white matter pathology in
tSCI (61, 62). DTI analyzes the speed and direction of water diffu-
sion to assess fiber tract microstructure and anatomy and is feasible
in human tSCI (63). However, the use of MRI biomarkers in spinal

80f13

¥20z ‘8T Joquieidas uo uolbulysen J0 A1sieAlun e Blo'aousos mmm//:sdny wody papeoumoq



SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

cord injuries faces substantial limitations. First, the correlation of
MRI-based fiber tractography with neurological impairments has
only been demonstrated in chronic tSCI (64). DTT obtained acutely
after tSCI lacks prognostic capacity because potentially preserved
white matter tracts are compressed and distorted by the disrupted
spinal column (65). Second, the spatial resolution of MRI may be
inadequate for capturing fine structural changes that indicate tissue
damage. Third, not all patients with acute tSCI undergo MRI for
various reasons, including the unavailability of MRI during off hours,
the limited value of MRI for treatment decisions, or the patients be-
ing hemodynamically unstable. At our level 1 trauma center, only
about 50% of tSCI patients undergo preoperative MRI. These chal-
lenges underscore the urgent need to develop alternative diagnostic
imaging methods.

We advocate for the incorporation of CEUS as an imaging mo-
dality for evaluating acute tSCI. This technology offers a host of ad-
vantages compared with other imaging techniques, including spatial
resolution of less than 1 mm, which enables precise characterization
of the injury extent and identification of areas with perfused vital
spinal cord parenchyma. Real-time ultrasound imaging provides
surgeons with real-time dynamic physiological information, sup-
porting the evaluation for additional surgical maneuvers (such as
additional resection of bone fragments) in about one-third of our
patients. Of particular importance is the technology’s ability to as-
sess perfused tissue at the injury site intraoperatively. Vital, perfused
spinal cord tissue is the target of neuroprotective interventions and
serves as a predictor of functional outcomes.

Our study is not without limitations. The acquisition of CEUS-
based candidate biomarkers necessitates an acoustic window to the
spinal cord, encompassing the injury center and its periphery. Rou-
tine posterior decompression surgery provides such access. In con-
trast, anterior approaches usually do not offer an optical window
large enough for imaging. However, this limitation has become less
prominent, given that posterior spinal cord decompression is rec-
ommended in the setting of acute tSCI because it allows for more
thorough spinal cord decompression and has been associated with
improved neurological outcomes (66). Another challenge lies in the
operator-dependent nature of ultrasound imaging, particularly be-
cause patients with tSCI often present during oft-hours when dedi-
cated imaging staff is not available. Therefore, training spine surgeons
in the acquisition of intraoperative CEUS becomes crucial to enhance
the accessibility of this technique. Encouragingly, several prominent
spine societies [AOSpine (Arbeitsgemeinschaft fiir Osteosynthese-
fragen), NASS (North American Spine Society), and ASIA] have
recently endorsed training programs for spine surgeons in intraop-
erative ultrasound. Another limitation of our study is the single
acquisition of posttraumatic CEUS assessments in humans. We ac-
knowledge that tSCI presents a dynamic pathology, and we can only
capture the CEUS-derived candidate biomarker at a single time point.
In addition, the heterogeneity of human tSCI injury severity, possi-
ble differences in injury evolution, and varying durations between
injury and CEUS assessment pose further sources of bias in our
study. We believe that multiple posttraumatic intraoperative CEUS-
derived acquisitions are ethically unjustifiable, because they would
prolong the surgical procedure and might endanger the lives of se-
verely injured patients. We have recognized these limitations and
developed transcutaneous CEUS in rodents (67); however, as of to-
day, transcutaneous CEUS assessments of tSCI have not been dem-
onstrated in humans.
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Our study provides encouraging evidence that PAD and SPI are
related to tSCI severity and short-term neurological outcomes; how-
ever, we acknowledge the need for additional long-term studies of
the spinal cord tissue viability after injury to further understand
how acute perfusion is related to long-term outcome. The clinical
relevance of the proposed CEUS-based biomarkers will require fur-
ther validation in prospective multicenter studies, particularly to
define PAD and SPI thresholds that delineate patients with initially
motor-complete injuries who later regain neurological function. Fu-
ture research is required to determine whether distinct perfusion
patterns are associated with spinal cord tissues that are spared ver-
sus those that undergo secondary degeneration. Moreover, although
the temporal evolution of the PAD in rodent injuries has been stud-
ied (68), such data are lacking for human tSCL

In conclusion, CEUS-derived acute perfusion metrics enabled
the estimation of injury severity by quantifying vital perfused spinal
cord parenchyma at the injury site in both rodent and human tSCI
models. The proposed quantitative CEUS-based biomarkers, PAD
and SPI, demonstrate substantial prognostic potential in both ani-
mal and human tSCI. Future studies should focus on refining stan-
dard operating procedures for CEUS imaging acquisition and analysis
to further optimize its prognostic capabilities.

MATERIALS AND METHODS

Study design

The objective of the current study was to identify candidate acute,
measurable CEUS-derived metrics that correlate with injury sever-
ity and functional outcomes in both rodent and human models of
tSCI. We conducted a prospective cross-sectional observational study,
collecting CEUS data from the acutely injured spinal parenchyma in
participants with varying tSCI severity. The study involved calculat-
ing potential imaging metrics, including PAD and SPI, to differen-
tiate between irreversibly damaged and potentially viable perfused
spinal cord tissue at the injury site. A correlative analysis was then
performed to evaluate the relationship between these perfusion
metrics and long-term indicators of injury severity and functional
recovery. In the preclinical rodent tSCI study, rodents were random-
ly assigned to mild, moderate, or severe tSCI groups, and research-
ers were blinded to their status during behavioral assessments and
analyses. CEUS parameters, including PAD and SPI, were correlated
with functional behavioral tests and spared tissue analysis. All ani-
mal studies were approved by the University of Washington Institu-
tional Animal Care and Use Committee (IACUC protocol #4362-01).
A power analysis, conducted using G*Power, estimated that about
six animals per cohort were needed to detect a statistically signifi-
cant difference between groups with about 80% power. No animals
were excluded from the study.

In a pilot clinical study involving 27 participants, CEUS imaging
was performed intraoperatively to assess spinal cord perfusion in
patients with acute spinal cord injury who underwent posterior sur-
gical decompression and stabilization. All participants were assigned
to the same cohort, and neither participants nor researchers were
blinded. Patients were included if they were at least 18 years of age,
had a neurological deficit on examination (AIS A to D), and were
medically stable to undergo routine posterior spinal decompression
and stabilization. Exclusion criteria included penetrating injuries of
the spinal cord or nontraumatic spinal cord injuries (table S2). The
clinical pilot study was approved by the University of Washington
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Institutional Review Board (IRB) (approval #STUDY00003267). All
resulting data were included in the analysis, and sample sizes are
reported in the figure legends.

Rat spinal cord injury model

All animal procedures were performed in accordance with the guide-
lines from the Office of Animal Welfare and of the National Insti-
tutes of Health and were approved by the University of Washington
Institutional Animal Care and Use Committee (IACUC protocol
#4362-01). Female Long-Evans rats (n = 47, 8 to 12 weeks old; weight,
250 to 300 g, Envigo Labs) were anesthetized using isoflurane (5% to
induce and 2.5% to maintain) and shaved, and the area overlying the
T6 to T11 vertebrae was cleaned and sterilized. Only female rats
were used in this study because males with tSCI can have substantial
bladder complications after spinal cord injury. Using sterile tech-
niques, about 2.5-cm longitudinal incision centered over T7 to T10
was made before the subperiostal dissection of the paraspinal mus-
cles. A laminectomy was performed to expose the spinal cord at T8.
To produce a contusion type lesion at T8, an Infinite Horizon De-
vice Impactor (IH-0400, Precision Systems and Instrumentation)
equipped with a 2.5-mm-diameter probe tip was used. Three differ-
ent injury severities were produced for this study: mild (100 kDyn;
n = 15), moderate (150 kDyn; n = 7), and severe (200 kDyn; n = 10)
injuries. Tissue displacement and peak force data were collected,
and the actual force recorded was used as an indicator of injury con-
sistency and severity (see table S1). Postsurgical animals were mon-
itored twice daily for dehydration and general health, and manual
bladder expression was performed up to 14 days after injury. Spon-
taneous voiding reflexes returned between 7 and 10 days. Analgesia
(buprenorphine, 0.03 mg/kg, sc) was administered every 8 to 12 hours
for 48 hours after injury. Antibiotics were administered daily for
5 days to prevent infection (gentamicin, 5 mg/kg; Pfizer).

Ultrasound imaging

The Vantage ultrasound research platform (Verasonics) was used to
program multi-angle plane-wave nonlinear Doppler sequences using
a 15-MHz linear array transducer (Vermon). The ultrasound probe
was placed about 5 mm above the dorsal spinal cord surface over the
midline sagittal plane, and warmed sterile ultrasound gel acoustically
coupled the transducer to the spinal cord. For each contrast injection,
abolus of 0.1 ml of DEFINITY (Lantheus), activated according to the
manufacturer’s instruction, was injected intravenously without dilu-
tion followed by a 0.2 ml of saline flush. Multi-angle plane-wave
transmits acquired at 500- to 2000-Hz pulse repetition frequency
were collected. After beam forming and in-phase/quadrature (I/Q)
demodulation, ensembles were filtered using a singular value decom-
position-based approach to segment flow signals on the basis of rela-
tive velocity. This resulted in “vascular flow” and “perfusion” image
ensembles, which were analyzed independently (69, 70). Image acqui-
sition was initiated before contrast inflow and proceeded for 30 s after
the peak. Short nonlinear ensemble acquisitions (40 frames, ampli-
tude modulation pulsing scheme) were conducted at an interensem-
ble frame rate of 16 Hz. This pulsing scheme eliminated tissue signals,
and the use of short, repeated ensembles facilitated the isolation of
microcirculatory flow signal from corrupting larger vascular signals
using an adaptive spatiotemporal filtering approach. Quantitative pa-
rameters were extracted from the resulting time-intensity curve for
each spatial voxel to generate a parametric output image. The imaging
and postprocessing approaches used for ultrasound localization
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microscopy have been described in our previous work (68). In brief,
images were generated using subpixel localization and subsequent in-
terframe tracking of individual circulating microbubbles.

Open-field locomotor test

Animals were acclimated to being handled and to the various pieces
of behavioral equipment with which they would be tested for at least
2 weeks before surgery. Baseline behavioral recording for all tests
was done 1 week before surgery.

The BBB locomotor rating scale is a sensitive, observer-scored test
of hindlimb locomotor function that is commonly used in rodent
models after SCI (71). Animals were scored according to a standard-
ized score sheet from 0 (no hindlimb movement) to 21 (complete lo-
comotor recovery). Animals were placed into about 100-cm-diameter
arena with 19-cm walls (a children’s play pool) that has a lightly tex-
tured, uniform floor. For 4 min, each animal was permitted to explore
the arena as two observers recorded locomotor actions according to
the BBB Locomotor Rating Scale (71). The observers compared scor-
ing, which was done live, and, if necessary, came to a consensus on the
final left and right hindlimb scores. In the present study, the BBB test
was repeated every week for 8 weeks. The test was video recorded for
reviewing and confirmation of scores if needed.

Ladder walk

The ladder walk test requires no pretraining. This test evaluates
sensory-induced motor function of the rodent’s limb (72). The appa-
ratus consists of two clear plexiglass walls 90 cm long and 15 cm tall,
spaced 10 cm apart to create a corridor. A series of 1-mm-diameter
stainless steel rungs were intermittently spaced (gaps ranged between
1 and 3 cm) to create a ladder-type floor. The entire apparatus was
elevated slightly (about 30 cm) to create a space below for the ani-
mal’s leg to fall. The home cage was placed at one end of the appara-
tus. For each trial, the animal was placed at the end opposite to the
home cage and walked the length of the apparatus to return to the
home cage. Between each successful run, the placement of the rungs
was changed to prevent the animals from memorizing a specific
rung pattern. The test consisted of 10 trials and was recorded on
video. The videos were later reviewed at half speed; the total number
of attempted steps and the number of slips or misses (unsuccessful
grasps of the rung) were counted for each hindlimb. The percentage
of errors was then calculated. In the present study, animals were
tested before injury to establish a baseline error percentage and then
again at 2 and 8 wpi.

Histological analysis for blood vessel patency

To assess intrinsic spinal cord blood vessel patency, we used fluores-
cein isothiocyanate—conjugated Lycopersicon esculentum agglutinin
(tomato) lectin (Sigma-Aldrich). Before tSCI, 0.2 ml (1 mg/ml) was
injected by a tail vein. After tSCI, animals received a second injec-
tion of Texas Red-labeled lectin. After 30 min, animals were eutha-
nized. A 10-mm-long segment centered over T8 is analyzed for the
density of patent microvasculature (# = 6). For quantification, a grid
of 500 pm”* was placed over longitudinal photomicrographs using
Image]. Within each square, distinct microvascular fragments were
counted using the multipoint counter tool in Image].

Fluorescent microsphere deposition assay
After thoracic tSCI, rats were positioned in the supine position, and an
about-1-mm incision was made on the right side of the neck (n =9).
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Blunt dissection was carried out to identify and isolate the carotid
artery. Heparinized PE50 tubing was introduced into the artery and
advanced to the heart. An inline pressure monitor was used to con-
firm the tubing location in the right atrium. Silk sutures (4-0) were
used to secure the tubing in place. Red or yellow fluorescent micro-
spheres were randomly chosen as either the pre- or postinjury color
(Invitrogen, F8842 and F21011). The microspheres were vortexed im-
mediately before injection into the right atrium (0.5 ml). The animals
were then prepared for and given the spinal cord injury, as described
above, before the postinjury fluorescent microsphere injection of the
alternate color (0.5 ml). Animals were euthanized about 30 min after
the microsphere injection. Spinal cord tissue (unfixed) was collected.
A 10-mm-long spinal cord segment centered at the injury was sec-
tioned 16 pm thick on an imaging cryomicrotome (Barlow Scientific)
(37). Fluorescent microsphere density was calculated using in-house
scripts written for ImageJ and MATLAB (R2017, MathWorks).

Histological analysis for spared tissue

Animals were euthanized at 8 wpi with an overdose of pentobarbi-
tal sodium (0.39 g/ml, intraperitoneally; Schering-Plough Animal
Health). Animals were fixed by transcardiac perfusion with 200 ml
of ice-cold phosphate-buffered saline (pH 7.4) followed by 200 ml of
4% paraformaldehyde (PFA). Spinal cords were harvested and post-
fixed in 4% PFA at 4°C for 16 to 18 hours. Spinal cords were mounted
and cross-sectionally sectioned using a cryostat (CM1850, Leica
Biosystems) at a thickness of 20 pm. Sections were collected, thaw-
mounted onto gelatin-coated slides, and stored at —80 °C until use.
To perform staining, sections were thawed and fixed with 4% PFA
(Macron Chemicals) for 15 min to ensure tissue adherence. Sections
then underwent a series of alcohol incubations for dehydration be-
ginning with 4 min in deionized water; followed by 5-min periods in
70, 95, and 100% ethanol; a xylene incubation for 10 min; and then
back through the ethanol series. Sections were then incubated for
10 min in an aqueous myelin dye (Eriochrome cyanine R, Fluka)
and differentiated for 1 min in 1% ammonium hydroxide (Thermo
Fisher Scientific) after washing in water. Sections were then briefly
rinsed in water and then incubated in cresyl violet stain (Sigma-
Aldrich) for 3 min. After this step, sections were rinsed with deionized
water 10 times and then quickly dehydrated in a stepwise manner
for 4min each in 70 and 95% alcohol. The cresyl violet was then
briefly differentiated in 250 ml of a 95% alcohol solution containing
five drops of glacial acetic acid (Thermo Fisher Scientific). Once dif-
ferentiation was sufficient, sections continued through a stepwise
dehydration process consisting of 5min each in 95 and 100% etha-
nol, followed by a final 10-min incubation in xylene. Slides were
then cover-slipped using Permount. Cresyl violet-/myelin-stained
tissue sections (sampled at 250-pum intervals for 7 mm in length) were
imaged using a Zeiss Primo Star microscope with a color camera
(Axiocam ERc 5s).

Clinical pilot study

A study protocol outlining patient recruitment, data collection, data
storage, and usage was reviewed and approved by the University of
Washington IRB (approval #STUDY00003267). Data were collected
pseudonymously after written informed consent, in accordance with
national law and the 1975 Declaration of Helsinki. Patients who pre-
sented to the Harborview Medical Center emergency room within
72 hours after acute tSCI were screened for inclusion in our study.
Patients met the inclusion criteria if they were at least 18 years of
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age, had a neurological deficit on examination (ASIA A to D), and
were medically stable to undergo routine posterior spinal decom-
pression and stabilization. Patients were excluded if they had pen-
etrating injuries of the spinal cord or nontraumatic spinal cord
injuries (postoperative hematoma and tumor; see table S2). Patients
undergoing surgery and CEUS by C.P.H. were recruited between
September 2021 and December 2023. The primary end point was
the neurological examination at 6 months or death. The main goal
of the study was to demonstrate the safety and feasibility of intraop-
erative CEUS in acute tSCI. All patients were assigned to the same
cohort without blinding either the patient or surgeon. No patients
were excluded from the analysis.

Intraoperative ultrasound in patients with acute tSCI

Upon completion of a routine posterior decompression and stabili-
zation CEUS was performed by C.P.H. in the operating room at
Harborview Medical Center. A Philips EPIQ premium ultrasound
system in combination with an intraoperative ultrasound probe
(L12-3) was used. First, we obtained B-mode midline sagittal images
of the entire rostrocaudal extent of the exposed spinal cord. Before
CEUS, the contrast agent (DEFINITY, Lantheus Medical Imaging)
was activated in a full 45-s activation cycle using a VIALMIX activa-
tor and diluted in saline (1.3 ml of DEFINITY with 8.7 ml of saline)
(73). Using a peripheral intravenous cannula, a weight-adjusted bolus
injection was delivered (10 pl of DEFINITY/kg) as the ultrasound
transducer was positioned in a midline sagittal plane. Data acquisi-
tion was initiated at the time of contrast injection and continued for
up to 3 min after the injection to capture the full dynamic enhance-
ment curve. Patients stayed, on average, 17.6 + 2.9 days in the hos-
pital, and 19 (70.4%) required inpatient rehabilitation. A return to
the operating room was necessary for two patients with surgical site
infections and one patient with a postoperative CSF leak.

Analysis of intraoperative ultrasound images

Image analysis was done in a blinded manner. CEUS images were
analyzed using the Phillips Q Lab software. First, we used the area
outline tool to calculate the size of the PAD on CEUS images. To
assess the amount of contrast inflow into the vital tissue at the injury
center, we placed a rectangular region of interest (ROIL; 3 mm wide
and spanning the diameter of the spinal cord; Fig. 5) onto the injury
center. Contrast inflow into intact cord tissue was assessed by pacing
duplicate ROIs rostral and caudal to the damaged spinal cord areas
as determined with B-mode and contrast inflow images. The con-
trast intensity curve was calculated by the software. The SPI was cal-
culated by normalizing the AUC at the injury center with the average
AUC obtained from intact spinal cord rostral and caudal to the in-
jury. The SPI was calculated using the following formula: center per-
fusion/mean peripheral perfusion.

Statistical analysis

Data were analyzed using Excel (Microsoft), Prism 7 (GraphPad
Software), and SPSS (28.0, IBM). Continuous variables are shown as
means + SEM. Before all statistical testing, a Shapiro-Wilk analysis
was performed to assess whether the data were normally distributed.
To determine significant differences between mild, moderate, and
severe rodent tSCI cohorts, we used a one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test. A two-way ANOVA
was used to test the effects of lesion status and time after injury on
behavioral recovery, followed by Bonferroni’s multiple comparisons
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test. To identify significant differences between patient cohorts, we
performed the nonparametric Mann-Whitney U test. Pearson’s cor-
relation test was used for continuous and normally distributed vari-
ables. The coefficient of determination for the Pearson’s correlation
is denoted as r*. Correlative analyses for CEUS imaging metrics and
AIS grades were carried out using the Spearman’s rank correlation
test coefficient, r,. P < 0.05 was determined as statistically significant
for all analyses. All tabular data are available in data file S1.
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