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Noninvasive monitoring of traumatic brain injury and post-traumatic rehabilitation with laser-induced photoacoustic imaging Sihua Yang, Da Xing,a兲 Yeqi Lao, Diwu Yang, Lvming Zeng, Liangzhong Xiang, and Wei R. Chen MOE Key Laboratory of Laser Life Science, South China Normal University, Guangzhou 510631, China and Institute of Laser Life Science, South China Normal University, Guangzhou 510631, China



共Received 20 March 2007; accepted 22 May 2007; published online 14 June 2007兲 A photoacoustic imaging system was used for noninvasive monitoring of traumatic mouse brain in vivo with high-quality reconstructed images. Traumatic lesions accompanying with hemorrhage in the mouse cortical surface were accurately mapped, and foreign bodies of two small copper wires inserted in the mouse brain were also detected. Furthermore, the time course of morphological changes of cerebral blood during rehabilitation process of a mouse brain with traumatic brain injury was obtained using a series of photoacoustic images. Experimental results demonstrate that photoacoustic technique holds the potential for clinical applications in brain trauma and cerebrovascular disease detection. © 2007 American Institute of Physics. 关DOI: 10.1063/1.2749185兴 Traumatic brain injury 共TBI兲 occurs when the brain is damaged by a blow or a penetrating head injury. Direct trauma to the brain can cause bruising 共contusion兲 and bleeding 共hemorrhage兲 of the brain. Most seriously, some injuries of the brain cortex by TBI may disrupt the neuronal function and lead to psychological or physiological aberrance.1,2 However, little is known about the relationship between the morphologic damage and the outcomes after TBI. Therefore, noninvasive imaging techniques with high resolution anatomic imaging of TBI would be significant in studying the etiology of post-traumatic symptoms. The production of photoacoustic 共PA兲 signals in tissues as a result of short duration, localized energy absorption. Such energy deposition can be supplied by visible, infrared, or microwave radiation. PA waves travel through the target and can be detected by an ultrasonic transducer.3–5 The wave forms are converted to measurements of the PA pressure. Therefore, photoacoustic imaging 共PAI兲 combines ultrasonic resolution with high contrast due to light absorption, and PA technique has the capability of studying live organisms without exposing them to potentially harmful ionizing radiation and offers excellent detailed anatomic blood images of tumor neovascularization.6,7 Because of its unique predominance of combining high optical contrast and high ultrasound resolution in a single modality, PAI has been used for the measurement of brain oxygen saturation and the functional imaging of brain with whisker stimulation in animal model.8,9 The purpose of this study is to illustrate the usefulness of noninvasively PA monitoring of TBI. PA images of the traumatic brains with high temporal and spatial resolution were achieved to characterize blood-dependent changes in response to TBI. To further exploit the potential applications of this PA technique, a full rehabilitation process of a needle-induced lesion on the mouse brain cortex was also monitored. The schematic of the PAI system is given in Fig. 1. The 532 nm laser pulses with a full width at half maximum of



10 ns and a repetition of 15 Hz were provided by a neodymium-doped yttrium aluminum garnet laser to excite intrinsic PA signals. A concave lens and a ground glass were used for expansion and homogenization, respectively. The incident energy density on the brain surface was set at 8 mJ/ cm2. A needle hydrophone 共Precision Acoustics Ltd., Dorchest, UK; diameter: 1 mm, sensitivity: 850 nV/ Pa, and frequency response: 200 kHz– 15 MHz兲 was controlled by a precision stepper motor to scan circularly around the mouse head in the horizontal plane 共X-Y plane兲 for PA signal acquisition. A custom-built water tank coupled the PA signals between the hydrophone and the mouse head. An electrothermal controller was immersed in the water to maintain the temperature of the water at 37 ° C and to avoid hypothermia of the mouse brain. To cover a 2-receiving angle for mouse brain imaging, a total of 200 steps with a constant 1.8° interval were taken, where the radius of the circular scan was about 2 cm. A digital oscilloscope 共TDS3032, Tektronix, USA兲 received the amplified PA signals from an amplifier at a sampling rate of 500 Msamples/ s and transferred the digitized signal to a computer for subsequent data processing. At each sampling position, the PA signals were averaged for 32 traces. Therefore, a complete circular scan required approxi-
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FIG. 1. PAI system for noninvasive monitoring of mouse brain. © 2007 American Institute of Physics
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FIG. 2. 共a兲 PA image acquired with two small copper wires inserted in the mouse brain. 共b兲 X-ray image acquired with two small copper wires inserted in the mouse brain. The copper wires are identified by the arrows. 共c兲 Recombined image with both 共a兲 and 共b兲. The vascular branches were segmented from the background of 共a兲 with a threshold.



mately 10 min. A modified filtered back projection algorithm was developed and applied to the acoustic signals to extract information of the absorbed optical energy distribution.10 BALB/c mice weighting 30– 35 g were studied for PAI experiments. Before experiment, the fur on the skull of the mice was shaven and chemically depilated. A dose of 40 mg/ kg sodium pentobarbital was administered to anesthetize the mice before PA procedures. A custom-built stereotaxic holder for the mouse, especially the head, was used to keep the mouse immobilized. After induction of TBI, the mouse was transferred to the imaging stage. The head then protruded into the water tank through a hole at the bottom of the tank under a piece of clear membrane. A thin layer of ultrasonic coupling gel was applied to the surface of the animal head to couple the head and the flexible membrane at the bottom of the water tank. To demonstrate the ability of PA technique for detection of foreign body and traumatic lesion, a mouse brain cortex with two inserted small copper wires 共length: 2.0 mm, diameter: 0.3 mm兲 was imaged in vivo by our PAI system. The distinct cortical vascular destruction and the abnormal displays identified by the black arrowheads in Fig. 2共a兲 indicated that brain damages were produced by the inserted metal wires. Since PAI can image the distribution of absorbed optical energy density of different tissue constituents, the reconstructed PA image 关Fig. 2共a兲兴 can provide the distribution of not only the brain cortical vasculature but also the inserted metal wires. An x-ray image of the same mouse brain also acquired with a digital x-ray system 共piXarray 100 digital specimen radiography system, Bioptics, Inc.兲 shows in Fig. 2共b兲, where the two metal wires identified by the arrowheads and the skull of the mouse brain are clearly revealed. Compared with the position and shape of the copper
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wires between the PA image and the x-ray image, the abnormal displays in Fig. 2共a兲 are further confirmed to be the image of the copper wires. Furthermore, a whole view of the cortical vessels, the skull, the metal wires is also provided by a superposition image 关Fig. 2共c兲兴, which was recombined from the x-ray image and the PA image. A needle 共tip: less than 50 m, angle: 11.3°, maximal diameter: 0.3 mm兲 was inserted to a depth of 1.5 mm underneath the mouse head skin with duration of 2 – 3 s to induced a traumatic lesion, and the mouse was kept alive after the TBI. PA images were taken during an 11-day period with a 2-day time intervals. The needle lesion and hematoma in the brain cortex were followed during the recovery process. A needle lesion surrounded by the intracerebral hematomas can be visualized from the image at day 1 关Fig. 3共a兲兴 after induction of trauma. The series of PA images revealed a gradual reduction of signal intensity and extent of the hematomas during the period from day 1 to day 7. The hematoma in the brain cortex was almost disappeared in the PA image recorded on day 9. At day 11, no lesion or hemorrhage could be found. Furthermore, the destructed vessels in the needleinduced injury area not visible in the early days now were clearly mapped, suggesting the concrescence of the brain trauma. There is a qualitative agreement on the morphologic relation between the image at day 11 关Fig. 3共f兲兴 and the anatomical photograph 关Fig. 3共g兲兴. This group of continuous PA images shows that the rehabilitation process of the lesion tissue and the destructed vessel can be fully monitored with our PAI system. An incident of brain trauma may result in a widespread deposition of blood owing to the fact that the blood perfusion is broken in the region, hence the change of blood distribution. It is well known that the light absorption of hemoglobin in blood is much higher than that of other tissues in the brain at 532 nm wavelength. Therefore, PAI based on the high absorption of hemoglobin can be used as a sensitive blood detector to visualize blood activities. It is confirmed by the experimental results that PAI can provide brain vascular structures related to the changes of vessels due to TBI. Based on the different optical absorptions of different objects, the experimental results presented here demonstrate the capability of PAI in noninvasively monitoring TBI in the mouse brain model. The extent and the precise location of copper wires and lesion bleeding are clearly determined by our PAI system 共Fig. 2兲. The neurophysiologic symptoms after traumatic insult are often associated with the injured region of the brain. Therefore, the detailed anatomic images provided by PAI show its potential for the study of TBIrelated neurology. PAI can directly image biological processes in vivo as well as visualize vascular changes. The underlying intrinsic ability of PAI in studying injury-induced morphologic changes was explored in this study. The rehabilitation process of cerebral vasculature response to TBI was continuously monitored with PA technique. The series of PA images 共Fig. 3兲 illustrate the morphologic changes of traumatic injury during different periods and provide date for visualizing injury lesion and hematomas. Such PAI sequence shows significance in addition to biomedical imaging, and maybe provides opportunities to access the relationship between imaging finding and posttraumatic symptoms. The image contrast in optical absorption between primary vascular and background parenchyma was measured to
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breathing of the animal may influence the spatial resolution. Moreover, when PA signals travel through the heterogeneous biological tissues, acoustic speed aberrations will be induced and lead to wave-front distortions. Understanding and minimizing these problems are the central part of our future work to further improve the image quality. To advance PAI techniques for clinical use, the relatively long scanning time of the present system should be reduced. The most feasible solution is to use multielement transducer array12,13 instead of the single-element transducer. The multidetector array can dramatically reduce the scanning time by eliminating the mechanical shift or the rotation of transducer. Reduction in scanning time can avoid errors caused by the instability of laser energy and motions of the animals. Moreover, the combination of near infrared light with the corresponding optical contrast enhanced agent, such as indocyanine green and nanoshells, makes PAI promising for human brain detection. In summary, mouse brains with TBI were studied by photoacoustic imaging. In vivo and noninvasive high resolution brain cortex vasculature with traumatic hemorrhage and foreign bodies were visualized by the PAI system. The progress of the post-traumatic rehabilitation of the brain injury in mouse model was also monitored by a series of PA images. The study demonstrated the potential of PAI for basic research on the cerebrovascular pathology. This project was supported by the National Natural Science Foundation of China 共60678050, 30470494, and 30627003兲 and the Natural Science Foundation of Guangdong Province 共015012兲. 1



FIG. 3. Morphologic changes of blood vessels were imaged by the PAI system at different times. 共a兲 day 1, 共b兲 day 3, 共c兲 day 5, 共d兲 day 7, 共e兲 day 9, and 共f兲 day 11 after induction of TBI on the mouse brain. 共g兲 Open-skull photograph of the mouse brain surface after the experiments.



be about 4.7:1, which was acquired by averaging the pixel value from the PA reconstructed image 关Fig. 3共a兲兴. The resolution of PAI system has been determined to be 0.120 mm in our early research.11 However, tiny movements due to the
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