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Abstract
Study design Experimental animal study.
Objective The current study aims to test whether the blood flow within the contused spinal cord can be assessed in a rodent
model via the acoustic window of the laminectomy utilizing transcutaneous ultrasound.
Setting Department of Neurological Surgery, University of Washington, Seattle WA.
Methods Long-Evans rats (n= 12) were subjected to a traumatic thoracic spinal cord injury (SCI). Three days and 10 weeks
after injury, animals underwent imaging of the contused spinal cord using ultrafast contrast-enhanced ultrasound with a
Vantage ultrasound research system in combination with a 15MHz transducer. Lesion size and signal-to-noise ratios were
estimated via transcutaneous, subcutaneous, or epidural ultrasound acquisition through the acoustic window created by the
original laminectomy.
Results Following laminectomy, transcutaneous and subcutaneous contrast-enhanced ultrasound imaging allowed for
assessment of perfusion and vascular flow in the contused rodent spinal cord. An average loss of 7.2 dB from transcutaneous
to subcutaneous and the loss of 5.1 dB from subcutaneous to epidural imaging in signal-to-noise ratio (SNR) was observed.
The hypoperfused injury center was measured transcutaneously, subcutaneously and epidurally (5.78 ± 0.86, 5.91 ± 0.53,
5.65 ± 1.07 mm2) at 3 days post injury. The same animals were reimaged again at 10 weeks following SCI, and the area of
hypoperfusion had decreased significantly compared with the 3-day measurements detected via transcutaneous, sub-
cutaneous, and epidural imaging respectively (0.69 ± 0.05, 1.09 ± 0.11, 0.95 ± 0.11 mm2, p < 0.001).
Conclusions Transcutaneous ultrasound allows for measurements and longitudinal monitoring of local hemodynamic
changes in a rodent SCI model.

Introduction

Direct mechanical spinal cord tissue destruction caused by
spinal trauma is often limited. However, subsequent
edema, hemorrhage, and inflammation lead to a secondary
wave of tissue damage. Peri-lesional edema, hemorrhage,
and necrosis result in increased intraspinal pressure.
Together with systemic hypotension due to the spinal
shock, increased intraspinal pressure causes an almost

complete loss of blood flow, also known as ischemia, in
the injury center and significant hypoperfusion in the
penumbral zone with progressive cell death overtime [1–
3]. Two routinely performed clinical treatment strategies
aim to improve local tissue perfusion of the contused
spinal cord. First, surgical decompression of the spinal
cord is recommended within 24 h of the initial injury [4–
7]. Second, trauma guidelines recommend maintenance of
the mean arterial blood pressure (MAP) at 85–90 Hg for
the first 7 days after acute spinal cord injury [8]. However,
achieving a MAP target with fluid and vasopressor agent
administration does not necessarily result in an optimal
spinal cord perfusion pressure [9, 10]. In fact, utilization
of high-dose vasopressor agents with the intention to
increase MAP may be associated with drug-related
adverse events in some patients [11]. Therefore, there is
a tremendous need for novel technologies to monitor local
spinal cord hemodynamics.
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Several different strategies have been developed to
monitor posttraumatic spinal cord hemodynamics. First, the
spinal arterial perfusion pressure can be estimated by
measuring the intraparenchymal spinal cord pressure at the
injury site and subtracting it from the mean arterial pressure.
Utilizing this approach decreased spinal cord perfusion
pressures have been detected during the first week after a
traumatic injury in both rodents [12] and patients [9]. The
above invasive technologies require implantation of a sen-
sor for hemodynamic measurements of the spinal cord
[9, 13]. Near infrared spectroscopy is another technology
that has been utilized preclinically to measure tissue oxygen
saturation of the contused spinal cord [14, 15]. It allows for
real-time monitoring of hemodynamic changes and has
been suggested to be more sensitive to ischemia-induced
dysfunction than motor evoked potentials [16]. Lastly,
ultrasound is another technology that has been utilized to
determine hemodynamic changes of the traumatized rodent
spinal cord [17, 18]. The use of traditional ultrasound to
image blood flow in the spinal cord of a rodent model was
demonstrated by Soubeyrand et al. [17, 19]. Recently, our
group has developed a novel high framerate and high fre-
quency ultrafast contrast-enhanced ultrasound (CEUS)
Doppler approach [20, 21]. Importantly, microbubbles give
ultrasound the ability to determine flow velocity (~mm/s)
blood flow in the microcirculation beyond the limitations of
Doppler ultrasound. In all of these experiments from work
done by our group as well as the Soubeyrand group, the
ultrasound image acquisitions were obtained above the
epidural membrane.

Here, we extend upon this work in investigating the
ability of high frequency CEUS to follow blood flow
changes in the spinal cord of a tSCI rodent model by ima-
ging transcutaneously through paraspinal tissue via
the acoustic window created by the surgical laminectomy.
This approach allows for the noninvasive assessment of
longitudinal changes in blood flow following tSCI in a
rodent model.

Materials and methods

Spinal cord injury

Surgical procedures were performed according to an
approved protocol following all appropriate guidelines
from the University of Washington Institutional Animal
Care and Use Committee. Two cohorts of six rats each
were imaged at two different time points following
contusion injury. The first cohort was imaged 3 days fol-
lowing injury, with the second cohort being
imaged 10 weeks following injury. Female Long-Evans
rats (n= 12, 250–300 g at the time of experiments; Envigo,

Indianapolis, IN) were utilized for our experiments. The
rats were anesthetized using isoflurane (5% to induce and
2.5–3% to maintain) and the area overlying the thoracic
vertebral region was shaved, cleaned, and sterilized. A
subcutaneous injection of bupivacaine and Lidocaine (1.5
mg/kg) was given prior to a longitudinal incision made
overlying the T5–T11 area using a #10 scalpel blade. The
animals received perioperative subcutaneous lactated
Ringer’s solution (10 mL/kg/h), Gentamicin (5 mg/kg), and
Buprenorphine (0.05 mg/kg). A 24-gauge tail vein catheter
was established and attached to a three-way stopcock for
the introduction of microbubbles (Definity®; Lantheus, NJ,
USA) and subsequent saline (0.9% sodium chloride) flu-
shes. After subperiostal dissection of paraspinal muscles, a
laminectomy was performed to expose the spinal cord from
T7 to T9. Animals were suspended at the T7 and
T9 spinous process for the contusion injury. A 200 kDyn
contusion injury was produced at T8 using an Infinite
Horizon spinal cord contusion device (Precision Systems
and Instrumentation, LLC). Acutely after injury, CEUS
imaging was performed (see details below). At the end of
the imaging session, the overlying muscles were sutured
(Covidien, Polysorb™ 4–0), and the skin was closed with
staples. The animals were allowed to recover from anes-
thesia before being single housed and returned to the
vivarium. During postoperative monitoring, the rats were
health checked twice a day up to ~14 days for the 10-week
cohort. Manual bladder expression was carried out until
bladder function normalized (~14 days). The postsurgical
treatment included subcutaneous Lactated Ringer’s Solu-
tion when necessary to treat dehydration, buprenorphine
(0.05 mg/kg, subcutaneous) to treat postoperative pain was
given twice a day for 3 days, and gentamicin (4.8–5 mg/kg,
subcutaneous) was given daily for 5 days for infection
prophylaxis. Skin staples were removed after 10 days, and
the animals were group housed.

Ultrasound imaging technique

For ultrasound imaging, the Vantage ultrasound research
system (Verasonics, Seattle, USA) combined with a 15
MHz transducer (Vermon, Tours, France) was utilized. For
each CEUS acquisition, a bolus of 0.1 mL of microbubbles
was injected intravenously followed by a 0.2 mL saline
flush. Ultrafast plane-wave acquisitions (~10,000 frames/s)
[22, 23] interleaved with a nonlinear pulsing sequence to
remove tissue signal were collected which allows for
assessment of perfusion and larger vasculature flow [21].
The nonlinear Doppler sequence enables the separation of
both low velocity microbubbles in the microcirculation
resulting in what we termed “perfusion” imaging and higher
velocity microbubbles in the larger vasculature resulting in
“vascular” imaging.
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Contrast-enhanced ultrasound of SCI

The rats were anesthetized using isoflurane (5% to induce
and 2.5–3% to maintain) and the area overlying the T7/T8
vertebrae was shaved, cleaned, and sterilized. Intravenous
access via a tail vein was established for microbubbles
(Definity®; Lantheus, NJ, USA) and subsequent saline flu-
shes. For acute ultrasound imaging a laminectomy was
performed on thoracic level 7–9. A layer of ultrasound gel
was placed directly on top of the dura and preinjury ultra-
sound imaging was performed. A contusion injury to the
spinal cord was then performed as described above. Ultra-
sound imaging was again performed to image postinjury
hemodynamic changes.

For noninvasive transcutaneous ultrasound imaging, hair
overlying the site from the original area of laminectomy was
removed. US imaging and acquisition was performed as
described above and for each CEUS event, a bolus of 0.1 mL
of microbubbles was injected intravenously followed by a
0.2 mL saline flush. Both cohorts of six rats were imaged
transcutaneously, subcutaneously, and epiduraly through the
acoustic window created by the original laminectomy sur-
gery. Sagittal ultrasound images in the median plane were
acquired by aligning the probe in the plane of the perforating
median vessels. A motorized stage holding the probe was
used to move the probe to sweep side to side at 50–100 μm
steps to determine the largest area of hypoperfusion. Mul-
tiple images were acquired along parasagittal planes. The
signal-to-noise ratio (SNR) of the perfusion signal (i.e. low
velocity blood flow in the microcirculation) was measured in
a region of interest (ROI) in the spinal cord in two areas for
each imaging approach. The first ROI was placed in a region
of spinal cord clear of larger vessels in the intervening
paraspinal muscle. A second ROI was placed in a region of
spinal cord below a larger intervening vessel of the para-
spinal muscle, to assess the effect of attenuation of overlying
larger vasculature for the transcutaneous and subcutaneous
acquisitions. Image reconstruction and SNR measurements
were performed in MatLab (Mathworks, US).

For subcutaneous imaging, the skin overlying T5–T11
was cleaned and sterilized, and a skin incision was made.
Agricola retractors held the skin back while sterile ultra-
sound gel was placed onto the underlying musculature.
Following subcutaneous CEUS, the ultrasound gel was
removed from the skin incision. Subperiostal dissection of
paraspinal muscles was performed to expose the lami-
nectomy window over the spinal cord at T7–T9. The rat was
again stabilized in a custom spinal frame from the T5 and
T11 vertebrae and sterile ultrasound gel was placed on top
of the dura. Again, ultrasound images were captured epi-
duraly as described above (see Fig. 1 for illustration). The
area of the hypoechoic region was measured using an image
analysis tool developed in MatLab.

Histology

At the end of the experimental period, the rats were
euthanized using an overdose of Beuthanesia-D (Schering-
Plough Animal Health, Kenillworth, NJ). Trans-cardiac
perfusion was performed using ice cold PBS (pH 7.4, ~200
mL) followed by cold 4% paraformaldehyde (~300 mL).
The spinal cord was removed, postfixed in 4% paraf-
ormaldehyde solution overnight at 4 °C and treated with
30% sucrose solution with 0.01% sodium azide prior to
freezing. Twenty micron sections were obtained using a
cryostat (Leica, Wetzlar, Germany, CM1950), thaw moun-
ted onto gelatin-coated glass slides, and stored at −80 °C.
Standard cresyl violet (labels neurons and cell nuclei) and
Luxol fast blue (myelin) stainings were performed to
visualize spared tissue and myelin within the spinal cord.
Photomicrographs were taken with either a Zeiss Primo Star
microscope with a color camera (Axiocam ERc 5s)
attached, or a Leica DMI6000 inverted microscope with a
color camera (Leica DFC365 FX CCD) attached. Images
were processed using either Adobe Photoshop CS5.1,
Adobe Illustrator CS6, or ImageJ 2.0.

Area analysis

To determine the area of hypoperfusion resulting
from spinal cord injury, midsagittal perfusion CEUS ima-
ges were used. All images used for perfusion deficit mea-
surements were acquired with the same settings of the
Verasonics system. At 3 days post injury (n= 6), the area of
perfusion deficit was measured using the freehand selection
tool in ImageJ (ImageJ 2.0; Wayne Rasband, retired
from NIH). At 10-week post injury (n= 6) multiple smaller

Fig. 1 Illustration of experiment setup. From left to right, repre-
sentation of transcutaneous, subcutaneous, and epidural contrast-
enhanced ultrasound (CEUS) imaging. The transparent blue rectangle
depicts the imaging window. During transcutaneous imaging, the skin
overlying the incision site is gently pulled to the side to avoid the
ultrasound interference of the wound closures.
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(≤1 mm2) cystic regions were observed. For this group, the
largest cystic regions of each rat were measured (see
example in Fig. 5) with the same CEUS method. To cor-
relate perfusion deficits detected via ultrasound imaging
with histological tissue sparing, a 3 mm portion of the cord
spanning the lesion center was analyzed. This window
reliably contained both the perfusion deficits seen with
CEUS, and the cystic regions observed histologically. The
total area of the spinal cord within this 3 mm section was
measured for both histological samples and ultrasound
images. Then, hypoechoic regions were measured for
ultrasound images, and cystic cavities were measured for
histological samples. In order to approximate the volume of
healthy tissue for both approaches, the volumes of hypoe-
choic regions and cystic regions were subtracted from the
total volume taken by the spinal cord. We chose this method
over directly comparing the volumes of hypoechoic regions
and cystic cavities because cystic cavities tended to collapse
during tissue fixation and cyro sectioning.

In order to verify that measurements of hypoechoic
regions were consistent between and within raters, three
separate raters measured the hypoechoic regions of five
midsagittal perfusion ultrasound images acquired from
animals who had received 200 kD injuries. The hypo-
perfused areas ranged in size from 0.3 to 3 mm2. Each rater
scored the same set of images on three separate occasions.
Ordinary two-way ANOVA tests were performed for each
rater’s individual scores, as well as for all raters using
averaged scores. Intraclass correlation coefficients (ICCs)
were calculated following a two-way mixed effects con-
sistency model, following the guidelines outlined by
McGraw and Wong [24]. The ICC comparing the scores of
all raters was 0.979, and individual ICCs ranged from 0.974
to 0.999. These scores fall within the range generally
accepted as “excellent reliability”. Hypoperfusion mea-
surements presented here were collected by a single rater.

Statistical analysis

Continuous variables are depicted as means ± standard error
of the mean. GradPad Prism 7 (GraphPad Software, Inc.,
San Diego, CA) was used to perform all statistical analyses.
Measured areas of perfusion deficits from CEUS images
were analyzed using ANOVA analysis of variance, and the
significance was set at p= 0.05.

Results

CEUS allowed for acquisition of sagittal images of the
injured spinal cord via the acoustic window of the lami-
nectomy. Figure 2 shows CEUS images of tissue perfu-
sion and vascular images before injury (a, b) and
immediately after injury (c, d). The spinal cord blood flow
was again visualized in animals at 3 days post injury
through the skin (Fig. 3a, b), through the muscle layers
subcutaneously (Fig. 3c, d), and epidurally (Fig. 3e, f). A
progressive loss in the signal amplitude was observed
when imaging was carried out through the attenuative
layers of the skin and musculature for both the vascular
flow and perfusion images. Table 1 shows the decrease in
spinal cord perfusion signal of transcutaneous and
subcutaneous CEUS imaging compared with epidural
imaging (n= 6). An average loss of 7.2 dB and 5.1 dB in
SNR was measured when imaging transcutaneously and
subcutaneously compared with epidural imaging. An
additional 3–4 dB signal loss in the spinal cord
was observed when shadowed by a larger vessel in
paraspinal muscle tissue. At 3 days post injury, area
measurements of the hypoperfused injury center were
similar when comparing transcutaneous, subcutaneous,
and epidural ultrasound acquisitions (5.78 ± 0.86, 5.91 ±
0.53, 5.65 ± 1.07 mm2; p > 0.05).
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Fig. 2 CEUS imaging detects
tissue perfusion and vascular
flow within the spinal cord in a
rodent. CEUS imaging was
performed before and
immediately after a contusion
type SCI in a rat. Tissue
perfusion (a, c) and vascular
flow (b, d) from intact and
injured spinal cord were imaged
immediately after injury.

698 Z. Z. Khaing et al.



CEUS imaging at 10 weeks after injury revealed
expected spinal cord atrophy and a small remaining area of
hypoperfusion (Fig. 4). The dynamic range of the perfusion
and vascular flow images was 40 dB and 30 dB, respec-
tively. The perfusion image revealed a small hypoechoic
region in the center of the spinal cord and a atrophy of the
of spinal cord extending beyond the original contusion site.
The hypoechoic region was at the edge of a cyst (deter-
mined using b-mode ultrasound images; data not shown),
which was centered more in the lateral aspect of the spinal
cord. No statistically significant differences in the area
measures of the largest hypoperfused regions were
observed, when measured transcutaneously, subcutaneously
or epidurally (0.69 ± 0.05, 1.09 ± 0.11, 0.95 ± 0.11 mm2,
respectively; p > 0.05) at 10 weeks post injury. The vascular

flow images depict morphological changes in vessel orien-
tation and tortuosity extending beyond the primary injury
site.

In summary, statistically similar areas of hypoechoic
regions at each time point (3 days and 10 weeks following
injury) were measured regardless of whether the images
were transcutaneously, subcutaneously, or epidurally
acquired (Fig. 5). There was a significant decrease in the
hypoperfused area detected at 10 weeks compared with
3 days post injury (p < 0.001) suggesting that CEUS ima-
ging (all three levels) were able to detect significant
alterations in the spinal tissue and vasculature with time
after injury. We have also examined the functional deficits
in SCI animals with and without chronic repeated ultra-
sound imaging, and showed that there were no statistical
differences in their open-field locomotor score (Basso,
Beatie, Bresnahan (BBB) score; Fig. 5d) suggesting that the
multiple imaging sessions did not alter their functional
recovery after SCI.

At chronic time points, multiple cystic regions were
observed, accompanied by a reduction in spinal cord dia-
meter (Fig. 6a) concordant with our previous experience as

Fig. 3 CEUS imaging
performed through the
acoustic window subacutely.
Change in tissue perfusion (low
velocity microbubble signal) and
vascular flow (high velocity
microbubble signal) were
imaged transcutaneously,
subcutaneously or epidurally at
3 days following injury (N= 6).
Example images of
hypoperfused area (a
transcutaneous, c subcutaneous,
e epidural) and vascular flow
changes are shown (b
transcutaneous, d subcutaneous,
f epidural). The dynamic range
for the vascular flow and
perfusion images were 40 and
30 dB, respectively.

Table 1 Acquisition dependent CEUS characteristics.

Imaging approach Signal-to-noise ratio

Transcutaneous 19.3 ± 2.5 dB

Subcutaneous 26.5 ± 2.2 dB

Epidural 31.6 ± 3.2 dB

Transcutaneous contrast-enhanced ultrasound imaging of the posttraumatic spinal cord 699



well as other published work on this model of SCI [25]. We
correlated the intact tissue detected at lesion center (3 mm
wide) observed from histologically stained sections and
compared them to intact perfusion tissue detected using
ultrasound imaging. We found that there was a statisti-
cally significant positive correlation (r2= 0.70, p < 0.02;
Fig. 6b), suggesting that areas with intact perfusion on
ultrasound images correspond to intact tissue detected
by the gold-standard histological staining.

Discussion

In the current report, we demonstrate that transcutaneous
CEUS imaging of the contused rodent spinal cord is fea-
sible. Importantly, despite signal attenuation caused by the
overlying skin and paraspinal tissue, transcutaneous CEUS
measurements allow for estimation of local tissue hypo-
perfusion and thus noninvasive longitudinal assessment of
blood flow changes following experimental tSCI. Although
some ultrasound signal attenuation was experienced in
imaging through intervening microbubbles and paraspinal
tissue, similar views of the intrinsic spinal cord vasculature
and resulting deficits following tSCI were observed for all
three imaging approaches (i.e., transcutaneous, sub-
cutaneous and epidural). A mean decrease of 5.1 dB in

perfusion signal was observed when imaging sub-
cutaneously compared to directly over the spinal cord
(epidurally), with an additional mean loss of 7.2 dB
observed when imaging through both paraspinal muscle and
skin. To assess the potential differences of the imaging
approaches, we compared the measurements of the area of
perfusion deficit following SCI for each imaging approach
at two time points (acute and 10 weeks). We found similar
area measurements for each approach at both time points
suggesting that transcutaneous CEUS imaging technique
could be useful to noninvasively monitor blood flow
changes following tSCI in a rodent model.

Given the impact of spinal cord blood perfusion on
functional outcome after traumatic injury [26], multiple
different monitoring technologies have been developed.
Measurements of intraspinal pressure allow for calculation
of spinal perfusion pressure as well as estimation of the
optimum spinal perfusion pressure [15]. We and others have
found that traumatic SCI leads to a threefold elevation of
intraspinal pressure at the injury site compared with phy-
siological pressures and pressures remain elevated for up to
7 days in rodents [12], pigs [27], and humans [9]. Impor-
tantly, measured tissue perfusion positively correlates with
amplitudes of motor evoked potentials (9/9 patients tested)
[9]. Intraspinal pressure monitoring has shown promise in
the management of patients with acute spinal cord injury

Fig. 4 CEUS imaging
performed through the
original acoustic window
chronically. Change in tissue
perfusion (low-velocity
microbubble signal) and
vascular flow (high-velocity
microbubble signal) were
imaged transcutaneously,
subcutaneously at 10 weeks
following injury (N= 6).
Example images of
hypoperfused area (a
transcutaneous, c subcutaneous,
e epidural) and vascular flow
changes are shown (b
transcutaneous, d subcutaneous,
f epidural). The dynamic range
for the vascular flow and
perfusion images were 40 and
30 dB, respectively.
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[9, 10]. While technically feasible and safe, this requires
intradural implantation of a pressure sensor which provides
measurements at only one location [28]. Therefore, direct
measurements of hemodynamic changes within the spinal
cord tissue after SCI is needed.

Near infrared spectroscopy constitutes another promising
technology for monitoring spinal cord hemodynamics (for
an excellent review, please see [15]). Near infrared spec-
troscopy allows for the measurements of tissue oxygen
saturation in real time [29] and is approved for continuous
monitoring of brain oxygen saturation [30]. While near
infrared spectroscopy cannot reliably measure spinal cord
hemodynamics via transcutaneous acquisition [31], accurate
epidural measurements have been demonstrated in an
experimental porcine spinal cord injury model [15]. In these
experiments near infrared spectroscopy accurately measured
spinal cord tissue oxygenation in response to hypoxia and
changes of the mean arterial pressure. Potential limitations
of near infrared spectroscopy are poor spatial resolution as

the pathlength taken by the photons through the spinal cord
tissue is unknown, the low SNR and possible thermal tissue
damage [15].

Laser Doppler flowmetry utilizes the Doppler shift that
light undergoes when it is reflected by moving red blood
cells [32]. This technology has been used to assess local
spinal cord blood flow in various spinal cord injury models
[33–36]. Laser Doppler is typically collected epidurally and
provides real-time blood flow estimates. However, laser
Doppler delivers a volume-averaged estimate of blood flow
beneath the probe limited to a depth of ~1 mm. Moreover,
local swelling of contused spinal cord tissue and the
resulting changes of cerebrospinal fluid (CSF) space and
CSF pulsations may explain some of the contradicting
results [34] compared traditional hydrogen clearance [37] or
microsphere deposition techniques [38].

Ultrasound imaging of the spinal cord is well established.
Initial studies used B-mode ultrasound imaging to visualize
posttraumatic microstructural spinal cord abnormalities in

(m
m

)

Three Days Post Injury Ten Weeks Post Injury 

(m
m

)

C

A B

3 Days 10 Weeks
0

2

4

6

8

Time point (post injury)

H
yp

op
er

fu
se

d
ar

ea
( m

m
2 )

Transcutaneous
Subcutaneous
Epidural

D

1 W
ee

k

2 W
ee

k

3 W
ee

k

4 W
ee

k

5 W
ee

k

6 W
ee

k

7 W
ee

k

8 W
ee

k
0

5

10

15

20

Time Post Injury

B
B

B
 S

co
re

 (0
-2

1)

SCI + chronic imaging

SCI Only

Fig. 5 Transcutaneous CEUS imaging detects area of tissue per-
fusion deficit after SCI. a, b Example of hypoperfused areas at sub-
acute (3 days) and chronic (10 weeks) time points after SCI. c Sig-
nificantly smaller area of tissue hypoperfusion was detected at
10 weeks compared with 3 days post injury (*p < 0.001). No sig-
nificant differences in areas were detected when CEUS imaging was

performed either transcutaneously or subcutaneously compared with
epidurally. d Weekly Basso, Beatie and Bresnahan open-field loco-
motor testing of rats after spinal cord injury, with (closed circles; N=
6) and without (open circles; N= 5) showed that there were no
functional differences in their hindlimb function for up to 8 week post
injury (p > 0.05).

Transcutaneous contrast-enhanced ultrasound imaging of the posttraumatic spinal cord 701



rodents [17, 21], pigs [39], and patients [40]. Indeed, the
Fehlings’ group has utilized ultrasound imaging (B-mode
and power Doppler imaging) to examine the vascular
changes after SCI after multiple treatment paradigms
[41, 42], suggesting that ultrasound imaging is a useful
technique for examining blood flow changes within the
entire spinal cord after SCI.

Utilizing intravenous ultrasound contrast in combination
with traditional ultrasound, Soubeyrand et al. first demon-
strated hemodynamic alterations in a rodent SCI model
[18]. CEUS imaging confirmed a dramatic hypoperfusion at
the center of a T10 contusion injury [18]. Importantly,
hypoperfusion of the lesion center and penumbra worsened
during the first hour after trauma, indicating that this tech-
nology might be well suited to monitor and guide inter-
ventions treating local ischemia. However, the sensitivity
and spatial resolution of CEUS in this study was limited by
the utilization of a conventional ultrasound system archi-
tecture (Visualsonics).

High ultrasound frequencies are necessary to achieve high
spatial resolution of acquired images. However, previous

CEUS imagining techniques were limited at elevated fre-
quencies (>7MHz) due to the diminishing microbubble
response beyond their resonance frequency (1–2MHz) [43].
We have overcome this limitation using a high framerate
plane-wave (i.e. ultrafast) imaging approach that overcomes
the weak microbubble response by essentially accumulating
multiple frames. In addition, our acquisition enables Doppler
processing to extract higher velocity microbubble flow
(~0.5–1 cm/s) in the larger vasculature with advantages in
sensitivity over conventional Doppler [44]. This approach
overcomes the challenges of imaging microbubbles at ele-
vated frequencies and spatial resolutions necessary to image
rodent models [20, 21]. Microbubbles give ultrasound the
ability to image low velocity (~mm/s) blood flow in the
microcirculation beyond the limitations of Doppler ultra-
sound. Utilizing a high frequency CEUS approach thus
enables distinction of low velocity microbubbles in the
microcirculation from higher velocity microbubbles in larger
vasculature [22, 23, 44]. Utilizing this strategy, ultrasound
signal obtained from microvasculature that facilitates
exchange of oxygen, electrolytes and nutrients is only mini-
mally affected by the signal from larger vessels. This tech-
nology provides a topographical map of local tissue
hypoperfusion with high sensitivity and spatial resolution. It
allows detection and quantification of spinal cord tissue in the
penumbra of the injury center suffering from a critical loss of
perfusion [21]. However, similar to all other aforementioned
techniques for in vivo spinal cord blood flow monitoring
CEUS has been only obtained with the ultrasound transducer
positioned in the epidural space [17, 18, 21]. Thus, opening of
the skin, subcutaneous tissue, paraspinal muscles and laminae
were required. In the current report, we demonstrate for the
first time the feasibility to acquire CEUS imaging of the
posttraumatic spinal cord in rodents transcutaneously via the
acoustic window created by the original laminectomy.
Moreover, transcutaneous CEUS imaging provided similar
area measurements of hypoperfused regions compared with
subcutaneous or epidural imaging, despite signal attenuation
from intervening paraspinal muscles and vasculature. Thus,
our current study suggests that transcutaneous CEUS imaging
technique constitutes a feasible strategy to estimate spinal
cord tissue perfusion in a rodent spinal cord injury model.

Decompression and stabilization of the spinal column is
recommended within 24 h after injury and routinely per-
formed at our level one trauma center [4–7]. Almost all
patients with any remaining neurological function
undergo posterior decompression and stabilization sur-
geries which provide an acoustic window to the contused
spinal cord. Therefore, conventional CEUS or more
advanced CEUS approaches could potentially be developed
for noninvasive monitoring of spinal cord blood flow and
perfusion as part of the management of spinal cord injured
patients.
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Fig. 6 Extent of spared tissue estimated with CEUS imaging
correlates with histological measurements. a Thin longitudinal
section of a spinal cord at 10 weeks post SCI was labeled with Nissl
staining and the same spinal cord was imaging using CEUS imaging.
Scale bar= 1 mm. b Correlation of intact tissue in a 3 mm long seg-
ment of the spinal cord using histology and CEUS imaging (N= 7).
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We acknowledge that our current study has several
limitations. While transcutaneous ultrasound B-mode ima-
ging of the human spinal cord via the acoustic window of a
laminectomy has been demonstrated [45, 46], the feasibility
to translate our initial rodent results into the clinic remains
to be determined. Moreover, transcutaneous CEUS was
obtained during a terminal ultrasound session in anesthe-
tized animals, rather than as continuous monitoring in
awake animals. In addition, 3D scans across the entire
spinal cord volume are needed to truly assess the volume of
the hypoperfused spinal cord regions after injury.

Conclusion

In conclusion, transcutaneous CEUS is the first demon-
stration of noninvasive measurements and monitoring of
local hemodynamic changes in a rodent traumatic
SCI model.
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