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Hello, my name is Jinci, and I worked in the Hofstetter Lab this summer. My presentation today will be about the novel use of ultrafast ultrasound imaging to visualize spinal cord tissue perfusion in real-time



Background
• Traumatic spinal cord injury (tSCI)

• Motor and sensory deficit caudal to level of injury: 
bowel, bladder, sexual dysfunction

Problem: Lack of non-invasive clinical imaging biomarker for 
injury severity and to identify the penumbra

penumbra

epicenter

• Complete loss of blood flow at injury center
• Ischemia or hypoperfusion of penumbra  secondary 

cell death
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Just some background, traumatic spinal cord injury (tSCI) can lead to varying degrees of motor and sensory deficits caudal to the level of injury. Disruption of autonomic nerve fibers can lead symptoms such as impaired bowel, bladder functions, sexual dysfunction. 

In terms of vascular integrity and blood flow at the event of a tSCI, there is an almost complete loss of blood flow in the injury center immediately after the impact. A major contributor to secondary injury after tSCI is hypoperfusion of adjacent tissue AKA penumbra, resulting in secondary cell death overtime. 

Research have been trying to use neuroprotective therapies to save salvageable penumbra but have failed to improve functional outcome, mainly due to lack of early clinical imaging biomarker for injury severity and to identify penumbra.




Baseline Injury

Moderate contusion injury

Proposed Solution: 
ultrafast contrast enhanced 
ultrasound (CEUS) doppler
• Local blood perfusion 

predicts lesion severity 
and functional deficits

Novel Technique

Validate CEUS doppler with 
golden standard technique 
(microsphere deposition)
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Our proposed solution is the use of ultrafast contrast enhanced ultrasound doppler.
As you can see in this animal with a moderate contusion injury. Our system and unique acquisition algorithms allows us to visualize:
Blood flow in the microcirculation from perfusion images
Patent macrovessels within the spinal cord (vessel)
Detect low velocity blood in intraspinal vessels (velocity)
Our previous work has also shown that local blood perfusion predicts lesion severity and functional deficits.

This technology is awesome, but because it is a novel technique, we have to validate its effectiveness. My project this summer was to use microsphere deposition technique, which is a golden standard technique that has been used in the literature for a long time to measure relative tissue perfusion and compared it to results we get from the perfusion images.

OTHER INFO:
Research ultrasound system (Verasonics Vantage system with L15 MHz Vermon transducer)
High acquisition frame rates (800 – 1000Hz)
Higher contrast signal sensitivity, higher resolutions and frame rates 🡪 separate slow and fast blood flow



Experimental Set Up
• Carotid artery catheterization 

fluorescent microsphere injection
• rate: 1 mL for 2 mins
• red and yellow fluorescent microsphere (15 μm)

• Tail vein catheterization microbubbles 
for ultrasound

• ~ 0.15 mL per injection
• T8-10 laminectomy: 150 kdyn injury at T9

Pre-injury

redyellow

Injury at T9 Post-injury
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For the experimental set up, the animal’s carotid artery is catheterized for microsphere injection directly into the left ventricle. The tail vein is also catheterized for microbubble injection that serves as a contrast agent for the ultrasound. A laminectomy is performed to exposed the spinal cord from T8-10 and the injury is introduced at T9 with a force of 150 kdyn.

Here is a general sequence of how the experiment goes: we acquire ultrasound images before the injury and then we inject one color of the microspheres. The color of the microsphere doesn’t matter as long as the post-injury injection is a different color. Then we introduce the injury. After the injury, we acquire more ultrasound images and inject the animal with the other color of microspheres. The animal is then sacrificed so we can extract the spinal cord for microsphere analysis.



Microsphere Processing
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In order to calculate the relative tissue perfusion from the microsphere, the spinal cord is mounted in black OCT and is sectioned with a cyromicrotome along with a camera that takes an image at every section. Afterward, using imageJ, we are able to determine the number of fluorescent microsphere before and after the injury along the cord and reconstruct the cord. Here is an example of a cord we done along with a graph of the microsphere count in 1 mm segments along the cord.

The error bars indicate the 95% confidence intervals. 



CEUS Image Processing

Measure signal intensity every 1 mm segment 
(total of 12 mm)

Baseline Injury
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Here are the perfusion images before and after the injury, you can already see visually a clear distinction between the two in terms of signal intensity. 

As for the data analysis, in order to match how microsphere data was acquired, the perfusion images were also divided into 1 mm width segment for a better comparison, but I just want to point out that the ultrasound provides a much better spatial resolution because we can actually track each individual signal without binning them.




Pre-injury vs. Post-injury
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Here are the results from the ultrasound images and microsphere data before and after injury for the same animal. There is a decrease in number of microsphere and signal intensity per volume of tissue after the injury. For a better comparison, the percent loss is calculated and graphed instead.



Percent Loss
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- again, these results are from the same animals, but the two graphs showed very different trends from each other. 

- The microsphere data shows almost a 100% loss of microsphere after the injury across. Whereas for the ultrasound data, you can see that there is around a 40% loss in signal intensity but will a gradual decrease in percent loss as we move more caudal.�
This shows that with the sensitivity of the ultrasound, we are able to start developing some tissue perfusion characteristics of the penumbra, which is something that we can’t see from the microsphere data.



Discussion
Conclusion
• CEUS has better spatial resolution
• Better temporal resolution

• Real time visualization of hemodynamic changes

• Intravital imaging
• Intraoperative usage

Ongoing and Future Directions
• Include absolute tissue perfusion
• Hemodynamics of chronic injury
• 3D CEUS parametric maps
• Use as clinical tool to evaluate lesion mapping, severity, 

and rescue-able zone in real-time
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Moving forward, we will be collecting more data for this project. 

Even though we are using microsphere deposition to validate our technique, we can already see that the ultrasound is more sensitive with a better spatial resolution. It also has a better temporal resolution because of its visualization of hemodynamic changes in real time. Not only that, it is an intravital imaging technique where the animal does not need to be sacrificed, which would be a great use intraoperatively. 

To refine our data analysis, we are currently working to include absolute tissue perfusion from the microsphere deposition technique by using a reference organ. We are also going to study the hemodynamics of animals with chronic injury. We have been also about to create parametric maps of the spinal cord by measuring the arrival time of the contrast agent. 

It is amazing that we have been able to do these work in the pre-clinical phase, but ultimately, we hope to translate this tool and use it clinically to evaluate lesion mapping, severity, and rescue-able zone in real-time for patients with SCI.

Notes:
Too much words



Human CEUS: Spine Tumor

Detecting tumor borders to aid during surgery
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We are actually doing some of that right now…Dr. Hofstetter along with our ultrasound experts have performed CEUS in several spinal cord surgeries. Here you can see an image of a spine tumor that is outlined with the contrast agent, so the application of this tool is not only limited to spinal cord injury.
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And we are fun!
Captain Hofstetter
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