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  Study Design.   Experimental study in male Wistar rats.  
  Objective.   To quantify temporal and spatial changes simulta-
neously in spinal cord blood fl ow and hemorrhage during the 
fi rst hour after spinal cord injury (SCI), using contrast-enhanced 
ultrasonography (CEU).  
  Summary of Background Data.   Post-traumatic ischemia and 
hemorrhage worsen the primary lesions induced by SCI. Previous 
studies did not simultaneously assess temporal and spatial changes 
in spinal cord blood fl ow.  
  Methods.   SCI was induced at Th10 in 12 animals, which were 
compared with 11 sham-operated controls. Spinal cord blood fl ow 
was measured in 7 adjacent regions of interest and in the sum of these 
7 regions. Blood fl ow was quantifi ed using CEU with intravenous 
microbubble injection. Spinal cord hemorrhage was measured on 
conventional B-mode sonogram slices.  
  Results.   CEU allowed us to measure the temporal and spatial 
changes in spinal cord blood fl ow in both groups. In the SCI group, 
spinal cord blood fl ow was signifi cantly decreased in the global 
region of interest (P  =  0.0016), at the impact site (epicenter), and 
in the 4 regions surrounding the epicenter, compared with the sham 
group. The blood fl ow decrease was maximum at the epicenter. No 
statistically signifi cant differences between the sham groups were 
found for the most rostral and caudal regions of interest. Hemorrhage 
size increased signifi cantly with time (P  <  0.0001), from 30.3 mm2 
( ± 2) after 5 minutes to 39.6 mm2 ( ± 2.3) after 60 minutes.  

 Acute spinal cord injury (SCI) is a devastating event 
responsible for motor, sensory, and autonomic impair-
ments. The annual incidence of SCI is estimated at 15 

to 40 cases per million, and mean patient age is 33 years.  1   ,   2   
 The damage caused by SCI develops in 2 phases: the primary 

injury involves direct destruction of the cord parenchyma by 
the trauma, followed by the secondary injury in which various 
molecular and cellular events worsen the primary lesion.  3   Among 
the mechanisms responsible for the secondary injury, ischemia 
plays a major role in causing neuronal and glial necrosis.  4   At the 
epicenter of the injury, severe ischemia progresses inexorably 
to necrosis.  5   Surrounding this necrotic core, there is a zone of 
decreased blood fl ow that can progress either to severe ischemia 
and necrosis or to reperfusion and tissue survival.  6   Preservation 
of this zone may induce substantial clinical benefi ts. Thus, per-
sistence of only 10% of myelinated motor axons was suffi cient 
to enable walking in experimental animals.  7   

 None of the techniques used to date to assess spinal cord 
blood fl ow in experimental settings provide simultaneous 
information on temporal and spatial changes in spinal cord 
blood fl ow. For example, laser Doppler, one of the most 
widely used techniques, allows real-time measurement of spi-
nal cord blood fl ow  5   ,   8   ,   9   only to a depth of about 1 mm, that is, 
in only one-third of the diameter of the rat spinal cord. 

 Contrast-enhanced ultrasonography (CEU) is a recent 
method allowing  in vivo  quantifi cation of tissue microperfu-
sion on bidimensional slices. Microbubbles of encapsulated 
gas are injected to enhance blood-fl ow contrast within a 
tissue.  10   These microbubbles are safe in humans and are widely 
used to assess blood fl ow in tumors or organs.  11   However, to 
the best of our knowledge, CEU has not been used to investi-
gate spinal cord blood fl ow. 

 Another factor that can dramatically aggravate SCI is bleed-
ing within the spinal cord parenchyma. In rats, the presence 
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 Conclusion.   CEU seems reliable for quantifying temporal and 
spatial changes in spinal cord blood fl ow. After SCI, bleeding 
occurs in the spinal cord parenchyma and increases signifi cantly 
throughout the fi rst hour. 
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of blood in the extravascular compartment triggers local 
vasospasm.  12   ,   13   The size of the initial hemorrhagic focus cor-
relates closely with subsequent changes in the necrotic area, 
which is seen as a spindle-shaped cavity.  14   In several clinical 
studies using magnetic resonance imaging (MRI), hemorrhage 
within the spinal cord was associated with poor neurological 
outcomes.  15   However, we are not aware of previous studies 
providing a detailed description of the spatial course of hem-
orrhage immediately after the trauma. 

 The goal of this experimental study was to quantify the 
temporal and spatial changes in blood fl ow and hemorrhage 
during the fi rst hour following SCI. To this end, we used CEU 
in male Wistar rats. 

  MATERIALS AND METHODS 
 All the methods used in this experimental animal study were 
approved by the bioethics committee of the Lariboisière 
School of Medicine, Paris, France (CEEALV/2011–08-01). 
The animals were kept in individual cages in a room with a 
12-hour light/dark cycle and free access to food and water. 

  Surgical Procedure 
 Male Wistar rats weighing 380 to 410 g were used ( Figure 1 ). 
Thirty minutes after a subcutaneous buprenorphine injection 

(0.05 mg/kg), intraperitoneal sodium pentobarbital (60 mg/
kg) was given for anesthetizing. To avoid hypothermia, the 
rat was placed on a heating blanket connected to a thermo-
metric rectal probe in order to maintain temperature in the 
range of 37 ° C to 38 ° C. Tracheotomy was performed to per-
mit ventilation with room air. A cannula inserted into the left 
carotid artery allowed monitoring of the mean arterial blood 
pressure (MABP) using Student Lab Pro software (Biopac 
Systems, Goleta, CA) and continuous hydration with 0.9% 
saline solution (10 mL/kg/hr).  

 The rat was placed in the prone position and a midline inci-
sion was performed. Localization of the 13th left rib allowed 
to identify precisely the thoracic (Th) vertebra Th13. The pos-
terior arches were exposed from Th7 to Th13. Laminectomy 
with bilateral facetectomy was performed from Th8 to Th12, 
taking care to avoid damage to the neural roots and adjacent 
segmental arteries. 

 A stereotaxic frame was clamped to the spinous processes 
of Th6 and Th13 with the thorax elevated from the heating 
blanket to eliminate any infl uence of respiratory movements 
on spine position. Spine position was such that the spinal cord 
was strictly horizontal. 

 The ultrasound probe was positioned 5 mm from the spi-
nal cord and in a parasagittal plane with 20 °  of left obliquity. 
Ultrasound gel between the cord and probe allowed the acqui-
sition of a longitudinal cord slice while leaving free access to 
the posterior part of the cord. This ultrasound slice remained 
constant throughout the experiment, because the spine and 
ultrasound probe were locked into the stereotaxic frame. 

 At this point, a 30-minute hemodynamic stabilization 
phase was started. Five minutes after the end of this phase 
(defi ned as t0), a 10-g weight was dropped on the cord at 
Th10 from a height of 10 cm to induce severe SCI in 12 ani-
mals (SCI group). In 11 animals, no SCI was induced (sham 
group). 

 At the end of the experiment, the animal was killed with a 
lethal injection of pentobarbital IV.  

  Contrast-Enhanced Ultrasonography  
and Data Analysis 
 We used an Aplio ultrasound system (Toshiba, Tokyo, Japan). 
For each CEU, a bolus of 400  μ L of Sonovue (Bracco Imaging, 
Milan, Italy) was injected intravenously. This contrast agent 
is composed of microbubbles fi lled with sulfur hexafl uoride, 
ranging in size from 1 to 10  μ m. The microbubbles refl ect 
the ultrasound waves emitted by the probe, thereby increas-
ing the echogenicity of the tissue. They can be destroyed by 
the high-frequency ultrasound waves used in conventional 
B-mode, but are spared by the lower frequency waves used in 
harmonic mode. Therefore, tissue blood fl ow can be quanti-
fi ed by computer analysis of the harmonic mode images. For 
each acquisition in our study, the ultrasound device was set 
on harmonic mode and 2 minutes of raw data were recorded 
automatically. Seven acquisitions were obtained in each ani-
mal. The fi rst acquisition at the end of the 30-minute hemo-
dynamic stabilization phase served to obtain baseline data. 
Then 5 acquisitions were obtained 5 (t5), 15 (t15), 30 (t30), 

 Figure 1.    Schematic drawing of a rat in the stereotaxic frame. The ultra-
sound probe is oblique to allow positioning of the impaction device at 
the 10th thoracic vertebra (Th10). After the impact, hemorrhage is visible 
in B-mode. The harmonic mode shows the microbubbles (in orange). 
The asterisk indicates the necrotic core where ischemia is maximal.  
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45 (t45), and 60 (t60) minutes after the trauma or at the cor-
responding times in the sham group. Between acquisitions, 
the ultrasound system was switched to conventional B-mode 
for acquisition of morphological images and destruction of 
circulating microbubbles. 

 Each acquisition was analyzed using Ultra-Extend soft-
ware (Toshiba, Tokyo, Japan). Spinal cord blood fl ow was 
quantifi ed in 8 regions of interest (ROIs) positioned identi-
cally for each acquisition. The global ROI was the sum of 
the 7 other ROIs (ROIs 1–7), which were adjacent circles as 
shown in  Figure 2 . ROI 1 was at the level of the impact, that 
is, at the epicenter of traumatic damage. ROIs 2 through 4 
were rostral to the epicenter, and ROIs 5 through 8 caudal to 
the epicenter. For each ROI and each acquisition from a base-
line to t60, the software generated a perfusion-deperfusion 
curve and calculated the area under the curve (AUC) directly 
correlated to cord blood fl ow.   

  Temporo-Spatial Extent of the Hemorrhage 
 The size of the hemorrhagic area was measured using the 
Osirix software (Pixmeo, Geneva, Switzerland) on the con-
ventional B-mode images, because the surface area in mm.  2   

Hemorrhage size was determined at each time point from t0 
to t60.  

  Statistical Analysis 
 Statistical analyses were performed using Statview 5.0 soft-
ware (SAS Institute, Cary, NC). All results were reported as 
mean  ±  standard error of measurement. 

 To assess temporo-spatial changes in spinal cord blood 
fl ow, we computed the AUC in each ROI at each time point 
as a percentage of baseline (AUC%). Percentage variations 
in AUC were analyzed using repeated measures 3-way analy-
sis of variance (ANOVA; time, ROI, and trauma/no trauma). 
When a signifi cant interaction was found among the 3 factors, 
2-way ANOVA (time, ROI, or trauma/no trauma) was used. 
To assess our hypothesis that hemorrhage size increased over 
time, we performed repeated measures 1-way ANOVA (time). 
When 2-way ANOVA was signifi cant,  post hoc  analyses were 
performed using the Bonferroni comparison test. P values 
lower than 0.05 were considered statistically signifi cant. 

 The same method was used to analyze MABP changes over 
time, with 2-way ANOVA.   

  RESULTS 
 In all animals, ultrasonography was constantly able to visual-
ize the spinal cord from Th8 to Th12. 

  Temporal Evolution of MABP 
 Baseline MABP was similar in the 2 groups (107  ±  5 mmHg 
in the sham group  vs . 109  ±  2 mmHg in the SCI group). Base-
line AUCs were similar in the 2 groups for all ROIs.  

  Changes in Blood Flow 
 Blood fl ow in the global ROI decreased in both groups 
( Figure 3 ). However, the decrease was signifi cantly higher in 
the SCI group than in the sham group (AUC, –65%  ±  7% 
and –30%  ±  10% at t60, P  =  0.0016).  

 Blood fl ow changes in the individual ROIs 1 through 7 
are illustrated in  Figures 4  and  5 . No signifi cant differences 
were noted between the 2 groups for the ROIs located far-
thest from the epicenter (2 and 7). For the 5 remaining ROIs, 
blood fl ow was signifi cantly decreased in the SCI group com-
pared with the sham group (1, P  <  0.0001; 3, P  =  0.0032; 4, 

 Figure 2.    Spinal cord blood fl ow was assessed in 7 adjacent ROI, num-
bered 1 to 7, and in the sum of these 7 ROIs (global ROI). The software 
used for quantifi cation delivers a typical curve with an ascending part 
corresponding to microbubble ingress and a descending part corre-
sponding to microbubble egress.  

  Figure 3.    Blood fl ow in the global region of interest 
(ROI) in both groups.  
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 At the epicenter, 60 minutes after SCI, blood fl ow was 
decreased by 64% compared with the sham group. Similarly, 
a study of spinal cord blood fl ow assessed using the hydro-
gen clearance method after severe clip compression trauma 
in rats showed a 70% decrease at the epicenter.  16   Blood fl ow 
decreases at the epicenter were 60% after severe weight-drop-
ping SCI in a canine model  17   and 66% after severe SCI in a 
monkey model.  18   

 Our results demonstrate that after SCI 3 territories can 
be defi ned according to their blood fl ows: (1) the epicenter, 
where blood fl ow was lowest (corresponding to our ROI 1); 
(2) the territories adjacent to the epicenter caudally and crani-
ally, where blood fl ow was signifi cantly decreased (our ROIs 
3 and 4 rostrally and 5 and 6 caudally); and (3) the intact 
cord, where blood fl ow was unchanged after SCI (our ROIs 
2 and 7, showing no signifi cant difference with the sham 
group). Our model allows blood fl ow quantifi cation within 
these 3 territories after severe SCI. At the epicenter, direct 
mechanical destruction of the neurovascular tissues occurs.  4   
Conversely, in the second territory, the penumbra concept 
described for ischemic stroke  19   may be relevant: functionally 
impaired tissue can survive and recover if suffi cient blood 
fl ow is restored promptly. Although this second territory is 
small, salvaging it may generate considerable clinical ben-
efi ts. Thus, in a cat model, sparing only 10% of motor axons 
was enough to allow locomotion.  7   Ischemia is defi ned as 

P  =  0.0001; 5, P  =  0.0364; and 6, P  =  0.0252). The dif-
ference was maximum for ROI 1 (epicenter), where blood 
fl ow at t60 was diminished by 93%  ±  12% in the SCI group 
 versus  29%  ±  11% in the sham group (a 64% difference). At 
the epicenter, the blood fl ow decrease was maximum during 
the fi rst 30 minutes after the trauma.      

  Temporo-Spatial Extent of the Hemorrhage 
 Hemorrhage size increased signifi cantly (P  <  0.0001) over 
time, from 30.3  ±  2 mm 2  at t5 to 36.7  ±  2.2 mm 2  at t20 and 
39.6  ±  2.3 mm 2  at t60. The increase was maximum during 
the fi rst 30 minutes after the trauma ( Figure 6 ).    

  DISCUSSION 
 We found that spinal cord blood fl ow decreased signifi cantly 
between Th8 and Th12 during the hour following SCI at 
Th10. The spatial blood fl ow pattern was valley-shaped, with 
the epicenter having the lowest value and the most distant 
areas (in the rostral and caudal directions) having the highest 
values. At the epicenter, the blood fl ow decrease was maxi-
mum during the fi rst 30 minutes after SCI. To the best of our 
knowledge, this is the fi rst detailed description of temporo-
spatial blood fl ow changes after SCI. Moreover, conventional 
B-mode ultrasonography consistently showed bleeding that 
started in the epicenter and extended subsequently, particu-
larly during the fi rst 30 minutes after SCI. 

  Figure 4.    Changes in spinal cord blood 
fl ow in the regions of interest (ROIs) 1 
through 7 in the sham-operated group.  
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time, repeated,  in vivo  measurements of blood fl ow all along 
a spinal cord segment. The cord and surrounding dura can be 
left intact. Moreover, the same device used for CEU can pro-
vide morphologic images when used in conventional B-mode, 
whereas other techniques for assessing blood fl ow provide 
only functional information. Finally, with CEU, the raw data 
can be processed as many times as needed using specifi c soft-
ware to modify the size, shape, and location of the ROIs. 
However, CEU has its limitations, for example, intravenous 

blood fl ow impairment causing cell dysfunction. The result 
may be either cell function recovery or cell necrosis, depend-
ing on the severity and duration of ischemia. The threshold 
for irreversible ischemic damage varies across components 
of the central nervous system.  20   However, the site with the 
maximum blood fl ow impairment undergoes necrotic cell 
death within a few minutes.  21   In the past, cell death after 
ischemia was ascribed only to necrosis. However, research 
conducted in the past decade has shown that neurons in 
the ischemic penumbra can undergo apoptosis, mediated in 
part by proteins belonging to the caspase family.  22   The latter 
can serve as therapeutic targets to reduce the extent of the 
lesions, and therefore it emphasizes the importance of study-
ing ischemia in SCI. 

 To our knowledge, CEU has not been used previously to 
measure spinal cord blood fl ow. Previous studies used the 
radioactive tracer microsphere technique  23   ,   24   laser Doppler 
fl owmetry,  5   ,   25   the hydrogen clearance technique,  26   and C14-
iodoantipyrine autoradiography.  27   All these techniques have 
specifi c limitations. For example, the hydrogen clearance 
technique requires electrode insertion into the spinal cord, 
which may in theory modify spinal cord blood fl ow. With 
laser Doppler, blood fl ow is measured within a half-sphere 
about 1 mm in diameter, which precludes a full evaluation 
of the 3-mm wide rat spinal cord. With both techniques, the 
number of measurement points is limited by the number of 
available probes/electrodes. Conversely, CEU allows real-  Figure 6.    Changes in hemorrhage size over time.  

  Figure 5.    Changes in spinal cord blood 
fl ow in the regions of interest (ROIs) 1 
through 7 in the group with induced 
spinal cord injury (SCI). Ischemia was 
most marked at the epicenter (ROI 1) 
and blood fl ow increased gradually in 
the rostral and caudal directions.  
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  CONCLUSION 
 We established that CEU can provide quantitative real-time 
and spatial data on spinal cord blood fl ow. SCI was followed 
by blood fl ow impairment that was maximum at the epicenter 
and decreased in the rostral and caudal directions. Moreover, 
cord hemorrhage size as assessed using conventional B-mode 
ultrasonography increased throughout the 60 minutes follow-
ing SCI, with the maximum increase being noted in the fi rst 
30 minutes.   

microbubble injections are required at each time point. Cord 
blood fl ow is thus studied at multiple time points, as opposed 
to monitoring continuously because the ultrasound device 
and microbubbles are expensive. 

 With the conventional B-mode, we were able to measure 
the size repeatedly of the cord hemorrhage induced by SCI. 
Thus, we were able to correlate real-time morphological 
information with functional data. Until now, data on post-
SCI hemorrhage came only from postmortem histological 
studies, and therefore no information was available on the 
real-time course of bleeding  in vivo . In clinical practice, mag-
netic resonance imaging of bleeding within the injured spinal 
cord correlates with poor neurological outcomes.  15   Interest-
ingly, the morphological ultrasound fi ndings in our model 
closely resembled those seen in patients with SCI ( Figure 7 ). 
Intraoperative ultrasound examination of the spinal cord 
( i.e ., after the laminectomy) is safe as the probe can be posi-
tioned remote from the dura with an interface of physiologi-
cal saline. In the future, it should be interesting to assess the 
capacity of this technique to refi ne the neurological prognosis: 
the extent of both parenchymal hemorrhage ( i.e ., on conven-
tional B-mode) and penumbra zone ( i.e ., on CEU) through the 
motor and sensitive tracts of white matter may be correlated 
with the neurological outcomes.  

 The main limitation of our study is the change in spi-
nal cord blood fl ow induced by the sham operation. Spinal 
cord blood fl ow increased from t0 to t15, then decreased 
by about 30% from t15 to t60, whereas MABP remained 
unchanged. Conceivably, repeated microbubble destruction 
within spinal cord capillaries may gradually injure the ves-
sel walls. Because microbubble destruction is obtained using 
high-frequency ultrasound, we plan to test this hypothesis 
in a further study by modifying the frequencies used and 
destroying the microbubble elsewhere than in the spinal 
cord. The decrease in SCBF found in the present study is 
consistent with the fi ndings of Anderson  et al ,  28   who used 
an isotope-labeled microspheres technique and found that 
an isolated laminectomy can generate a signifi cant decrease 
(22%–45%) of SCBF during the minutes following the pro-
cedure. These authors ignored the pathophysiology of this 
“laminectomy-induced” decline in SCBF but have suggested 
a mechanism of temperature-induced vasoconstriction. 
Despite this limitation, the time-course of spinal cord blood 
fl ow was highly reproducible across animals. Moreover, our 
model was able to show a signifi cant difference between 
sham and SCI groups.  

  ➢  Key Points 

            Contrast-enhanced ultrasonography seems reliable 
for quantifying spinal cord blood fl ow under experi-
mental conditions.  

          B-mode ultrasonography visualizes the parenchymal 
hemorrhage induced by experimental spinal cord 
injury.  

          Spinal cord blood fl ow decreases within the fi rst 60 
minutes after spinal cord injury, and the decrease is 
maximum at the epicenter.  

          The size of the parenchymal hemorrhage increases 
signifi cantly during the fi rst 60 minutes after spinal 
cord injury.    
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