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for Real-Time Quantitative Visualization

of Vascular Disruption after Spinal Cord Injury
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Abstract

Spinal cord injury (SCI) is characterized by vascular disruption with intramedullary hemorrhage, alterations in blood-

spinal cord barrier integrity, and perilesional ischemia. A safe and easily applied imaging technique to quantify evolving

intraspinal vascular changes after SCI is lacking. We evaluated the utility of very high resolution ultrasound (VHRUS)

imaging to assess SCI-induced vascular disruption in a clinically relevant rodent model. The spinal cords of Wistar rats

were lesioned at the 11th thoracic vertebra (Th11) by a 35 g 1-minute clip compression. Three-dimensional quantification

of intraspinal hemorrhage using VHRUS (at an acute 90-min and subacute 24-h time point post-SCI) was compared with

lesional hemoglobin and extravasated Evans blue dye measured spectrophotometrically. The anatomy of hemorrhage was

comparatively assessed using VHRUS and histology. Time-lapse videos demonstrated the evolution of parenchymal

hemorrhage. VHRUS accurately depicted the structural (gray and white matter) and vascular anatomy of the spinal cord

(after laminectomy) and was safely repeated in the same animal. After SCI, a hyperechoic signal extended from the lesion

epicenter. Significant correlations were found between VHRUS signal and hemorrhage in the acute (r = 0.88, p < 0.0001)

and subacute (r = 0.85, p < 0.0001) phases and extravasated Evans blue (a measure of vascular disruption) in the subacute

phase (r = 0.94, p < 0.0001). Time-lapse videos demonstrated that the expanding parenchymal hemorrhage is preceded by

new perilesional hemorrhagic foci. VHRUS enables real-time quantitative live anatomical imaging of acute and subacute

vascular disruption after SCI in rats. This technique has important scientific and clinical translational applications.
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Introduction

Traumatic spinal cord injury (SCI) is a devastating condi-

tion leading to impairment in motor, sensory, and autonomic

functions, and available therapeutic options for patients remain

limited.1–4 SCI induces the mechanical destruction of the blood

vessels, thereby generating a parenchymal hemorrhage (PH), which

contributes to the primary injury.5 Subsequently, the vascular

damage continues to extend along the rostrocaudal axis of the

spinal cord because of progressive ischemia, vasospasm, and dis-

ruption of the blood spinal cord barrier (BSCB). This constitutes the

secondary injury 6 and leads to the abnormal passage of blood-

borne species ranging from small molecules (including albumin) to

inflammatory cells and erythrocytes (hence PH) into the paren-

chymal intercellular space. The BSCB disruption can persist for up

to 1 month with a maximum at about 24 h post-SCI.7–9

Techniques available to assess vascular disruption in pre-clinical

studies can be classified as either imaging or nonimaging tech-

niques. The standard nonimaging techniques involve spectropho-

tometric quantification of the amount of hemoglobin (using Drabkin

reagent on homogenized samples of lesioned spinal cord) and dyes

such as Evans blue (after pre-sacrificial intravenous injection) ex-

travasated in the spinal cord parenchyma.10,11 The standard imaging

techniques include magnetic resonance imaging (MRI),12 quanti-

tative autoradiography,8 and immunohistology.13,14 While nonin-

vasive, MRI requires expensive infrastructure and generates

relatively low resolution images. Histologically based methods are

limited to one time point of assessment, and necessitate animal

sacrifice. Hence, there is a clear need for a safe high resolution

technique to assess the vascular disruption after SCI that can be

applied serially and in real time without compromising the spinal

cord or necessitating animal sacrifice.
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Various studies in clinical and experimental settings have shown

that ultrasound (US) imaging can be used to visualize the PH

subsequent to SCI.15–21 In experimental studies, the highest fre-

quencies used were 10–12 MHz,18–21 but the small diameter of the

rat spinal cord (3–4 mm) limited the resolution of imaging. More

recent US devices using very high frequencies (40–55 MHz) have

been specifically designed to image small animals with spatial

resolutions as low as 30 microns per pixel.22,23 To our knowledge,

very high resolution US (VHRUS) has never been used for imaging

the anatomical and vascular changes after experimental contusion-

compression SCI in live rodents.

We have therefore developed a protocol to image the rat spinal

cord with VHRUS, and the present study was performed to achieve

the following three objectives: (1) to characterize the anatomical

features of the intact spinal cord; (2) to characterize and quantify

the vascular changes in the spinal cord during the acute and sub-

acute phases of SCI (respectively defined as 90 min and 24 h post-

SCI in our study) ; and (3) to validate VHRUS readings against

several other techniques including histology and spectrophoto-

metric analysis of hemorrhage (using Drabkin reagent) and vas-

cular permeability (using Evans blue dye).

Methods

The protocols used in the present study were approved by the
animal ethics board (AUP979) of the University of Health Network,
Toronto, Canada. The study design is summarized inF1 c Figure 1.

Surgical preparation and SCI model

Female Wistar rats weighing approximately 250–300 g were
anesthetized with 2% isoflurane and placed on a platform (Vevo

imaging station, Visualsonics, Toronto, Canada) with a custom-
made animal stabilization frame ( b F2Fig. 2). The incisor teeth were
used to secure the rat into a nose cone attached to the frame and
connected to the anesthesia system. A laminectomy was performed
from the 10th thoracic (Th10) vertebra to Th12. The tips of a he-
mostatic forceps connected to the frame were bent to fit the trans-
verse processes of Th13. Once Th13 was clamped, the spine was
slightly tightened and lifted up from the platform, and then stabi-
lized by locking the frame. Stabilization prevented spinal cord
movements induced by the animal’s respiration without affecting
breathing. Spinal cord injury was performed at Th11 using a 35 g
custom-modified aneurysm clip, and compression was maintained
for 60 sec.24,25

US imaging

Ultrasound gel (Ultrasound Scanning Gel, Medi-Inn, Canada)
was applied on the dorsal aspect of the dura mater. The VHRUS
probe (44 MHz, Vevo 770, Visualsonics, Toronto, Canada) was
attached to the rail mount of the Vevo Integrated Rail system III
(Visualsonics, Toronto, Canada) by an integrated clamp. At the
junction between the clamp and the rail, the motor stage allowed
three-dimensional (3D) acquisitions. The rail mount was then
pulled down until the distance between the acoustic window (top of
the real-time image) and the middle of the spinal cord (identified by
the central canal) was 6 mm (the focal length of the transducer). The
scanhead was rotated and tilted to obtain a strict sagittal view and
its position was locked. VHRUS acquisitions were made either in
B-mode or in power Doppler mode. For each mode, two-dimen-
sional (2D) and 3D acquisitions were performed.

To perform 3D acquisitions, the 3D motor stage traveled a dis-
tance of 6 mm in a series of steps from the left to the right of the
spinal cord. At each step, the scanhead took a 2D image (i.e. slice),
and the distance between each slice was 102 lm. Each slice was

FIG. 1. Flowchart of the study design. Six animals with an intraspinal hyperechoic signal detectable by VHRUS immediately after
laminectomy were excluded from the study. VHRUS, very high resolution ultrasound; SCI, spinal cord injury b AU3.
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stacked and assembled together to form a 3D file. Each 3D ac-
quisition took 7 sec in B-mode and 4 min in power Doppler mode.

Histology

Animals were anesthetized terminally with an overdose of inha-
lation isoflurane and perfused intracardially with 60 mL phosphate
buffered saline 5 times, then with 60 mL 4% paraformaldehyde
(PFA) once. The spinal cord was isolated, placed in 4% PFA for
tissue fixation and then in 30% sucrose at 4�C overnight. The spinal
cord was then embedded in OCTTM (Tissue-Tek,� Sakura,� Tor-
rance, CA) and sagittal cryosections 20 microns thick were obtained
and placed on slides for histological analysis stained using hema-
toxylin and eosin (HE).

In the animals kept alive for imaging at 24 h, the extent of BSCB
disruption was examined by injecting 2% Evans blue dye through
the femoral vein 30 min before sacrificial perfusion. Evans blue
binds to albumin and can only extravasate across a disrupted BSCB.
It autofluoresces and in the case of BSCB disruption, its extrava-
sation can be directly imaged with a fluorescent microscope
(DMR8, Leica, Solms, Germany).

Part 1. Structural and vascular anatomy
of the intact spinal cord

In six sham-operated animals, two 3D acquisitions were suc-
cessively performed in B-mode and power Doppler mode before
harvesting the spinal cords for histologic evaluation. These 3D
files were subsequently processed with Osirix software (Pixmeo,
Geneva, Switzerland) to obtain multiplanar reconstructions (MPR)
that describe the structural (gray and white matter) and vascular
anatomy of the intact spinal cord.

Part 2. Characterization of post-SCI changes
observed with VHRUS

Two sets of 12 animals each (6 injured, 6 sham-operated) were
used to characterize the images obtained at the acute (90 min) and
subacute (24 h) phases. For each animal, the spinal cord was har-
vested for histological analysis to characterize the tissue changes
detected by VHRUS.

Part 3. Quantification of PH and BSCB
disruption with VHRUS

Two sets of 22 rats each (n = 16 injured rats, 6 sham-operated)
were used to assess PH in the acute phase (90 min) with VHRUS as
well as with Drabkin reagent. The extent of BSCB disruption in the
subacute phase (24 h) was measured by examining vascular per-
meability, which is correlated with the amount of extravasated
parenchymal Evans blue.26

Spectrophotometric quantification of PH. After 24 h post-
SCI, Evans blue was injected through the femoral vein 30 min
before sacrificial perfusion. A 1-cm segment of spinal cord centered
on T11 (the lesion epicenter) was isolated, crushed into powder,
sonicated, weighed, and split into two equal samples—one to quan-
tify the amount of extravasated hemoglobin (PH) using Drabkin
assay and the other to quantify the amount of extravasated Evans
blue by spectrophotometry (Wallac 1420 VICTOR2TM Perkin El-
mer, Waltham, MA) as described previously.27–30

VHRUS quantification of PH. The 3D files were analyzed
with ImageJ software. First, the contrast was set to maximum so that
each pixel whose value was inferior to ‘‘127’’ became black (i.e.,
‘‘0’’) whereas the other ones became white (i.e., ‘‘255’’). The
analysis was then performed on a stack of 15 sagittal slices centered
on the midline. On each slice, a 10-mm long region of interest (ROI)
corresponding to a complete segment of spinal cord was delineated,
and the software calculated the sum of values of all pixels belonging
to the ROI (‘‘VHRUS-Slice-Score’’). All the VHRUS-Slice-Scores
were added together to obtain the ‘‘VHRUS-Global-Score.’’ Each
VHRUS-Global-Score was measured by three independent ob-
servers to determine the interobserver variability and twice by one
observer to determine the intraobserver variability.

Statistical analysis. Statistical analyses were performed with
Graphpad Prism software (La Jolla, CA). To determine whether a
correlation existed between the values obtained by spectropho-
tometry and the VHRUS-Global-Score, the Pearson correlation
coefficient was calculated. The intraobserver and interobserver
variabilities in measuring the VHRUS-Global-Scores were simi-
larly assessed by calculating the Pearson correlation coefficient.

Time-lapse VHRUS video recording. To characterize the
development of the PH, a time-lapse video was generated by ac-
quiring a midline slice every minute. The first slice was acquired at
2 min post-SCI, and the VHRUS-Slice-Score was calculated at 2
(used as the baseline), 4, 6, 8, 10, 12, 15, 20, 25, 30, 40, 50, 60, 70,
80, and 90 min post-SCI. Each VHRUS-Slice-Score was expressed
as a percentage of the baseline.

FIG. 2. Experimental approach and ultrasound platform sche-
matic. If the spine is not stabilized, the respiratory

4C c

motions gen-
erate distortions in the reconstructed axial slice (red arrows). With
stabilization, the respiratory artifacts are no longer observed.
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Results

Eighty rats were used, six (7.5%) of which were excluded after

VHRUS examination (performed immediately post-operatively)

because of an accidental parenchymal hemorrhage induced by the

laminectomy.

Part 1. Grayscale and vascular anatomy
of the intact spinal cord

VHRUS examination in B-mode enabled the visualization of the

gray scale anatomy of the spinal cord parenchyma and surrounding

structures (F4 c Fig. 4).AU1 c Examinations with power Doppler mode en-

abled the depiction of the intrinsic and extrinsic, arterial, and ve-

nous vasculature of the spinal cord (F5 c Fig. 5).

Part 2. Characterization of post-SCI changes
observed with VHRUS

Immediately after SCI, a hyperechoic lesion appeared in the

parenchyma that extended during the next 24 h post-SCXI ( b F6Fig.

6). Power Doppler showed that sagittal vessels were no longer

visible at the epicenter at 24 h post-SCI, and that the remaining

blood vessels were pushed rostrally and caudally by the expanding

hemorrhage.

At 90 min post-SCI, the hyperechoic lesion observed on VHRUS

was almost exclusively made up of extravasated red blood cells

(i.e., PH) ( b F7Fig. 7), while at 24 h, it was a heterogeneous mix

of erythrocytes, inflammatory cells, and debris. Fluorescence mi-

croscopy of extravasated Evans blue exhibited spatial patterns

comparable to the VHRUS images ( b F8Fig. 8).

FIG. 3. Very high resolution ultrasound (VHRUS) quantification analysis methodology. The pixel brightness in contrast-
enhanced images can readily and reliably identify the difference between ‘‘injured’’ and ‘‘uninjured’’ spinal cord

4C c

tissue. ROI, region of
interest.
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Part 3. Quantification of BSCB disruption with VHRUS

A significant correlation was found between the VHRUS-Global-

Score and the amount of extravasated hemoglobin at 90 min post-SCI

(Pearson r = 0.70, p = 0.003, n = 16) and at 24 h post-SCI (Pearson

r = 0.85, p < 0.0001, n = 22) (Fig. 8). Similarly, at 24 h, a significant

correlation was found between the VHRUS-Global-Score and the

amount of extravasated Evans blue (Pearson r = 0.94, p < 0.0001,

n = 22) as well as between the latter and extravasated hemoglobin

(Pearson r = 0.95, p < 0.0001, n = 22). For measurements of the

VHRUS-Global-Score, the Pearson correlation coefficients for intra-

and interobserver reliability were both 0.99 ( p < 0.0001, n = 38).

FIG. 4. Very high resolution ultrasound (VHRUS) structural anatomy of the intact spinal

4C c

cord and correlation with corresponding
histologic slices stained with hematoxylin and eosin (HE). With VHRUS examination in B-mode, the spinal cord parenchyma is slightly
hyperechoic, and the white matter is slightly brighter than the gray matter. The central canal appears as a double hyperechoic line. The
dura mater is also hyperechoic whereas the subarachnoid space is hypoechoic. The great dorsal vein is visible on the dorsal aspect of the
spinal cord. The vertebral bodies and the intervertebral discs are also visible. Th10, 10th thoracic vertebr; Th11, 11th thoracic vertebra.

FIG. 5. Intrinsic and extrinsic spinal cord vasculature with very high resolution ultrasound in power Doppler mode. The anterior
spinal artery is at the anterior part of the spinal cord splitting into several sagittal

4C c

arteries. The great dorsal vein is at the dorsal aspect of
the cord and drains the smaller sagittal veins. Doppler analysis confirmed the presence of pulsations into the anterior spinal artery while
the great dorsal vein exhibited no pulsation. On coronal reconstruction, it is also possible to visualize the radiculo-medullary artery
(originating from the segmental artery that arises from the aorta) along the neural roots and its anastomosis with the anterior spinal
artery. This artery has a shape and location similar to the so-called Adamkiewicz artery described in humans. With three-dimensional
(3D) Doppler acquisitions, it is possible to depict the complete vascular network by ‘‘erasing’’ the parenchyma.
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Time-lapse video acquisition (V1 c Video 1)AU2 c showed that the PH pro-

gressively grew by two different mechanisms—namely, through

persistent bleeding and the appearance of new foci of hemorrhage.

The speed of growth (inset to Video 1) was maximal immediately

after the injury and progressively slowed down, until it stabilized at

about 90 min post-SCI at 19.3 – 3% (standard deviation) of the value

measured at 2 min post-SCI.

Discussion

In the present study, we have found for the first time that VHRUS

is a powerful tool for depicting the structural and vascular anatomy

of the spinal cord in rats. We also found that it can be repeated in the

same animal, allowing for longitudinal in vivo studies. After SCI, a

hyperechoic lesion appears in the parenchyma that precisely cor-

responds to the PH at the acute phase and depicts the injured areas

where the BSCB is disrupted at 24 h post-SCI (i.e., the subacute

phase). We have further demonstrated that VHRUS enables the

quantification of hemorrhage (the amount of hemoglobin extra-

vasated into the parenchyma) at 90 min and 24 h post-SCI, as well

as the extent of vascular permeability (the amount of Evans blue

bound to albumin extravasated) at 24 h post-SCI. Last, we have

found that after SCI, two distinct mechanisms contribute to the

extent of the PH—namely, the persistence of the intralesional

bleeding and the subsequent appearance of numerous smaller

secondary per-lesional foci of PH (confirmed by time-lapse video

FIG. 6. Evolution of the parenchymal lesion on B-mode and the associated vascular network changes on power Doppler mode.
Immediately after spinal cord injury (SCI), a hyperechoic lesion appears in the

4C c

parenchyma and several sagittal vessels located at the
epicenter are destroyed and no longer generate a detectable ultrasound signal. During the 24 h after SCI, the lesion expands rostrally and
caudally, pushing away the remaining sagittal vessels (green arrows). The expansion of the secondary lesion progressively destroys
perilesional areas that were spared initially (i.e. secondary injury).

FIG. 7. Characterization of post-spinal cord injury (SCI) changes observed with very high resolution ultrasound (VHRUS) at the acute
(90 min) and subacute (24 h) phases. (A, G) Sagittal VHRUS image. (B, H) Axial VHRUS image. (C, I) Embedded spinal cords during
sagittal cryosectioning. (D, J) Embedded spinal cords during axial cryosectioning. (E, F)

4C c

Histological slices. At 90 min post-SCI, an
excellent correlation was found between the VHRUS images, the photographs of the embedded spinal cords, and the histological slices.
The acute lesion observed on VHRUS was almost exclusively made up of extravasated red cells (i.e. parenchymal hemorrhage). At 24 h
post-SCI, the parenchymal lesion observed with VHRUS is made up of a complex and heterogeneous mix of red blood cells,
inflammatory cells, and tissue debris. HE, hematoxylin and eosin.
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acquisition). We also concurrently highlighted an additional use-

fulness of VHRUS for monitoring and detecting the appearance of

traumatic spinal cord PH caused by the laminectomy procedure

and suggest that these go undetected in the majority of cases be-

cause there is no visually discernible bruising of the spinal cord in

these rats.

These observations demonstrate the progressive secondary dis-

ruption of the BSCB after SCI, which is from the accumulation of

cell debris, the generation of free radicals, calcium influx within the

parenchyma, and the breakdown of tight junctions between endo-

thelial cells.31 This exacerbates the initial injury because the blood-

borne species that enter the spinal cord parenchyma are toxic to

neural cells and because the progressive and expanding vascular

destruction leads to secondary perilesional ischemia.

Together, these data suggest that the effects of acute SCI treat-

ments that target the vascular disruption could be accurately and

repeatedly assessed by VHRUS imaging. This could have an im-

portant impact on clinical translational efforts, given that the lack of

biomarkers to detect therapeutic effects is an important gap in the

field that could be bridged by this technology.32,33 In addition,

given sufficient exposure of the lesioned spinal cord after decom-

pressive laminectomy, peri- and intraoperative VHRUS has the

potential to enhance the accuracy of prognosis of SCI by enabling a

fast, safe, and accurate visualization of the severity and extent

of the vascular lesion. It can also theoretically improve the accuracy

of targeted stereotactic cell injections and minimize damage to

spared tissue.

Other techniques described in the literature to visualize and/or

quantify BSCB disruption involve either imaging or nonimaging

techniques. Compared with nonimaging techniques such as quan-

tifying extravasated Evans blue or hemoglobin, the main advantage

of VHRUS is that it does not necessitate spinal cord isolation

and consequently the animal can be kept alive, thereby allowing

for repeated live-animal scans and reducing the number of animals

needed.

The main imaging technique used to image in-vivo disruption of

BSCB is MRI. Although MRI is less invasive because a lami-

nectomy is not needed to image the spinal cord, it is much more

expensive than VHRUS, requires dedicated facilities and staff,

MRI equipment is neither compact nor mobile, is not compatible

with ferromagnetic devices, and provides spatial resolution slightly

inferior to VHRUS. Further, MRI does not allow real-time acqui-

sition of the evolving PH because MRI acquisition takes much

longer than VHRUS (the frame rate in B-mode is 25 images per sec

in our study).

Histology and related techniques have better spatial resolution

than VHRUS and allow for specific staining of molecules or cell

populations that is not possible with conventional VHRUS (although

recent developments in photoacoustic imaging do allow for in vivo

real-time marking of systemically accessible tissues and cells).34–36

Histology, however, requires harvest of the spinal cord, thereby

precluding in vivo and real-time visualization of the spinal cord.

Further, the isolation of the spinal cord releases the physiological

tension that is present in the parenchyma and can therefore modify

the morphology of the tissue, whereas the tissue fixation can provoke

shrinkage of the tissue,37–39 thereby limiting the findings of histo-

logical stereological studies. Many microhemorrhagic foci apparent

on VHRUS were no longer detectable after histological processing

of the spinal cord tissue. The ability of VHRUS to resolve anatom-

ical structures 20–30 microns apart allows for extremely accurate

FIG. 8. Quantification of blood spinal cord barrier disruption with very high resolution ultrasound (VHRUS). (A,B,C) Correlations
between VHRUS quantification and spectrophotometry assays at 90 min and 24 h post-spinal cord

4C c

injury (SCI). (D,E) Axial slices of
intact spinal cord obtained with VHRUS and fluorescent microscopy. (F,G,H,I) Axial and sagittal slices of injured spinal cords obtained
with VHRUS and fluorescent microscopy of the Evans blue extravasation. (J) Correlation between the amounts of extravasated
hemoglobin and Evans blue in the same animal. Significant statistical correlations were obtained between VHRUS quantification and
spectrophotometry assays at 90 min and 24 h post-SCI. The spatial profile of Evans blue extravasation (red fluorescence) was strikingly
similar to the VHRUS signal generated by the spinal cord lesion.

VERY HIGH RESOLUTION US OF SCI 7

NEU-2013-3319-ver9-Soubeyrand_1P.3d 07/25/14 5:38pm Page 7



visualization of tissue and pathophysiological changes while pre-

serving the exact in vivo morphology of tissues. In addition to the

ability to perform 3D acquisitions, VHRUS is a valuable technique

that can complement histology for stereological measurements.

In vivo microscopy is an imaging technique allowing for visu-

alizing real-time cellular behavior.36,40 It offers fascinating visu-

alization at the cellular scale but, in comparison with VHRUS, it

remains limited by at least two points. First, it requires animals

genetically modified to express specific fluorescent proteins. Sec-

ond, the depth of observation is limited to a few dozen of microns,

which precludes deep observation of the spinal cord. In contrast,

VHRUS allows visualization of the entire spinal cord and therefore

represents a complementary imaging tool.

One of the classic limitations of US imaging is its operator de-

pendency. US provides real-time bidimensional slices of the tissue

acquired by the probe and when the probe is held by an operator, it

poses two concerns—namely, the stability of the bidimensional

image and the ability to find the exact same position in the same

animal from one US examination to another. With the present

protocol, we have solved this problem by using two strategies—the

stabilization of the spine and the ability to perform 3D acquisitions.

Stabilization of the spine with the frame and clamping of the Th13

vertebra reduce movement of the spine and spinal cord associated

with breathing, which otherwise interferes with US measurements.

Spine stabilization is mandatory to obtain 3D acquisitions, power

Doppler images, and time-lapse videos. Note that respiratory motions

represent a common concern for many techniques for spinal cord

imaging, for models of experimental SCI using an impactor, and for

stereotactic intraspinal injections.41 Solutions found in the literature

are based on the use of a spinal clamp, increasing the depth of an-

esthesia, and on the use of respiratory machines to induce apnea.42,43

Here, adequate stabilization of the whole spine was achieved by

clamping Th13 and securing the incisor teeth to the nose cone.

The ability to perform 3D acquisitions was made possible by the

use of a probe holder mounted on a motorized rail system. It allows

for post-acquisition analysis of an infinite number of multiplanar

reconstructions through the 3D file generated during imaging, each

of which corresponds to a possible position of the probe when

manually handled.

With conventional US probes available in clinical settings (12–

15 MHz), the spatial resolution is around 100–200 microns per pixel

while the VHRUS probe (44–50 MHz) offers a spatial resolution of

20–30 lm. Given that the rat spinal cord is about 3–4 mm44 in

diameter while the human spinal cord is about 1 cm,45 it means that

with VHRUS, it is possible to visualize a rat spinal cord as well as a

human spinal cord with conventional US probes. Therefore, con-

clusions of experimental studies performed with VHRUS in rats are

relevant to the clinic to improve the monitoring and prognosis of

spinal cord injuries (e.g., intra- and perioperative US imaging

during and immediately after decompressive laminectomy).

While this study was conducted in the lower thoracic spinal cord

and focused on the acute and subacute phases of SCI, it is none-

theless applicable to injuries affecting other levels, even the cer-

vical spinal cord, and imaging can be performed at chronic time

points as well. Whatever spinal cord level is visualized, stabiliza-

tion of the whole spine is performed identically as described in this

study—namely, by stabilizing Th13 and the incisor teeth.

Conclusion

We demonstrate for the first time the application of VHRUS

imaging to quantitatively assess the progression of vascular dis-

ruption after traumatic SCI. We anticipate that this technique will

have an important impact on preclinical and clinical translational

research efforts.

Acknowledgments

Dr. Marc Soubeyrand was supported by the SOFCOT (Société
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VIDEO 1. Time-lapse video of b AU2the evolving parenchymal
hemorrhage during the first 90 min after SCI. First, some foci of
hemorrhage that were present immediately after the clip injury
continued to extend. Second, some areas free of hemorrhage ex-
hibit very sudden (from one frame to the next one) appearance of
new foci of hemorrhage. Constant visualization of the central
canal confirms that the slice was always obtained on the same
spot. Inset: The extent of the parenchymal hemorrhage has been
calculated by repeating measurement of the VHRUS-Slice-Score
and the inset graph shows the data obtained in six animals.
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