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ABSTRACT 
Photoacoustic computed tomography (PACT) is an emerging imaging technique which is based on the acoustic detection 
of optical absorption from tissue chromophores, such as oxy-hemoglobin and deoxy-hemoglobin. An important 
application of PACT is functional brain imaging of small animals. The conversion of light to acoustic waves allows 
PACT to provide high resolution images of cortical vasculatures through the intact scalp. Here, PACT was utilized to 
study the activated areas of the mouse brain during forepaw and hindpaw stimulations. Temporal PACT images were 
acquired enabling computation of hemodynamic changes during stimulation. The stimulations were performed by trains 
of pulses at different stimulation currents (between 0.1 to 2 mA) and pulse repetition rates (between 0.05 Hz to 0.01Hz). 
The response at somatosensory cortex-forelimb, and somatosensory cortex-hindlimb, were investigated. The Paxinos 
mouse brain atlas was used to confirm the activated regions. The study shows that PACT is a promising new technology 
that can be used to study brain functionality with high spatial resolution. 
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1. INTRODUCTION 
Conventional neuroimaging modalities cannot be easily translated to small animals. For instance, functional magnetic 
resonance imaging (fMRI) requires a very high magnetic field in order to obtain a sufficient signal to noise ratio (SNR) 
and spatial resolution for small animal imaging [1, 2]. Functional connectivity mapping with optical intrinsic signal 
imaging (fcOIS) was recently introduced as an alternative method to image functional connectivity in mice [3, 4]. In 
fcOIS, changes in local hemoglobin concentrations are determined based on changes in the reflected light intensity from 
the surface of the brain [3, 5]. Therefore, neuronal activity can be measured through the neurovascular response, similar 
to the method used in fMRI. However, due to the diffusion of light in tissue, the spatial resolution of fcOIS is limited [3, 
6], and the experiment has thus far been performed using an exposed skull preparation, which adds complexity for 
longitudinal imaging. Photoacoustic computed tomography (PACT) is an emerging imaging technique that is based on 
the acoustic detection of optical absorption from tissue chromophores, such as oxy-hemoglobin (HbO2) and deoxy-
hemoglobin (Hb) [7, 8]. This hybrid nature makes PACT capable of providing high resolution images of the brain while 
leaving the scalp intact [9, 10]. In Figure 1, graphs of molar extinction coefficients of oxy (HbO2) and deoxy (Hb) 
hemoglobin for wavelengths ranging from 250 nm to 950 nm are shown.  
 

In this paper, we utilize photoacoustic computed tomography imaging system to image the brain during paw stimulation. 
The experiment was performed using a 532 nm wavelength laser. The photoacoustic signal was therefore directly 
proportional to the total hemoglobin concentration (HbT). In this study, we found that fore- and hind-paw stimulations 
resulted in specific activity in different subregions of the somatosensory cortex. We have used differential method to find 
activation maps. Thus, we expect that PACT can be developed into a powerful functional imaging modality for future 
brain research. 
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Figure 1. Graph showing molar extinction coefficients of oxy (HbO2) and deoxy (Hb) hemoglobin. 
 
 

2. IMAGING SETUP 
A schematic of the photoacoustic computed tomography system is shown in Figure 2. A Nd:YAG laser (Quantel, 
Brillant B) was the excitation source, at a pulse duration of 4-6 ns and a pulse repetition rate of 10 Hz. The laser beam 
was homogenized by an optical diffuser, resulting in a 2 cm diameter beam on the surface of the mouse’s head. We 
monitored the laser power fluctuation using a photodetector, and the data was recorded into the computer. The data was 
then used in the reconstruction algorithm. The maximum light intensity at the surface was approximately 15 mJ/cm2, 
below the ANSI limit of 20 mJ/cm2 at 532 nm wavelength which is the isosbestic point in the molar extinction 
coefficient graph showing in Figure 1 [11]. The resulting photoacoustic signals were detected by a 5 cm diameter, full-
ring ultrasonic transducer array (Imasonic Inc.) with 512 elements. The array had an 80% bandwidth at a central 
frequency of 5 MHz. Within the 2 cm diameter field of view, the system had an axial resolution of 100 µm, a lateral 
resolution of 100-200 µm, and an elevational resolution of 1.0 mm [12].  
 

The photoacoustic signal was digitalized by a 64-channel data acquisition system, with a full-ring acquisition taking 1.6 
seconds [9]. For the experiments, we used 3-4 month old Swiss Webster mice. Before imaging, the animal was briefly 
anesthetized with 2% isoflurane, and the hair was removed with a hair remover lotion. The animal was then mounted on 
the imaging system. We changed the anesthetics from isoflurane to the mixture of ketamine and xylazine, because they 
provide stronger brain activity. 100 mg/kg ketamine and 10 mg/kg xylazine were mixed and administered 
intraperitoneally. For brain imaging, all experimental animal procedures were carried out in conformity with the 
guidelines of the US National Institutes of Health. The laboratory animal protocols for this work were in accordance with 
those approved by the Animal Studies Committee of Washington University in St. Louis. 
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Figure 2. Schematic of the PACT system 
 

3. ATLAS PREPARATION 
To support the findings obtained from this study, a horizontal view atlas of the functional regions of the mouse brain was 
reconstructed from coronal view plates of the Paxinos atlas, which are 120 μm apart [13]. Since the elevational 
resolution of the PACT system is about 1mm, extensions of the coronal view plates from the surface of the cortex down 
to 1 mm deep were considered for reconstruction. Because the plates are projected into one horizontal plate, we call the 
reconstructed atlas the averaged horizontal atlas.  
 

There were eight main regions reconstructed in the atlas. These regions include the olfactory bulb, limbic, parietal, 
somatosensory, retrosplenial, visual, motor, and temporal regions. Also several subregions within the main regions were 
reconstructed in the atlas. 
 

4. STIMULATION PROCEDURE 
Prior to stimulation, the mouse was anesthetized by an intraperitoneal injection of 100 mg/kg ketamine and 10 mg/kg 
xylazine. Each of the four paws (left hindpaw, right hindpaw, left forepaw, and right forepaw) was stimulated in 
sequence using needle metallic electrodes inserted under the skin. The stimulation signal was pulsed with a 33% duty 
cycle (i.e., 1 mA for 330 µs and zero mA for 660 µs) at 1 Hz for 30 seconds, as shown in Figure 3. A 60 second recovery 
period was used between each set, and five such cycles were used for signal averaging. 
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We chose to stimulate the paws since they are easily accessible and the animal is not required to perform any task. Paw 
stimulation activates the somatosensory region of the mouse brain due to the pain that the electrical stimulation 
generates. 
  

 
 

Figure 3. Paw electrical stimulation protocol.  
 

5. RESULTS 
We performed forepaw and hindpaw stimulation experiments to confirm the location of the somatosensory cortex and 
some of its sub-regions. Using the stimulation protocol, we stimulated the left hindpaw, the right hindpaw, the left 
forepaw, and the right forepaw in sequence, each for 6 minutes. During the stimulation process the paw electrical 
stimulation protocol was followed. The protocol is given in Figure 3.  
 

The motion of the mouse head caused by the stimuli was corrected for in post processing. The post processing is as 
follows. The obtained images were first co-registered to the first image. The landmarks used for co-registration were the 
major blood vessels, including the inferior cerebral vein (between the olfactory bulb and frontal association), superior 
sagittal sinus (between the left and right hemispheres of the olfactory bulb, cingulate, and retrosplenial regions), 
transverse sinus (between the cerebellum and colliculi areas, and the visual and auditory cortices), and confluence of 
sinuses (intersection of the superior sagittal sinus and the transverse sinus). 
 

Furthermore, the images were smoothed using a Gaussian filter. The Gaussian filter was created using “fspecial” built-in 
function in Matlab with two parameters hsize and sigma, where hsize is the size of the filter and sigma is the sigma of the 
Gaussian function. We used the values for hsize ([5 5]) and sigma (3) here. The images were then averaged over the 
periods with stimuli (Is) and without stimuli (Ins), and a relative intensity image was computed pixel by pixel, using (Is-
Ins)/Ins. Figure 4 shows the activated areas in the somatosensory cortex induced by forepaw and hindpaw stimulations. 
The signals from the stimulated regions on the brain (left hindpaw, right hindpaw, left forepaw, and right forepaw) do 
not follow the exact shape of the stimulation signal given in Figure 3. This is due to the hemodynamic response function 
of the brain. Hemodynamic response function of the brain can be modeled and its parameters can be measured. This 
issue needs a comprehensive investigation in the future. 
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Figure 4. Hindpaw and forepaw stimulation results on a Swiss Webster mouse. The areas encircled by the dotted lines show the 
corresponding functional regions from the atlas. 
 

6. CONCLUSION 
Functional brain imaging of small animals has been a challenge for conventional neural imaging modalities. For 
instance, fMRI and fcOIS lack the spatial resolution to differentiate the functional sub-regions. Here, using photoacoustic 
computed tomography, the activated areas of the mouse brain during forepaw and hindpaw stimulation were studied with 
high spatial resolution. The response at four functional regions on the cortex, i.e, the somatosensory cortex-forelimb and 
somatosensory cortex-hindlimb in the left and right sides of the brain, were investigated. PACT has the unique advantage 
of directly sensing optical absorption with an acoustically defined high depth-to-resolution ratio, and we expect it will 
become a powerful functional imaging modality, allowing neurology researchers to study brain diseases in standardized 
mouse models. 
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