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Epilepsy is a most common serious brain disease, of which, however, the understanding 

is limited. In epileptic seizures, intensive hemodynamic changes are induced as a result of the 

synchronized electrical discharges from groups of neurons in the brain, and there is a growing 

trend to detect these hemodynamic changes for epilepsy diagnosis. Compared to other existing 

hemodynamic detection methods, photoacoustics features the vascular imaging and hemodyamic 

signal tracking in small animal brains, thus is a promising tool for epilepsy research on small 

animals. 

We here present a real-time three-dimensional (3D) photoacoustic system for the study of 

epilepsy in small animals. The system is based on a spherical array containing 192 transducers 

with a 5MHz central frequency, offering an isotropic resolution about 0.2mm. With the 64-

channel data acquisition system and the 10Hz laser, it can record a complete set of 3D data in 

0.3s. Phantom experiments and in-vivo experiments were conducted to demonstrate the high 

imaging quality and real time imaging ability of the system.  

Neurovascular coupling in generalized seizures was studied using the proposed system 

with simultaneous electroencephalography (EEG). Two groups of rats were imaged with two 

different wavelengths for the signals of oxy-hemoglobin (HbO2) and deoxy-hemoglobin (HbR) 
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respectively. Hemodynamic changes in different regions of the brain are extracted and analyzed 

with correlation and Granger Causality methods. Study shows that the change of HbR is less 

significant than that of the HbO2 during the seizure, and hyperoxygenation were concentrated 

around the hippocampus following the seizure onset. It is also noticed that the hemodynamic 

connections between different brain regions were found to be closer as the seizure evolved.  

To study the neuro-hemodynamic activities in seizure in freely moving rats, we built a 

photoacoustic sensor with EEG electrodes that can be attached on the rat head. Experiments 

showed that both the neural and vascular responses to seizure in freely moving rats have 

characteristics, which are observed to be different and more diverse from that of anesthetized rats, 

and this calls for more detailed study in future. This technology also promises for other 

hemodynamic related research study in freely moving small animals.  
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CHAPTER 1 

BACKGROUND AND SIGNIFICANCE 

Epilepsy is the most common brain disease that affecting 2% of the world population
1-2

. 

In epileptic seizures, the synchronic electrical charges of neurons result in prominent 

hemodynamic change in the blood vessels
3-5

, which can be detected by photoacoustic 

techniques
6-7

. As a hybrid technology that based on the use of laser-generated ultrasound, 

photoacoustics combines the merits of the high optical contrast from optical imaging as well as 

the high penetration depth and spatial resolution from the ultrasound in a single modality, 

featuring comprehensive label-free detection of the blood vessels deep in the tissue, and has been 

investigated in epilepsy study
8-10

. 

The goal of this thesis research is to further explore the potential of photoacoustic 

techniques into the diagnosis of epilepsy, which is embodied in the work in chapter 2 to 6. This 

chapter firstly gives an introduction to the photoacoustic techniques (which emphasis on the 

application of photoacoustics in vascular detection in small animal brain) and epilepsy, followed 

by the motivation and significance, and then the context and outline of this dissertation.  

1.1 Photoacoustics 

In photoacoustic effect, a pulsed laser is employed for the illumination of an object. 

When the pulsed energy is absorbed and converted to heat, wide-band pulsed ultrasound is 

generated due to transient thermoelastic expansion which is inherent to the absorption 

distribution in the object
6-7

.  

Photoacoustic effect was firstly reported by Alexander Graham Bell in 1880. Only until 

the mid-1990s, however, was photoacoustics developed as an imaging technology named as 

photoacoustic tomography (PAT), and began to be investigated for biomedical imaging. The first 

truly compelling in-vivo PAT images were obtained in 2003
11

. From this point onwards, this 



 

16 

field has witnessed major growth in terms of the instrumentation development
12-13

, image 

reconstruction algorithms
14

, vascular and functional imaging
15-16

, and the in-vivo application of 

this technology in clinical medicine and basic biological research
17

. 

PAT in biomedicine combines the merits of optical and acoustical methods: sensitive 

optical absorption contrast and low acoustic scattering in soft tissue. Using safe illumination 

sources, the photoacoustic effect can be applied for functional and molecular imaging in vivo 

biological tissues. In particular, the optical wavelengths in the visible and near-infrared (NIR) 

part of the spectrum are most commonly used in PAT, which are mainly absorbed by 

hemoglobin in the blood vessels, the main carrier of oxygen in the tissue
15, 18-20

. By utilizing the 

optical absorption of hemoglobin as contrast, PAT features the label-free vascular imaging with a 

high signal-to-noise ratio (SNR). Using multi-wavelength method, multiple functional 

parameters regarding the hemodynamic changes such as oxy-saturation, total blood volume can 

be achieved
21-23

. Besides, it uses less scattered ultrasound as its probing signal, thus overcome 

the light diffraction limit
6-7

. Thus it offers a great penetration depth extending to several 

centimeters, and able to depict subsurface information of the tissue more accurately than other 

optical imaging methods. The spatial resolution of PTA ranges from um to mm varying with the 

designs of the PAT setup
13

, which is superior to that of the traditional clinical functional imaging 

modalities such as functional magnetic resonance imaging (fMRI)
24-26

, positron emission 

tomography (PET)
27

, and single photon emission computed tomography (SPECT)
28

. With all 

these merits, PAT has show its excellent performance in vascular structural imaging and 

heamodynamic signal changes tracking in small animal brain
29-32

, which is one of the major 

directions of the PAT. 



 

17 

There are different approaches to PAT imaging, including different illumination schemes, 

detection schemes, and reconstruction techniques. The early PAT system mainly works in two-

dimensional (2D), and can be categorized in two modes: photoacoustic microscopy (PAM)
33-37

 

and photoacoustic computed tomography (PACT)
38-42

. In PAM, a focused transducer or 

excitation laser is employed to get the photoacoustic signal along the axial of the focal line; then 

the transducer or laser is mechanically scanned on the measurement surface, and the acquired 

signals are directly mapped according to the time of flight in the signals to produce images. In 

PACT signals from multiple directions around the target are collected by unfocused transducers, 

and a reconstruction algorithm is applied to reconstruct the image
43-45

. 

While simplified 2D PAT detection geometries and reconstruction algorithms have been 

used in most of the previous studies, with the fast growing of PAT in recent years, high quality 

real-time three-dimensional (3D) PAT is strongly demanded for monitoring the hemodynamic 

changes in small animal brains. Similar to 2D, 3D PAT can be achieved with PAM
46

or PACT
9
, 

or some hybrid configurations of these two modes
47-48

. Although PAM has been employed to 

provide excellent 3D vascular image of small animal brains, the imaging speed is highly 

restricted by the repetition rate of the lasers. Some groups have demonstrated real-time 3D PAM 

systems using lasers with a repetition rate up to more than 100 kHz, leading to a 3D frame rate of 

several frames per second
49-50

, but for most of the PAM systems the need of scanning the 

focused transducer or excitation laser usually takes hours, which makes it impossible for real 

time imaging. Compared to PAM, PACT can significantly reduce the imaging time by using 

various transducer arrays. However, most of the transducer arrays forms in a curve or line and 

can only image 2D planner objects. In this case, mechanical scanning in z direction is still 

required for 3D imaging purpose, and this leads to a non-optimal elevational resolution in z 
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direction. Real-time 3D PAT imaging has also been realized with some hybrid setups
47-48

, but no 

convincing result has been published using these kind of scheme on small animal brain vascular 

imaging yet.  

Therefore, 2D array such as planar or spherical array which consist of hundreds of 

transducers along with parallel data acquisition system eliminate the need of mechanical 

scanning, thus are most ideal for real-time 3D PAT imaging. The only problem of this kind of 

system is that the complicacy and expensive price of the parallel data acquisition system limits 

the number of parallel acquisition channels. However, if the number of parallel acquisition 

channels is close to the number of transducer elements in the array, only several laser shots are 

needed to produce a complete 3D image. 2D planar array of transducers has recently been 

employed for 3D PAT imaging, but due to the limited aperture of 2D planar array transducers, 

features with high aspect ratio or with orientations oblique to the transducer surface suffer from 

distortion, and the andazimuthal resolution is reduced. Comparatively, a spherical array can offer 

more complete angular views of the object, providing both high resolution and accurate feature 

definition regardless of shape or location of the object. The use of sparse spherical arrays for 3D 

PAT imaging has been recently reported, but due to the insufficient number of transducers used, 

the image quality were not satisfying and they can not be used for small animal brain imaging
51

.  

There‟s another trend of PAT in developing fiber based endoscope or hand-held 

reflection mode miniature PAT probes, which have small rotation motor or 

Microelectromechanical systems (MEMS) mirror integrated for light scanning purpose52-53. 

This offers great flexibility in biomedical application practice, and they have been widely used 

for intravascular imaging
54

, skin disorder diagnosis
55-56

, and tumor detection
57-61

. However, 

current PAT systems for small animal brain imaging are relatively complicated, in which the 
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excitation laser is delivered in free space. Therefore, only anesthetized or immobilized animals 

can be used for PAT neurovascular imaging. As the research of neurovascular imaging advances 

towards free moving animals, there‟s a growing interest of developing fiber based PAT 

systems
62-63

.  

1.2 Epilepsy  

Epilepsy is a common, chronic, neurological disorder characterized by epileptic seizures. 

Two percent of people worldwide will be diagnosed with epilepsy at some time in their lives
1-2

.  

In most cases, seizures are controlled, although not cured, with anticonvulsant medication, but 20 

to 30% of the patients are refractory to all forms of medical treatment
64

.  

Seizure types are classified according to whether the source of the seizure is localized 

(partial or focal onset seizures) or distributed (generalized seizures)
65-66

. Localization-related 

epilepsies arise from an epileptic focus. A partial seizure may spread within the brain, a process 

known as secondary generalization. Generalized epilepsies, in contrast, arise from many 

independent foci (multi-focal epilepsies) or from epileptic circuits that involve the whole brain. 

In epilepsies of unknown localization, it remains unclear as to whether they arise from a portion 

of the brain or from more widespread circuits. 

For those patients with medically intractable focal epilepsy, the best treatment option is 

resective brain surgery
67-69

. Although several factors can impact the success of epilepsy surgery, 

the primary reason of failure is the incomplete mapping of the local epilepsy network which 

results in incomplete resection of epileptogenic foci
70-71

. Much of the attention on epilepsy 

surgery has been directed at identifying single neuronal populations
72-74

. This approach has, in 

many cases, led to failed surgical outcomes, because seizures typically involve groups of neurons 

interacting both locally and across several cortical and subcortical brain regions
75-78

. A better 

understanding of the regional interactions occurring at the site of seizure onset and spread may 



 

20 

provide important insights about the pathophysiology of seizures and aid with accurate brain 

mapping and resection of the epileptic focus.  

In theory, removing the focus should result in a patient's seizures being cured. However, 

there is much evidence to suggest that the focus is more of a region of seizure onset with a 

number of sites that can act independently to initiate seizures
79

. Seizures in animal models and in 

people often have a multifocal or broadly synchronized onset. The best evidence for 

multifocality within the seizure onset zone comes from surgical experience with intracranial 

monitoring. The challenge of mapping the epileptic focus stems from the observation that the 

pathology associated with focal epilepsy is often distributed across a number of brain sites
80

 and 

that current diagnostics methods frequently fall short of identifying such sites. Animal studies 

indicate that the neurons involved in the epileptic circuitry have enhanced excitability 

throughout
81-83

. The implication of these observations is that each of the sites could act 

independently to initiate a seizure or, potentially, to drive another site into a seizure. Thus, in 

focal epilepsy, one may view a cortical region as a broad seizure onset zone, with the potential 

that multiple foci can act as a seizure focus for any given seizure.  

Much of our understanding about focal seizure circuitry comes from electrophysiological 

recording methods
84-87

. Although EEG recording is currently the „gold standard‟ in mapping the 

epileptic focus, it is often inadequate to define the boundary of the epilepsy circuitry due to 

spatial sampling limitations and volume conduction. What we truly desire is a brain mapping 

modality, which could give a high-resolution real time spatial and temporal „read out‟ of the 

dynamics of cortical processing and seizures.  

It has been well established that neuronal activity and these hemodynamic related 

changes in the brain are closely coupled in time, spatial, and amplitude, which is termed as 
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neurovascular coupling
88-89

. In epileptic seizures, the synchronous excessive neuron discharges 

cause enormous increase in the metabolic rate of oxygen, which will place supra-normal 

demands on the brain‟s auto-regulatory mechanisms, thus hemodynamic parameters such as 

blood volume and blood oxygenation can be greatly changed. Over the recent years, there‟s a 

growing interest employing various neuroimaging modalities for the study of epilepsy, which 

detect the hemodynamic changes in the brain to indirectly infer the neural activities in epilepsy 

based on the neurovascular coupling mechanism
90-91

. 

Among these technologies, traditional clinical functional imaging technologies such as 

fMRI, SPECT, PET, have been employed in the diagnosis and therapy assessment of epilepsy
92-

95
. However, their spatiotemporal resolution is low.  More importantly, because fMRI detects 

blood-oxygen-level-dependent (BOLD) signal, and is only sensitive to dexoy-hemoglobin 

(HbR)
96

; Similarly, PET and SPECT rely on the injection of radioactive extraneous agents, and 

are only sensitive to blood flow
92

. They can only detect focused seizures, and the interpreting of 

their acquired results for generalized seizures is complex and critically dependent on a 

comprehensive understanding of the neurovascular coupling.  

In contrast, recent developed optical imaging methods such as optical recording of 

intrinsic signals (ORIS)
97-98

, near-infrared spectroscopy (NIRS)
99

, and optical coherence 

tomography (OCT)
100

 have enough high spatial and temporal resolution and are well used in the 

neurovascular coupling study of epilepsy, helping the pathological study of this disease. 

However, due to the strong scattering of light, they can only see superficial changes in the cortex, 

while epilepsy involves wild spread networks deep in the brain, thus help less for clinical use. 

Other optical imaging methods such as diffuse optical tomography (DOT) can access to greater 

depth information, but the spatial resolution is poor
101

.  
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PAT combines both high contrast and spectroscopic specificity based on the optical 

absorption of both oxy-hemoglobin (HbO2) and HbR with high ultrasonic spatial resolution18, 

and has been demonstrated in focused seizure experiments. Relative to other optical imaging 

modalities, PAT has the advantage of mitigating both scalp and skull light scattering by a factor 

of about 1000
102

. The end result is that PAT allows for high spatial resolution imaging of brain at 

a depth considerably beyond the soft depth limit of conventional optical imaging techniques such 

as confocal microscopy
103-104

, two-photon microscopy (TPM)
105

, and OCT. The strong 

preferential optical absorption of hemoglobin makes photoacoustic imaging to have a better 

imaging contrast than ultrasound, which is difficult to visualize the microvessels with pulse-echo 

ultrasound owing to the weak echogenicity
106

.  

1.3 Motivation and Objectives  

Based on the review of literature in previous sections, PAT is more suitable for the study 

of epilepsy for its unique compromise between the high spatiotemporal resolution and deep 

penetration, as well as the high endogenous optical contrast from the blood vessels. The first 2D 

PAT for epilepsy study was demonstrated for the first time by our lab imaging seizure focus on 

an acute seizure rat model8, but the observation of hemodynamic changes during seizure onset 

was hindered by the long time scanning of a single transducer. Besides, light scattering and 

pressure wave propagation in tissue is inherently 3D, and 2D approximation to a real 3D problem 

(2D reconstruction model with 2D detecting geometry surrounding 3D targets) will inevitably 

bring errors, blurring and missing structures in the reconstructed 2D images
107

. In another hand, 

all the current epilepsy studies are performed on anesthetized animals, in which both the neural 

and vascular response to seizure may have been altered.  

This research was supported in part by a grant from the US Department of Defense 

Congressionally Directed Medical Program, the B.J. and Eve Wilder endowment fund, and the 
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Children‟s Miracle Network, which aims to realize the PAT monitoring of epilepsy in free 

moving awaken rats for the prediction, diagnosis, and therapy assessment of epilepsy. The 

entirety of this work describes our further effort to towards this goal, which can be separated into 

four related projects.  

The early work sough to realize a multi-channel based real-time 2D PAT system, which 

is a promotion of our previous work. This system has a collection of 120 ultrasound transducers 

forming a 2D circular array, and a 192-channel parallel data acquisition system insisting of 8 8-

channel high speed analog-to digital (A/D) boards in a industrial computer with up to 80dB on-

board preamplifiers and 50MHz sampling rate, as well as a home-made 192-channel printed 

circuit board (PCB) preamplifier system (26dB gain) for the amplifying of the signals from the 

transducers. This enables a frame rate of 3.33f/s. Chapter 2 outlines the formation, calibration, 

and characterization of this system through a series of phantom and in-vivo experiments. 

From there, a spherical 192-transducer array based real-time 3D PAT system is built, 

with the pre-mentioned 192-channel data acquisition system. In Chapter 3, we tested the 

performance of the system, and demonstrated the dynamic tracking of a seizure focus in the rat 

brain. This is the first real-time 3D PAT system for rat brain imaging. Some pre-investigation 

work was also introduced. Due to the dramatically increased computation cost for the image 

reconstruction in 3D PAT compared to that in 2D, a Graphic Processing Unit (GPU)
108

 

accelerated 3D delay&sum algorithm
109-110

 is applied to reduce the computation time cost.  

Further more, we integrated an EEG system with our real-time 3D PAT system, and 

generalized seizure experiments were carried out with two groups of rats using different 

wavelengths. The dynamic coupling during seizure ictal process among HbO2, HbR, and the 

neural activity are revealed. Regions with hyperfusion were visualized with cross correlation 
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methods, and the directional influences between hemodynamic changes in different regions in rat 

brain were assessed using Granger Causality analysis
111-113

. This part is introduced in Chapter 4. 

The focus of Chapter 5 is aimed towards the application of photoacoustic technologies in 

epilepsy experiments in free moving awaken rats. We fabricated a small probe that insists of a 

photoacoustic sensor and two EEG electrodes, and mounted it on the skull of mature rats to study 

the neurovascular coupling of epilepsy. We also recorded video for the assessments of the 

severity of seizure. The differences in neurovascular coupling between anesthetized and awaken 

rats were revealed. 

Chapter 6 gives a summary of our current work, and points out the limitations. Our 

findings suggest that PAT represents a powerful tool for noninvasively mapping seizure onset 

and propagation patterns, and the functional connectivity within epileptic brain networks was 

revealed using our real-time 3D PAT system. However, the performance of our system is still not 

satisfying due to the limited number of transducers, and small blood vessels and many important 

features that can be detected with some other reported systems were missing. Besides, more 

detailed data processing is still demanded. While for our free moving rat experiments there‟s 

only a single transducer for detecting the HbO2 signals in one blood vessel, and no concrete 

conclusion was derived due to the limited cases studied. Hemodynamic changes at multiple 

locations and study of more cases should be done in the future work. 



 

25 

CHAPTER 2 

MULTI-CHANNEL BASED REAL-TIME PAT SYSTEM 

Real-time PAT enables the noninvasive recording of whole surface and depth 

hemodynamic changes in small animal brain with high spatial and temporal resolution. In this 

chapter, we built a novel PAT system that has three orders of magnitude higher temporal 

resolution and four-fold higher spatial resolution relative to our previous PAT prototype8. With 

64-channel parallel data acquisition and 3:1 electronic multiplexing, the imaging speed is about 

3.33f/s.  Using a 120-element full-ring ultrasound transducer array with 5 MHz central frequency, 

the system resolution can reach 0.16 mm. We verified the imaging stability of the system with 

phantom and in-vivo experiments, which proved that this system was suitable for real-time 

monitoring of hemdynamics in small animal brain and was a powerful tool for epileptic seizure 

focus localization and making diagnosis
114

. 

2.1 System Overview 

Figure 2-1 depicts the block diagram of the real-time 2D PAT system, which is composed 

of three key components: a tunable laser, ultrasound transducer array and the acquisition system 

with integrated controller.  

A tunable Ti:Sapphire laser pumped with a Q-switched Nd:YAG laser was used to 

provide 690 to 950nm laser pulses with a full-width half-maximum (FWHM) value of 8-25ns 

pulse width with a repetition rate of 10Hz for generating photoacoustic signals.  A 5 MHz full-

ring transducer array with 120 transducers was used for recording the photoacoustic signals.  16 

home-made preamplifier boards (each supporting 12 input channels and 4 output channels, and 

sealed in four separate metal boxes) amplify the signals from the transducer elements with a 

fixed gain of 26dB, and transmitted the amplified signals to 8 8-channel A/D boards, with 3:1 

multiplexing.  The multiplexed signal is subsequently amplified with the AD604 amplifiers on 
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the A/D boards with a programmable gain of 0 to 80dB, and then digitized, and then stored in the 

industrial computer for offline processing. Figure 2-2 shows the photography of the entire real-

time 2D PAT system.  

In theory, the parallel data acquisition system that consists of the 192/64-channel home-

made preamplifier and multiplexer module, and the 8 8-channel A/D boards allows an input of 

192 signals and an output of 64 signals. However, because only 120 transducers are employed in 

the full ring configuration, the amplified signals with the preamplifier boards were multiplexed 

into three groups (40 signals in a group) and subsequently transmitted to 5 8-channel A/D boards 

for further amplifying and digitalization. With a laser repetition rate of 10Hz, three laser pulses 

are needed for one complete set of 2D PAT data. Detailed information of this parallel data 

acquisition system will be presented thoroughly in the following part. 

2.2 Multi-Channel Data Acquisition System 

As shown in Figure 2-3, each of the 16 preamplifier boards has 12 input channels, 4 

output channels, and 2 digital signal control inputs. More specifically, within each board, 12 

dedicated operational amplifier (AD8099) modules individually amplify the input signals with a 

fixed 26dB gain, and then the amplified signals were multiplexed into the 4 output channel by 4 

multiplexer chips (MAX 4051), which were controlled by a USB IO digital module (USB-

1024LS, as seen in Figure 2-4) through the 2 digital inputs. The power supply to the preamplifier 

board is  5V DC. Because the multiplexer is easily damaged if signals are present before the 

 5V DC power supply, we also added diodes on the power supply port on the boards for 

protection, which leaves the low switch resistance and low leakage characteristics of the devices 

unaffected. However, the difference between V+ and V- should not exceed 17V. The 16 

preamplifier boards were evenly sealed in 4 metal boxes, thus each box includes 4 boards with 

412 AD8099 chips and 44 MAX4051 chips, and the whole system has 192 AD8099 and 64 
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MAX4051.  The mapping of the 196 transducers to the 64 output channels on the 16 preamplifier 

boards ensures that for each output channel there were 3 transducers, so that three laser pulses 

were needed for a complete data capture.  

The 8 PCIAD850 data acquisition boards are plugged into an industrial computer. Each 

PCIAD850 has 8 channels with a sample clock up to 50MHz, 10bit A/D converter. In our current 

settings, the first board serves as the master board, and the remaining 7 boards are set to slave 

mode. All channels on the slave boards will start taking data upon receiving a trigger signal from 

the master board. The jitter between channels is less than 2 nanoseconds. The whole system is 

synchronized with the laser Q-switch sync-signal through the master board. The industrial 

computer sends out the synchronize signal to the USB-1024LS to control the 16 preamplifier 

boards. The signal flow chart is shown in Figure 2-4.  

Data acquisition software based on Labview program sets up the acquisition parameters, 

reads and parses the acquisition memory, and creates acquisition files (see the front control panel 

and in Figure 2-5). The software was written to allow maximum flexibility for various 

configurations of the system. At each trigger event, all the channels will simultaneously convert 

the analog signals to digital data with user selected post trigger delay and waveform length. 

Other programmable parameters include sampling rate, source of trigger, gain, DC offset, low 

and high pass filters. Data is later processed using the delay&sum algorithm to produce one 

image frame.  

2.3 System Calibration and Performance 

As shown in Figure 2-6 (A and B), the transducers in the 2D array interface were 

mounted with a small screw, and the distance from the surface of the transducer to the center of 

the array may be different for different transducers. This distance difference must be calibrated 

before image reconstruction.  
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For the calibration of the system, a point source placed in the center of the array was 

employed. Then the photoacoustic signals from the transducers were acquired (Figure 2-6 (C), 

blue lines), in which we can see that the time delay of the point source (seen as the pulsed signal 

between 8 to 10μs) is different for different transducers. We calibrated the transducers in the 

radius direction by applying different time delay to different transducer signals. The 

photoacoustic signals for the point source were calibrated to 8μs (Figure 2-6 (C), red lines). This 

is equivalent to generating a virtual transducer array with a radius of 76.1mm. 

Figure 2-7 (A) and (B) show the reconstructed PAT images of the point source before 

and after the calibration, in which we see that the calibration greatly improved the spatial 

resolution and signal to noise ratio (SNR) of the reconstructed images. This is further confirmed 

by a phantom experiment, in which a phantom contains two target of different seizes (4mm and 

2mm respectively) was employed. The optical contrast between the target and the background is 

2:1. The calibrated PAT image (Figure 2-7 (D)) shows a good correlation with the target sizes 

and the shape, whose image quality is significantly than that without calibration (Figure 2-7 (C)). 

It demonstrates that the calibration is validated for the image reconstruction.   

To evaluate the system resolution, a phantom with two 100μm diameter brass wire 

inserted around the center was imaged, as shown in its reconstructed photoacoustic image Figure 

2-8 (A). Figure 2-8 (B) shows the enlarged photoacoustic image of the two targets, as indicated 

with the dotted rectangle in (A). Figure 2-8 (C) is the line profile of the reconstructed image 

around y=10mm that across the center of the two targets. AB and CD are the half-width of half 

maximum (HWHM) of the two targets respectively, and the spatial resolution of the system is 

defined as AB+CD-2r, where r is the radius of the targets
115

. The measured spatial resolution of 
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the imaging system is estimated to be 0.16mm, which is close to the theoretical resolution of 

0.15mm according to the central frequency of the transducers
116

. 

With a capture rate of 3.33f/s, the real-time tomographic imaging ability was 

demonstrated with phantom experiments. Figure 2-9 depicts some selected frames from a 10-

second sequence of dynamic ink flow through a 1.6 mm diameter polyethylene tube using a 

manual syringe push. The images can clearly track the flow through the tube with high spatial 

and temporal resolution. The imaging speed is 900 times faster than the previous single 

transducer based system (270s). Thus it is suit for real-time monitoring of brain hemodynamics 

in vivo during epileptic seizure onset. 

Figure 2-10 presents the sectional images of simulated blood vessels over a depth range 

of 4.6cm. ICG solution of 500μM concentration was sealed into four short plastic tubes with 

0.3mm inner diameter and embedded on the surface of a phantom, on which chicken breast 

tissue with different thickness were laid on. This illustrated the capability of the system to 

provide high penetration imaging depth with a high resolution and good image contrast up to 

3.5cm. The photographs of the phantom and the chicken breast tissue (3.5cm) laid on the 

phantom are shown in Figure 2-10 (A) and (B) respectively. 

2.4 In-vivo Experiments 

Male Sprague-Dawley rats (Harlan Labs, Indianapolis, IN) weighing 35-45g on arrival 

were allowed one week to acclimate to the 12 hour light/dark cycle and given food and water. 

Animals were anesthetized intraperitoneally with 1g/kg of body weight dose of urethane. Then 

the rats were have hair on the top head removed, fixed on a home-made rat holder, elevated from 

the bottom of the water tank for imaging. In this experiment, 532nm light from a Q-switched 

Nd:YAG laser was employed, and the incident power was about 12mJ/cm
2
 on the rat head. We 

also carried out single transducer experiments with a 5MHz transducer (the same transducer in 
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the array) and a 3MHz transducer for comparison. All procedures were approved by the 

University of Florida Animal Care and Use Committee and conducted in accordance with the 

National Institutes of Health Guide for the Care and Use of Experimental Animals. 

Figure 2-11 (A) presents the reconstruct image for the rat brain using the transducer array, 

in which the signals were averaged only once, and the corresponding open-skull photograph is 

shown in Figure 2-11 (B). The resulting images for single 3MHz and 5MHz transducers were 

shown in Figure 2-11 (C) and (D) respectively, which are slightly different from that in (A) 

probably because they used different rats and the position and the orientation of the rat head were 

different. We can see that the main blood vessels that seen in the open skull image can be clearly 

reconstructed in the three PAT images. The quality of the image using the 5MHz transducer 

array is similar to that using a single 5MHz transducer, while the spatial resolution of the image 

using a 3MHz transducer seems a little worse due to a lower central frequency.   

2.5 Conclusion 

A real-time PAT system using a full ring ultrasound array of 120 discrete transducers has 

been developed. Using 64-channel parallel data acquisition and 3:1 electronic multiplexing, the 

imaging speed reaches up to 3.33f/s and is 900 times faster than a single transducer based system. 

The spatial resolution is about 0.16mm. Phantom and in vivo experiments verified the stability of 

the imaging system, which proves that it is suitable for the seizure experiments in the next step 

on rats. 
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Figure 2-1.  Block diagram of the multi-channel based real-time 2D PAT system. 

 
Figure 2-2.  Photograph of the real-time 2D PAT system. 
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Figure 2-3.  Diagram of the multi-channel data acquisition system. 
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Figure 2-4.  Signal flow chart of the multi-channel data acquisition system. 
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Figure 2-5.  Front control panel of the Labview data acquisition program. 

 
Figure 2-6.  The calibration of the 2D transducer array. A) Photography of the array, B) diagram 

of the transducer mounting, C) the calibration of the array. 
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Figure 2-7.  Reconstructed phantom images before and after the calibration. A) and C) before the 

calibration, B) and D) after the calibration. 



 

36 

 
Figure 2-8.  Photoacoustic experiments for the system resolution. A) Photoacoustic image of the 

two metal wires, B) enlarged image of the rectangle in A), C) line profile of Y=10mm 

as indicated in B) with dotted line. 

 
Figure 2-9.  Selective photoacoustic images of the ink flow in a thin tube. 
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Figure 2-10.  Cross sectional PAT images of simulated blood vasculature at various depths. ICG 

tubes of 500μM were embedded on the surface of a phantom with chicken breast 

tissue of different thickness laid on. A) Photograph of the phantom with no chicken 

breast tissue, B) photograph of the phantom with 4.6cm thick chicken breast tissue. 

 
Figure 2-11.  In-vivo experiments for comparison of transducer array and single transducer based 

system of different transducer frequency. (A) Recovered photoacoustic image with 

the real-time 2D PAT system with 5MHz circular array. (B) Photograph of the rat 

cerebral with skull opened. C) Recovered photoacoustic image with one 3MHz 

transducer, D) recovered photoacoustic image with one5MHz transducer. 
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CHAPTER 3 

FOUR-DIMENSIONAL PAT SYSTEM 

A method to produce real-time 3D photoacoustic images could drastically influence the 

landscape of photoacoustic imaging applications. The entirety of this chapter describes our 

approach to design and test a four-dimensional (4D) PAT system (3D PAT system with real-time 

imaging ability). The system is based on a 2D spherical array of 192 transducers, and coupled 

with the 192/64-channel parallel data acquisition system we introduced in Chapter 2. It can 

record a complete set of 3D data at a frame rate of 3.33f/s, and the spatial resolution is about 

0.2mm.  We demonstrate this system using static/dynamic phantom and in-vivo animal 

experiments. Some pre-investigation work is also presented. To reduce the significantly 

increased reconstruction time in 3D PAT, we also developed a 3D delay&sum algorithm that is 

accelerated with GPU parallelization techniques.  

3.1 Pre-Investigation Works 

Pre-investigation works were carried out for the design of the 2D spherical array, which 

includes phantom experiments for 3D scanning scheme investigation, and numerical simulations 

to assess the influence of the number of transducers of the array.  

For the 3D scanning scheme investigation, a point source (a small piece of graphite 

particle, less than 0.1mm, embedded in a phantom) was imaged with two different 3D scanning 

schemes: spherical scan and cylinder scan. The former scanning scheme offers more complete 

views from different directions in 3D, while the latter one is easy to implement.  

The scanning schemes of the spherical scan and cylindrical scan were shown in Figure 3-

1 (A) and (B) respectively. For the spherical scan, we scanned 50 steps in the x-z plane, covering 

an angle of 240 degree. In the x-y plane, 18 steps were scanned, covering an angle of 96 degree. 
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For the cylindrical scan, we scanned 71 steps in the x-y plane, and scanned 11 steps in the z 

direction, with an elevation step of 3mm.  

Figure 3-1(C) shows the reconstructed results with the spherical scan, compared with the 

cylindrical scan in (D). It‟s evidently that the resolution in x-y plane is almost the same for the 

two scanning schemes, while the resolution in z direction for the spherical scan is much better 

than the cylindrical scan, which is in accordance with many published theories and reported 

experimental results.  

Furthermore, numerical simulations were carried out to assess the reconstruction results 

with different number of detectors in the spherical scan. As shown in Figure 3-2, the target is a 

cube of 5mm in the center of the image domain, which is set to be a 10mm cube. The resulted 

photoacoustic signals were generated with the Green function: 

3
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in which r  is the distance from the  target to the detector, ( )r  is the delta function, and 

v  is the velocity of ultrasound in the media (here we set v =1.5mm/μs). The reconstruction 

results were acquired with the delay&sum algorithm in 3D, and the voxel value below zero is set 

to be zero.  

In this simulation, three different detector distributions (with 163, 298, 622 detectors 

respectively) were employed. We can see that the target can all be clearly reconstructed under 

the three detector patterns, and the quality of the reconstructed image is better with more 

detectors. We thus determine that a detector number of higher than 163 is enough for high 
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quality images in spherical scan. In the next step, we proceed to build a spherical array based 

real-time 3D PAT system with 192 5MHz transducers and the 192/64-channel data acquisition 

system that employed in the circular array in Chapter 2. 

3.2 4D PAT System Based on a Sparse Spherical Transducer Array 

In this system, a Ti:sapphire laser optically pumped with a Q-switched Nd:YAG laser 

was employed to send 8-12ns pulses at 10 Hz with a wavelength tunable from 690 to 1015nm to 

the spherical array. The beam was delivered with an optical fiber bundle through an opening on 

the top of the spherical array and produced an approximately uniform illumination in a 2cm-

diameter area onto the sample. 

Figure 3-3 (B) depicts the design and detector distributions of the spherical transducer 

array, and the photograph of it is shown in (A). The array consisted of 192 transducers placed 

along a custom fabricated white ABS spherical interface containing 610 through holes with 

counter bores. More holes were drilled so that the selection of the transducer positions on the ball 

can be flexible. The interface has an outer diameter of 160mm and an inner diameter of 140mm, 

and the diameter of the holes in the ball is 5.7mm, which fitted well with the transducer (5.5mm 

outer diameter). Each transducer (Custom designed from Blatek, Inc.) has a central frequency of 

5 MHz with a reception bandwidth of greater than 80%. The active area of the transducer is 3mm 

in diameter and the angular acceptance is about 15 degree. The transducers were glued onto the 

interface with epoxy which can be removed to allow the position change of the transducers.  

As previously introduced, there were 16 preamplifier boards separately sealed in 4 metal 

boxes, and each board had 12 input channels, 4 output channels, and 2 digital signal control 

inputs. Within each board, 12 dedicated operational amplifier modules (AD8099) individually 

amplify the input signals with a fixed gain of 26dB, and then the amplified signals were 

multiplexed into the 4 output channels by 4 multiplexer chips (MAX 4051), which were 
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controlled by a USB IO digital module (USB-1024LS, Measurement Computing) through the 2 

digital inputs.  

The system was featured in the selection of transducer positions on the spherical interface. 

The total 610 holes formed 11 evenly spaced layers on the ball, and the 196 transducer positions 

were indicated with three different colors in Figure 3-3 (B). Three different colors were used 

because of the 3 to 1 multiplexing, which grouped the 196 transducers into 3 groups. As seen in 

the image, the transducers were only distributed on the top 7 layers. The 64 holes in the 7th layer 

just in the middle of the array were all filled with transducers, and formed a single group. 

Another group of 64 transducers were distributed on the 5th and 6th layer, and the last group 

occupied the top 4 layers. In this way, just one laser pulse is needed for the recording of the 64 

transducers in each group, so that this system can also be used as a real-time 2D system 

operating at 10f/s with our Ti: Sapphire laser using the 64 transducers in the 7th layer.  

In in-vivo experiments, the rats‟ head were elevated to the center of the spherical 

interface through a pipe fixed on the tank bottom, whose top was about 15mm beneath the 

interface center, and a transparent plastic warp was used to cover the pipe top to keep off water 

and keep the rat brain acoustically coupled to the transducer array. For phantom experiments, a 

homemade silicone holder is used to hold the phantoms. 

3.3 System Performance  

Three phantoms were used: one containing a point source for system calibration, two 

phantoms containing hairs with different spatial distribution and orientation for static imaging, 

one phantom with ink flowing through a thin tube for real-time 3D imaging.  

The point object used for calibration was a small spherical graphite particle (0.1mm in 

diameter) located at the center of the spherical array and ensured an isotropic acoustic emission 

profile for all directions. We calibrated the system by measuring and compensating the delay of 
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time for all the 192 channels, and reconstructed this point source after the calibration. Two 

phantoms containing hairs were used to demonstrate the high imaging quality of our system. The 

first phantom contained five hairs placed in a horizontal plane, and the second phantom 

contained three tilted hairs with different orientations. Finally, we imaged a tube filled with 

flowing ink to prove the real-time imaging ability of our system. The tube had a 0.3mm inner 

diameter and it was horizontally placed in the phantom. No averaging of signals was performed 

for the phantom experiments except for the point object experiment where 10 times averaging 

was applied.  

3.3.1 System Characterization 

We calibrated the system by recording the emission profiles of a small point source of all 

the 192 channels, and then measured and compensated the delay of each channel. After that, we 

reconstructed the point source.  

Figures 3-4 (A) and (C) present the reconstructed x-y and z-x cross-section images of the 

point object located at the array center. The quality of these images is determined by both the 

distribution and the characteristics of the transducers. The profiles of the two reconstructed 

images were also extracted in x and z directions, as shown in Figure 3-4 (B) and (D), 

respectively. The full width at half maximum (FWHM) of the profiles was measured to be 

0.19mm (x direction) for Figure 3-4 (B), and 0.27mm (z direction) for Figure 3-4 (D), compared 

to the theoretical value of 0.16mm for the 5MHz central frequency transducer with an estimated 

cut off frequency of 7MHz. It is noted that the profile in Figure 3-4 (D) is noisier than that in 

Figure 3-4 (B). This along with a larger FWHM from Figure 3-4 (D) was due to the asymmetric 

distribution of the transducers. For targets located away from the center of the array, the radial 

resolution will stay nearly the same as that for a centrally located target, while the lateral 

resolution will be linearly reduced with increased distance away from the array center. In our 
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system, the lateral resolution will be reduced by 0.1mm when the target is located 5mm off the 

array center. 

3.3.2 Static Phantom Experiments 

Figure 3-5 (A) is the photograph of the first phantom containing five hairs placed in a 

plane and Figure 3-5 (B) and (C) shows the reconstructed 3D images from two different views. 

The reconstruction domain is 14105mm with a 0.1mm voxel size. The reconstructed shape of 

the hairs matched the photograph very well.  

The results for the three tilted hairs in the second phantom are shown in Figure 3-5 (D)-

(F). The reconstruction domain is 101010mm with a 0.1mm voxel size. The spatial 

distribution and tails for all the three hairs were clearly revealed. The two phantom results 

indicate that our system is capable of three-dimensionally imaging small objects of different 

spatial distribution and orientation in high quality. 

3.3.3 Dynamic 3D Phantom Results 

The reconstructed 3D images of ink flowing through a thin tube are shown in Figure 3-6. 

The image domain is 15510mm with a 0.1mm voxel size. Figure 3-6 (A) is the photograph of 

the phantom containing a tube filled with ink, and Figure 3-6 (B)-(J) are the reconstructed 3D 

images at different time points. The time interval between two consecutive images was 0.3s. 

These 3D images clearly tracked the flow through the tube over the course of 2.4s with high 

spatial and temporal resolution, and the flowing speed of the ink was measured to be 6 0.9mm/s 

from the reconstructed results with a time interval of 0.3s. 

3.4 Real-Time imaging of epileptic foci 

In Epileptic seizures, the intensive hemodynamic changes provide high endogenous 

contrast for PAT imaging due to the strong absorption of blood at visible and NIR wavelengths. 

Although 2D PAT has been demonstrated in a focused seizure model in rats, but the observation 
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of hemodynamic change was hindered by the long time scanning of a single transducer. Here we 

test our real-time 3D system using the same model to reveal the hemodynamic changes, and 

shows the 3D vascular structures in the rat brain.  

Two small Sprague-Dawley rats (~40g) were imaged with intact skull and skin but hairs 

on the head were removed. The rats were anaesthetized and mounted on the homemade plastic 

chamber/holder. Focal seizure was induced by microinjection of 10μl of 1.9mM bicuculline 

methiodide (BMI) into the neocortex of one rat, while saline solution was injected into the brain 

of another rat as control. In each experiment, the rat was elevated to the transducer array center 

and kept alive under the water tank through the whole experiment. The incident energy of the 

730nm light was maintained at 8mJ/cm
2
 below the safety standard. Seizure process was recorded 

for 50 minutes, and the measurement from the control rat was recorded for 3s. All animal 

procedures were performed in accordance with the approved University of Florida IACUC 

protocols. 

Figure 3-7 (B) presents the 3D images for the rat with BMI injection during the seizure 

onset at 6 time points, compared with that for the control rat in Figure 3-7 (D). The 

corresponding photographs of the two rats with scalp removed right after the experiments are 

shown in Figure 3-7 (A) and (C), respectively. The reconstructed domain for the images shown 

in both Figure 3-7 (B) and (D) is 20204.5mm, with a 0.1mm voxel size. Three large blood 

vessels on the rat brain are clearly revealed for both cases, as indicated by the white arrows, and 

for the rat with BMI injection a seizure focus can be clearly seen right at the BMI injection 

position (the white circle in Figure 3-7 (B)), where strong absorption is observed during seizure 

onset. The rapid changes of the absorption both in the main blood vessel and in the seizure focus 

were observed from Figure 3-7 (B), while no such changes were noted for the control rat (Figure 
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3-7 (D)). The seizure focus had a diameter of ~3mm, which is consistent with the results 

published before8. This experiment demonstrates that our system can be used to investigate the 

hemodynamic changes in small animal brain both spatially and temporally during seizure onset, 

although the complex microvasculature cannot be resolved due to the limited number of 

transducers and the simple reconstruction method used here. The microvasculature can be 

revealed if sophisticated reconstruction methods such as the finite element based algorithms 

coupled with the total variation minimization scheme are used
117-119

. 

3.5 GPU Accelerated 3D Delay&sum Algorithm 

An effective reconstruction algorithm is a critical component of PAT. While different 

reconstruction algorithms have been proposed for more rigid and accurate reconstruction of 

absorbed energy distribution, delay&sum algorithm remains the most common method for its 

simplicity, easy adaptation and effectiveness.  

Delay&sum is beam forming algorithm that is commonly used in radar signal processing. 

This is based on the back projection method according to the flight time of the received 

photoacoustic signals. The image expression in the case of near-field for photoacoustic imaging 

can be stated as 
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where ( )fS t  is the image output at a particular focus point f,  ( )iS t  is the time signal 

from the i th receiver, f

i  is the delay applied to this signal, and f

iw  is an amplitude weighting 

factor, which is used to enhance the beam shape, to reduce sidelobe effects, or to minimize the 

noise level. The summed signal is typically normalized to make the output independent of the 
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actual set of transducers. This delay-and-sum algorithm has been tested and evaluated using 

considerable phantom and in-vivo experiments
9, 15

. 

The computation cost of delay&sum algorithm is in proportional to x y z dN N N N   , 

where xN , yN , zN  are the reconstructed voxel numbers in the x, y, z directions respectively, 

and dN  are the number of detectors. In 2D PAT, dN  is set to be 1. However, the computation 

cost can be increased by hundred to thousand times in 3D PAT.  

GPU is a specialized electronic circuit designed to help the processing of images in a 

computer. Because of their highly parallel data processing structure, modern GPUs begin to be 

commonly used for processing of large blocks of data in parallel, in which their efficiency is 

much higher than the general-purpose CPUs
120-122

. Compute Unified Device Architecture 

(CUDA) is the programming platform introduced for parallel computing with GPUs, and CUDA 

along with GPU provides a low-cost, powerful tool for parallel calculation with a personal 

computer.  

In CUDA, the functions parallel executed on the GPU in an application are called kernels. 

Each kernel is executed at a time by a collection of independent threads, with implicit barrier 

synchronization between kernels. All threads that execute the same kernel function are called a 

grid, which is divided into many thread blocks. The blocks are totally independent with each 

other, while the threads in a block can synchronize and cooperate through the Shared Memory. 

Each block in a grid and each thread in a block have their unique ID to compute memory address 

and make control decisions. The dimension of a grid and block are defined with two dim3 

vectors: grid(num_block_x, num_block_y, num_block_z) and threads(num_thread_x, num_ 

thread _y, num_ thread _z) respectively.  



 

47 

In the aspect of hardware, GPUs have a number of multiprocessors, each of which 

executes in parallel with the others. Each multiprocessor has 8 or 16 stream processors (which 

can also be referred as cores), depending on the card model. Each core can execute a sequential 

thread, and all cores in the same multiprocessor execute the same instruction at the same time. 

Threads in a same block in CUDA are executed in the same multiprocessor, and the threads in 

the same block are actually executed in groups of 32 threads, called a warp. If each 

multiprocessor has 8 cores, then a warp can be finished in four clock cycles. The Shared Memory 

shared among threads in the same block is a small data cache attached to each multiprocessor. It 

is a low-latency, high-bandwidth, software-manageable memory which runs essentially at 

register speeds. However, large data are stored in the main memory of the GPU card with high-

latency, called Device Memory (seen in Figure 3-8).  

In delay&sum algorithm, the calculation of each voxel value is highly independent, thus 

can be easily parallelized with GPU. The flow chart of the parallelization is shown in Figure 3-9. 

Because almost all the calculations are done in the GPU, the raw PAT data along with the 

coordinates of the transducers, the calibration data, and other data necessary for the calculation is 

firstly transferred from the Host Memory (the main memory of the computer) to the Device 

Memory. Then a memory is allocated and initialized in the Device Memory for saving the 

calculation results. The gird and block sizes in our algorithm are set to be grid( yN , zN ,1) and 

threads( xN ,1,1) respectively. After that, the CPU assigns the calculation of a voxel value to a 

thread according to the block ID and thread ID. Each thread sequentially calculates the delay of 

time of different transducers, and does the summing of PAT signals according to Equation 3-2. 

All the memory access including reading and saving on the GPU card are in the Device Memory, 
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and the Shared Memory is not used. Finally, the calculation result of a 3D frame is copied to the 

host memory for later processing and display.  

To verify the performance of the proposed parallelization algorithm using GPU, the 

reconstruction results of the three-hair phantom experiment (seen in 3.3.2) with the GPU-based 

method and that with the CPU-based method are compared, as seen in Figure 3-10 (A) and (B). 

The reconstructions were carried out on a desk computer with 2 AMD Athlon 64 CPU, 4 GB 

RAM and NVIDIATM GTX 650 graphics card of an 1 GB on-board memory. The serial 

computation on CPU and parallel computation on GPU are both programmed by C++ 

programming with the same data structure and calculating process. The reconstruction results for 

the two images are found to be almost identical in further inspection, which proves that there is 

little influence of the parallel calculation to the reconstruction accuracy. However, it‟s noted that 

the calculation is greatly accelerated by the parallel computation with GPU. While it takes about 

130s for the calculating of a complete set of 3D set images (as in Figure 3-10 (B)) using the 

CPU-based method, it is only about 1.1s with the proposed method. 

3.6 Conclusion 

We have presented a 4D PAT system for real-time 3D imaging of small animal brain. 

The system is based on a spherical array containing 192 discrete transducers. With the 64-

channel data acquisition system coupled with 3:1 multiplexing, it can achieve a frame rate of 

3.33f/s and a spatial resolution of 0.2mm. The 3D imaging performance of the system was 

demonstrated by both static and dynamic phantom experiments. We have also tested our system 

using an acute epilepsy rat model and obtained 3D images showing the hemodynamic changes 

during seizure onset. In addition, a GPU base method is proposed and implemented for the 

parallelization of 3D delay&sum algorithm, which has greatly accelerated the 3D PAT 

reconstruction. 
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Figure 3-1.  Comparison of spherical scan and cylindrical scan with a point target. A) and B) are 

the scanning schemes of the spherical scan and cylindrical scan respectively. C) and 

D) shows reconstructed images of the point target in x-y plane and x-z plane. 
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Figure 3-2.  Influence of the number of detectors to the reconstructed photoacoustic images. 

 

Figure 3-3.  The spherical transducer array. A) The design and detector distributions of the 

spherical transducer array B) Photograph of the spherical transducer array. 
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Figure 3-4.  Reconstructed result of the point source for calibration. A) and B), the x-y and x-z 

cross section images through the center of the point source. C) and D), profile 

extracted in x and z direction from A) and B) respectively. Units are in mm. 

 

Figure 3-5.  Reconstructed static 3D phantom results. A), Photograph of five hairs in a plane. B)-

C), 3D reconstructed results of the five hairs in two different views. D), photography 

of the phantom containing three tiled hairs; E)-F), corresponding 3D reconstruction 

results for D). 
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Figure 3-6.  Reconstructed results of ink flowing through a tube with an inner diameter of 0.3mm. 

A), photograph of the phantom containing the tube. B)-J), reconstructed 3D images at 

different times. The time interval is 0.3s. 

 

Figure 3-7.  Real-time imaging of epileptic foci in rat brain. A) and C): photograph of the rat 

with BMI injection and the control rat after scalp removed. B) and D): reconstructed 

3D images for A) and C) at 6 different time points respectively. The reconstructed 

three main blood vessels are indicated by the white arrows, and the seizure focus is 

indicated inA) and B). The time interval between two successive images is 0.3s. Scale 

bar represents 10mm. 
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Figure 3-8.  Block diagram of CUDA. 
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Figure 3-9.  Data flow chart in CUDA. 

 
Figure 3-10.  Reconstructed images of the three-hair phantom by GPU A) and CPU B) 

respectively. 
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CHAPTER 4 

ICTAL NEUROVASCULAR COUPLING STUDY BY 4D PAT SYSTEM 

Current neuroimaging techniques such as fMRI and ORIS for epileptic study are 

limitated in spatiotemporal resolution and imaging depth respectively90-91. Here we for the first 

time present the detailed study of generalized ictal neurovascular coupling in rats with 4D PAT 

and simultaneous EEG recording, which is a natural extension of the work in Chapter 3. Two 

groups of rats (n=16) were intraperitoneally injected with pentylenetetrazol (PTZ)
123

, and 

investigated under two different wavelengths for HbO2 and HbR respectively. Hemodynamic 

changes in different regions of the brain are extracted and analyzed. Study shows that the overall 

change of HbR is less significant than that of the HbO2 during the seizure, and it also lagged the 

prominent increase of HbO2 in hippocampus. Since fMRI is only sensitive to HbR, this may 

indicates that PAT is probably more suitable than fMRI for epileptic study. Correlation study 

shows that hyperfusion and hyperoxygenation were more concentrated in the hippocampus and 

its surroundings than other brain regions following the seizure onset. The hemodynamic 

connections between different brain regions calculated with granger causality method were 

found to be closer as the seizure evolved. Discussions are presented in aspects of the significance 

of the findings, data processing method, other factors in neurovascular coupling, and the 

limitations in our work. 

4.1 Background 

 As mentioned in Chapter 1, PAT inherits the high optical contrast from optical imaging, 

and breaks through the diffraction limits of the light by the use of the ultrasound as the detection 

method, and has proved to be a promising imaging modality in biomedical applications.  With 

different configurations, it bridges the resolution and penetration gaps between clinical 

modalities at the organ level and optical microscopy technologies at the cellular level. It has been 
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widely used in-vivo to measure epidermal melanin
124

, detect breast tumor
125

 and osteoarthritis
21

, 

107
, estimate oxygenation levels

21
, and track molecular probes

126-127
. In particular, as a major 

direction for PAT application, the small rat brain imaging with PAT can greatly facilitate the in-

vivo research of epilepsy, helping the understanding of neuronal activity and energetics during 

epileptic seizures, making it a potential substitution of current neuroimaging modalities in 

epilepsy study. 

The requirement of real-time 3D imaging deep into the rat brain impose significant 

challenges in terms of experimental paradigm and instrument design for the study of epilepsy 

using PAT. Most PAT systems require mechanical scanning using step motor for 3D imaging 

purpose, leading to a low frame rate. With the application of high repetition laser, multi-channel 

DAQ system, and various transducer arrays, real-time 3D PAT of different configurations begin 

to emerge in recent years. However, most of these systems can not be used for brain vascular 

imaging, and detailed research using PAT in the study of epilepsy is still rare. Although our 

group has reported 2D PAT with concurrent EEG for epilepsy study
10

, but their conclusions were 

in conflict to existing knowledge maybe due to the wrong interpretation of the data. Recently we 

have reported a 4D PAT system that is based on a sparse spherical 192-transducer array and a 

64-channel DAQ system operating at a frame rate of 3.33f/s for epileptic focus imaging in rat 

brain, but without concurrent EEG recording. In this work, we incorporated EEG into that 

system, and further explored its potential in epilepsy study through the neurovascular coupling 

investigation of PTZ-induced seizure in rats with dual wavelength.  

Neurovascular coupling study can help to reveal the mechanical of epileptic seizure, and 

is the base for possible seizure prediction and localization
128-129

. By comparing the hemodynamic 

signals from different structures in the rat brain with high temporal resolution, we are trying to 
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address many important disputed issues in neurovascular coupling of epilepsy. Studies include 

the timecourse of hemodyamic changes in different brain regions during seizure, the correlation 

study of PAT signals to find important regions that are more sensitive to epileptic seizure and 

possible seizure localization, and the neural network analysis using granger causality method. 

This study can be of great importance to the current clinical practice in epilepsy diagnosis with 

fMRI and other neuroimaging modalities, but the ultimate goal is to use PAT as a better 

alternative to these technologies.  

4.2 Experimental Setup and Methods 

The PAT system was previously reported in other publication, and the main feature of 

this system is the sparse spherical array which is consisted of 192 discrete transducers, as shown 

in Figure 4-1. Rats were elevated to the center of the spherical interface through a chamber fixed 

at the tank bottom, whose top was about 15 mm beneath the interface center, and a transparent 

plastic wrap was used to cover the chamber top. The spherical transducer array was placed in the 

water bath, acoustically coupled to the rat head with ultrasound gel. Laser beam was delivered 

through a concave lens resulting a homogenously illumination on the rat head. In this study, two 

wavelengths of 1064nm and 710nm were used. The 1064nm light was from a Q-switched 

Nd:YAG laser, and the 710nm light was from a tunable Ti:sapphire laser. The light intensity on 

the rat head was about 50mJ/cm
2
 for 1064nm, and 4mJ/cm

2
 for 710nm, all below the ANSI 

exposure limits (ANSI Z136). Both the two lasers operate at 10Hz, so that one complete set of 

3D PAT data can be recorded in 0.3s.  

Two syringe needles were inserted about 2mm into the front cortex of rat brain served as 

EEG electrodes. One electrode was chosen as reference and ground, while the other one was 

used as signal channel. The EEG signal was amplified (RA16PA, TDtucker-Davis Tech.) and 

recorded (RZ5 Bioamp Processor, TDtucker-Davis Tech.) with a sampling rate about 50kHz. 
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Both the two electrodes were firmly glued on the rat head and the EEG cable was tightly tied on 

the animal holder to avoid noise induced by any possible unnecessary movement of the operators. 

The PAT system gave synchronize signal to the EEG system for synchronization. 

Two groups of rat experiments (n=16 rats, about 35~45g, with 8 rats for 1064nm and the 

other 8 rats for 710nm) were carried out. The rats were firstly anaesthetized with about 0.25ml 

Urethane (0.25g/mL) and the hair on the top head was shaven. A syringe containing 0.04g/ml 

PTZ with a scalp needle was inserted in the rat abdomen and fixed with glue. This was to easy 

the intraperitoneal injection later in the experiment, which has already been established123. The 

rat was immobilized on a custom made plastic holder with ear bar using glue tapes. Two EEG 

electrodes were inserted, and then the rat was elevated into the center of the spherical transducer 

array. The seizure process was recorded for 25min, and PTZ was administrated with a dose of 

0.5mL at 5min. The injection of the drug lasted about 30s. All rats kept alive through the whole 

data recording process. All the animal procedures performed were in accordance with the 

approved University of Florida IACUC protocols. 

With a frame rate of 3.33f/s, there were 5000 complete sets of PAT data for the 25min 

experimental time. Before doing 3D reconstruction and processing, 2D time series images were 

reconstructed with the signals from the 64 transducers in the lowest layer of the array, which 

were indicated with blue in Figure 4-1. Then all 2D time series were first screened for movement 

artifacts using a movie function, although rats were completely paralyzed during experiments. In 

our experiments, only 3 out of 8 rats for the 1064nm didn‟t satisfy this condition, while all the 8 

rats for 710nm were quantified. Then 3D images were reconstructed using 3D delay&sum 

algorithm, which was accelerated by GPU parallel technique. The resulted 3D images had a 

voxel number of 201201101 representing a 10105mm volume, and the negative voxel 
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values were set to zero. The reconstruction speed is about 0.97s for one frame. Amira (from 

Visage Imaging, Inc.) was used to render the 3D images. 

There were two sources of noise in the EEG signal, a strong sharp 10Hz noise from the 

Q-switch of the laser, and the 60Hz alternating current noise. For de-noising, the data 

deteriorated by the Q-switch was replaced with adjacent data, and the 60Hz alternating current 

noise is removed by filtering out 58-62Hz in frequency domain. Then the EEG data was applied 

with a low pass filter of 100Hz, and transformed into a 300000-point signal for the 25min EEG 

recording, corresponding to sampling rate of 200Hz. 

4.3 Data Processing for Neurovascular Coupling Study 

Because the 1064nm and 710nm light were mainly absorbed by HbO2 and HbR in the 

tissue respectively, with reasonable approximations the PAT signals from them can be taken as 

the total volume change of those two absorbers18. For neurovascular coupling study, averaged 

signals from specific anatomical regions of interest (ROI) are compared to that from the superior 

sagittal sinus (SSS) as well as the EEG signal. The PAT signals were expressed as the percentage 

changes from the baseline, which is defined to be the average value over first 4min of the 

recording. Next, we further investigated the correlation relationship between these signals. We 

also calculated the correlation coefficient of every voxel with the SSS, and got the negative 

correlation map following the seizure onset to identify important regions in the brain. We choose 

the PAT signal from the SSS because it‟s well distinguished in the reconstructed 3D images and 

has the highest SNR. In this step, the reconstructed 3D image was applied with a moving 

window of 9-voxel wide cube for averaging to improve the low SNR due to the limited number 

of transducers. Finally, the granger causality networks between the SSS, hippocampus, and 

cortex at different times were calculated. All the acquired results were examined by experts in 

the neurology. 
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4.4 Results 

4.4.1 Seizure Generation 

EEG signals were recorded to confirm the onset, duration, and morphology of the seizure, 

which is shown in Figure 4-2. The EEG signal was stable before the drug injection. Ictal 

discharges were induced shortly after the injection of PTZ, which were characterized by the low-

amplitude fast activity with high amplitude (Figure 4-2 (A)). The epileptic pattern progressively 

increased in amplitude in the following 2 to 3 minutes. As the seizure evolves, it gradually turned 

into clonic paroxysmal discharges of lower frequency. 2D plot of the time-frequency power map 

of the EEG signal shows that a mixture of lower signal frequency particularly in 1-3 Hz was seen 

throughout the seizure, and higher frequency power components (up to 4-6 Hz) were stronger 

early in the seizure and gradually decreased in power (Figure 4-2 (B)). This is close to results in 

other publications. Seizures were induced successfully in all the 16 rats, and they were similar in 

the shape and amplitude. The injection time is easily distinguished as isolated high amplitude 

spikes around 5min in the EEG signal. 

4.4.2 PAT brain vascular images 

Representative time frames of 2D images through the experiment are displayed in Figure 

4-3 (A) with a time interval of 1min, compared with a rat brain photo taken after the experiment 

(Figure 4-3 (B)). Although the image quality is not excellent due to the limited transducer 

positions (only 64 transducers are averaged once), the SSS and two transverse sinuses (TS) are 

clearly reconstructed, and some other small blood vessels are also revealed. In Figure 4-3 (A) it 

is observed that there is no palpable shift of the rat brain which is a prerequisite for the following 

data processing. In our experiments, 3 out of 8 rats with 1064nm moved, but all the rats in the 

second group remained still. We also notice that it‟s hard to tell when the seizure begins just by 

eyes from these 2D images, so quantitative analyze is needed. 
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Representative 3D images for the HbO2 and HbR are displayed in Figure 4-4 (A) and (B). 

Similar to 2D, the SSS and TS are clearly reconstructed. It‟s also noted that in the 3D image of 

HbO2 the Ostia end of the straight sinus (SS) which is below the SSS in z direction can also be 

seen. The SNR of the 3D image for Hbr is not as good as that for HbO2 partly due to relatively 

low laser intensity, and the other reason lies in the fact that the concentration of HbR is much 

lower than that of HbO2 in the blood vessels. 

4.4.3 Hemodynamic Signals in Selected ROIs 

To investigate the hymodynamic changes during the seizure initiation and evolution, 

ROIs are selected for the SSS, as well as other regions near the hippocampus and the cortex in 

the brain that are reported to have high gamma-aminobutyric acid (GABA) receptor 

concentrations (Figure 4-5 and Figure 4-6)
130-131

. ROI was also chosen in the upper posterior 

region in the reconstruction domain, which contained no tissue of the rat served as reference. 

With a high frame rate of 3.3f/s, the rapid hemodynamic changes in these regions can be 

captured photoacoustically. Taking the SSS and TS as positioning references, it‟s easy to overlay 

the maximum amplitude projection (MAP) PAT vascular structural images precisely onto the 

high resolution anatomical magnetic resonance imaging (MRI) slices of the rat brain obtained 

from online database
132

.  

Figure 4-5 shows the averaged HbO2 signals of the ROIs during the seizure, with 

corresponding EEG signal presented to confirm the onset, duration, and morphology of the 

seizure. The HbO2 signals are converted into the relative percentage change to the baseline. 

Because the SSS has the highest SNR in the reconstructed 3D images, the standard deviation (SD) 

for SSS is much higher than the other three signals. The HbO2 signals and the EEG signal are 

mutually well correlated. All the HbO2 signals of the SSS, hippocampus and cortex remained 

quite still at first. We can largely divide the change of these three signals after the injection of 
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PTZ into three for stages, which is indicated in Figure 4-5 (B). We can see that there was an 

„epileptic dip‟ in the SSS at the seizure initiation, and a prominent increase of HbO2 was shown 

in the hippocampus at the same time which was probably induced by the dilation of the arteries. 

It‟s also seen that the change of hippocampus is largely negatively correlated with the SSS, while 

the cortex and the SSS are positive correlated. In the third stage, both the HbO2 and HbR signals 

in the SSS and cortex dropped, while the increase of HbO2 in the hippocampus sustained through 

the whole experiment. Comparably, the reference signal remains the same all although the 

experiment. 

Figure 4-6 presents result in another rat showing how the changes of HbR in the SSS, 

hippocampus, cortex and the EEG signal are mutually correlated. The sizes and the relative 

positions of the three ROIs are defined to be the same as those in Figure 4-5 (A). The EEG signal 

here looked almost the same in pattern with that in Figure 4-5 (B), indicating that our PTZ 

induced generalized seizure modal was quite stable and the drug administration was well 

controlled, so that results in Figure 4-5 and Figure 4-6 were comparable. We also divided the 

timecourse of the HbR changes into the three stages with the exact timing as that in Figure 4-5 

(B) for easy comparison. Although with a relatively low SNR, we clearly see that the decrease of 

HbR in the SSS lagged the notable „epileptic dip‟ in the SSS shown in Figure 4-5 (B). In addition, 

there was a slightly decrease of HbR in the hippocampus followed by an increase in the first and 

second stages, but these changes were not as notable as the increase of HbO2 in the hippocampus 

at the same time in Figure 4-5 (B). In general, the HbR signals for the hippocampus and cortex 

were generally the same in shape, which were negatively correlated with the HbR of SSS. 

Figure 4-7 shows the statistical results of the HbO2 and HbR changes across all the rat 

experiments, which are similar to those in Figure 4-5 and Figure 4-6. The average signal in each 
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rat is calculated every 30 seconds, and then further averaged between different rats, and the 

corresponding SD is calculated and shown. 

4.4.4 Correlation Study 

Based on the above results, the hippocampus showed strong hyperfusion and 

hyperoxgenation during the seizure, and the HbO2 change of it was inversely related with that of 

the SSS. Figure 4-8 (A) shows the time change of the correlation coefficient between the HbO2 

signals of these two regions, and it‟s found that this value was positive before the drug injection 

(Figure 4-8 (B)), but it turned negative for most of the time after the seizure onset (Figure 4-8 

(C)). All the correlation coefficients in this paper were calculated in a short time window of 1min. 

For further investigation, we calculated the 3D HbO2 negative correlation coefficient map 

between every voxel and the SSS (Figure 4-8 (D) and (E)). In this step, the 3D HbO2 images 

were firstly smoothed with a moving window of a 9-voxel wide cube to improve the SNR. 

Figure 4-8 (D) presents the 3D negative correlation coefficient map at different times, as 

indicated in Figure 4-8 (A) with vertical red lines. Figure 4-8 (E) shows the same result as Figure 

4-8 (D) (e), but from different views, along with the MAP images of it in the x-y and x-z planes 

coregistered with the corresponding MAP HbO2 vascular structural images, and the MRI 

anatomical images. We found that voxel with high negative coefficient (with a threshold of 0.7) 

were hardly found before the drug injection, but they began to show and concentrated in regions 

around the hippocampus after the seizure onset, although asymmetry is present in these images 

(Figure 4-8 (E))
133

. Especially, when the seizure just began later in the first stage of the seizure 

(around 6-7min), the HbO2 signal in the hippocampus was correlated with that of the SSS with a 

large negative correlation coefficient, so that the 3D negative correlation map is preventative at 

this time (Figure 4-8 (D)). We also calculated the negative correlation maps of HbO2 in other rat 

experiments, and similar results were obtained (Figure 4-9). In summery, voxel with high 
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negative correlation coefficient began to show after the seizure initiation in the hippocampus and 

its surroundings, which indicates that the hippocampus seemed to be more sensitive in this 

intraperitoneal PTZ seizure model
134-135

. This also implies that this method may be of great help 

for seizure localization especially in generalized seizure cases where fMRI is of less help. 

4.4.5 Granger Causality Analysis 

In Figure 4-8 (B) and (C), we see that the hemodynamic coupling of the high frequency 

fluctuations between different brain regions is different with different times. This implies that the 

high „noise‟ component of the PAT signals actually contains rich seizure relevant information 

that can not be inferred from the overall trend. We applied short time window spectral pairwise 

Granger Causality method to identify the functional interaction among the SSS, hippocampus 

and cortex during the seizure process
111-113

. Granger Causality allowed for assessment of the 

magnitude and direction of temporal relationships among multiple signals during overlapping 

time-series windows, holding the promise of revealing paths of information flow within the 

nervous system. This method has emerged as the leading statistical quantities to furnish 

directional information from multivariate neural data.  

To make use of this formulation, the PAT signals in each short time window is firstly 

detrend with a 3rd order and then normalized by dividing the standard deviation. In this way, the 

PAT signals can be approximately regarded as a stationary stochastic process with locally 

stationary segments, and the collection of the PAT signals from different rat experiments can be 

treated as an ensemble of realizations. In this paper, the time window is set to be 1min, which is 

200 points for the frame rate of 3.33Hz. This is a promise between preserving the time variability 

and maintaining the smoothness of the estimated spectral quantities. The model order is 

determined with the Akaike Information Criterion (AIC)
136

. Because the AIC generally decreases 

monotonically with increasing order for all the windows, we set the model order to be 19 
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selected as a tradeoff between sufficient spectral resolution and overparameterization, and the 

model order is validated with white noise test. The directional causality was calculated as the 

average value in the 0-0.3Hz range which makes up about 84% of the total power in the 1.6Hz 

frequency band. Granger Causality spectral analysis of both the HbO2 and HbR data were 

performed for all pairs between the SSS, hippocampus, cortex, and the reference signals which is 

used for significance assessments. 

Figure 4-10 (A) and (B) show the time varied Granger Causality of HbO2 between pairs 

among the SSS, hippocampus and cortex. Figure 4-10 (C) and (D) are the Granger Causality of 

HbO2 between these three brain regions with the reference, which is less varied with time, and 

the average value of it can be taken as a noise background or baseline, as indicated in Figure 4-

10 (A) and (B) with dotted black horizontal lines. Similarly Figure 4-10 (E) and (F) show the 

Granger Causality of HbR for these three brain regions. The results of HbO2 shows that strong 

influence of the hippocampus to the SSS is present in the first and second stages of the seizure; 

strong influence of the cortex to the SSS is seen in the second and early third stages; and as the 

seizure evolves, significant causality for all pairs between these three regions can be seen in both 

directions late in the third stage. Comparatively, the causality of the HbR for pairs between these 

three brain regions is overall less significant, which may be due to the poor SNR of the data. 

However, some time relevant features can still be obtained through the calculated results.  

The Granger Causality in different times can be better presented in graphs, as shown in 

Figure 4-11. In Figure 4-11, the arrow presents the direction of the influence, and the visibility 

presents the magnitude of the causality. The granger causality of less significance is not shown, 

and the thresholds for HbO2 and HbR are chosen to be the average value of the causality between 

the reference and the reference, or rather the dotted lines in Figure 4-10 (A) (or (B)) and (E) (or 
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(F)) respectively. The value of the causality can be read from the colorbars. We see that as the 

seizure evolved, the connectivity between these three brain regions tended to be more and much 

closer. 

4.5 Discussion 

4.5.1 Significance of This Work 

Epilepsy affects about 1% of the population world wide, and about 20 to 30% of these 

patients are refractory to all forms of medical treatment64. For those patients the best treatment 

option is resective brain surgery, which however critically depends on the complete mapping of 

the local epileptic seizures, and the well understanding of the possible epileptic circuit.  

Much of our understanding about seizure comes from electrophysiological recording 

methods, and intracranial EEG is commonly used for presurgery seizure localization. However, 

its defects of invasiveness, low spatial sampling and volume conduction may leads to incomplete 

seizure mapping. As a result, various neuroimaging technologies have been employed to give a 

high-resolution real time spatial and temporal „read out‟ of the dynamics of cortical processing.  

As the most common neuroimaging method, fMRI is well applied for the diagnosis and 

presurgery localization of focused seizure, where the hemodynamic changes mainly occurred 

within the seizure focus and can be well distinguished in fMRI
137-139

. However, fMRI can not 

localize generalized seizure because in this case the hemodynamic changes can be found wide-

spread in the brain, and it remains unclear whether they arise from a portion of the brain or from 

more widespread circuits.  

This predicament mainly owes to two reasons. One reason is that the spatial and temporal 

resolution of fMRI is poor, so the initial site of seizure is missed. Most importantly, fMRI is only 

sensitive to HbR
96

. It relies on the drop of HbR in the vein due to the speedy of the blood flow to 

localize the activation sites of the neurons. However, the change of HbR and the blood flow is 
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two counter parts during the seizure, so that the changes of HbR in the tissue may not be as 

notable as that of HbO2, which mainly results from the dilation of the artery and the blood 

flow
140-141

. 

In generalized seizure, although current diagnostic methods including intracranial EEG 

and fMRI all find that regions all over the brain are involved in seizure, this doesn‟t surely means 

that all these regions are the origin of seizure or equally in function. Primary regions or seizure 

network may be revealed if more information is given. With the real-time PAT operated at two 

different wavelengths, relative focused regions that were negatively correlated with the SSS were 

found in the hippocampus and its surroundings following the onset of the seizure using the HbO2 

data, and the change of HbO2 in the hippocampus was found to be ahead of the HbR in the PTZ 

induced generalized seizure model (Figure 4-5, Figure 4-6, and Figure 4-7). Since the SSS is 

decreased in HbO2 when the seizure began, the above regions with high negative correlation 

coefficient represent regions with hyperoxygenation and hyperfusion, which is usually the 

marker of the seizure location. PTZ is a GABA antagonist, and this result is in coincidence with 

the findings hippocampus is high in GABA receptor concentration. All these imply that PAT 

may serve better for seizure localization with appropriate laser wavelength settings and data 

processing methods.  

Besides, generalized seizure occurs in multiple regions all over the brain that form a 

seizure network. It‟s important to know the relationship and function of these involved regions. 

The spatial and temporal resolutions of our realtime PAT system are both about 10 times higher 

than that of fMRI, thus more subtle hymodynamic changes related to the seizure could be 

identified. We applied short time window spectral pairwise granger causality method to both the 

HbO2 and HbR data, and the time resolved interaction between different regions of the brain was 
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visualized, resulting in a better understanding of epileptic networks at high spatiotemporal 

resolution.  

4.5.2 Data Processing Method 

PAT has already been employed in the neurovascular coupling study with various animal 

models, which however are mainly limited in the monitoring of hemodynamic signals in large 

blood vessels. Actually the changes in capillaries are more related to the metabolic status of the 

cells. Yet the direct monitoring of the capillary is difficult because the resolution of PAT under 

the epidermis is usually not enough due to the diffusion of the light. In this work, the signals are 

averaged in the surrounding region to increase the SNR, and converted into percentage changes 

regarding to the baseline for comparison. With this method, the small changes in deep tissue that 

is submerged in the signal of larger blood vessels can be revealed. For example, Figure 4-12 

shows a 2 minute signal summed within a 9-voxel wide cube around the hippocampus with 

1064nm (the black line in the upper right corner), expressed as  

0 , , , , , , 1 2

mod( ,2) 0 mod( ,2) 1

i j k i j k i j k

i j k i j k

I A A A I I
     

                              (4-1) 

compared with 1I  and 2I  (lines in the lower right corner in red and blue respectively, 

which are the summed signals with the two halves of the voxel in the cube), where , ,i j kA  is the 

value of a voxel in the cube. The difference of 1I  and 2I  can almost be neglected, and 

calculation shows that the SD of 1 2I I  is just 0.04 of the SD of 0I . This means the white noise 

can almost be neglected. Actually, the high frequency fluctuations in the PAT data here are more 

related to the hemodynamic change in the tissue, which can be inferred from the correlation 

between the hippocampus and the SSS. The HbO2 signals in the hippocampus and SSS are 

positively correlated before seizure, but negatively correlated with a high correlation coefficient 
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shortly after the seizure onset. This can be totally explained by the fluctuation of the laser or the 

influence of the reconstruction algorithm.   

4.5.3 Other Factors in Neurovascular Coupling 

Contradictory data exists for neurovascular coupling
142-145

. One reason for this lies in the 

model difference and the individual difference, as well as the systematic influence of the 

animals , and the other reason may caused by the different principles of various technologies 

leading to different conclusion in case of incomplete acquisition of the information.  

Neurovascular coupling refers to all the aspects regarding the neural metabolic demands 

and the energy source supply by the vascular system, including the local filed potential, the 

oxygen-consumption rate, oxygen partial pressure, HbO2 and HbR volume, blood flow, and so 

on. More parameters we can measure, the more correct understanding of the neurovascular 

coupling we can get for the diagnosis of epilepsy.  

In this work, through the measuring of HbO2 and HbR, other factors such as the dilation 

of the arteries and blood flow, which works as means of power supply to the neurons from the 

vascular system, can also be indirectly inferred. However, signal analysis can still be 

complicated sometimes. We only get information of HbO2 and HbR, making it difficult to infer 

the status of the neurons. For example, we observed that the HbO2 is decreasing while the HbR is 

increasing at the second stage in hippocampus, but since the overall blood supply is increase in 

the rat brain, we are not sure whether the temporal decreasing of the HbO2 in the hippocampus 

stands for the decreasing of neural activity there or it‟s caused by insufficient blood supply, and 

which factor dominates. Furthermore, the oxygen partial pressure in the tissue which is more 

related to the neural activity can be uncoupled with the HbO2 change
146

. This also impedes our 

understanding of neurovascular coupling.  
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The preceding of the hemodynamic signal to the EEG signal in ictal seizures has also 

been reported with various kinds of technologies
147-150

. However, in other cases and in our 

studies, this phenomenon is not seen. Because this is of quite importance in aspect of seizure 

prediction and manual intervention, more ictal neurovascular coupling studies should be done 

with different seizure models to find out the condition and the mechanism of this phenomenon. 

4.5.4 Limitations 

There are limits in our work. First of all, the image contrast and resolution are greatly 

hindered by the limited transducer numbers with our system. Besides, although the morphology 

of seizures exhibit quite similarity for all the rats in our experiments, images with the two 

different wavelengths are not acquired on the same animal. Although this will be not likely to 

refute the main conclusions we got, valuable information that need simultaneous dual-

wavelength recording to be unearthed is missed. Finally and most important of all, generalized 

seizure involves wide-spread network all over the brain, in which the electrical and 

hemodynamic signal of different regions are closely related. In our work, we only analyzed the 

granger causality of the hemodynamic change in SSS, hippocampus, and cortex. Detailed study 

needs to be done to dig out the interaction of more different regions.  

4.6 Conclusion 

In this work, we monitored the hemodynamic changes of PTZ-induced seizure in rats 

with our proposed 4D PAT system and simultaneous EEG recording. Time series of 3D images 

were acquired at two different wavelengths for the HbO2 and HbR respectively. Compared with 

PAT imaging using single wavelength for single parameter recording, which is more similar to 

the case in fMRI, more information regarding the activities of neurons can be acquired. We 

observed a more focal increasing of HbO2 around the hippocampus at seizure onset. We also 

analyzed the granger causality among the SSS, hippocampus and cortex during the seizure. Since 
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fMRI is not sensitive in localizing generalized seizure, our findings here could be of great 

significance to diagnosis of generalized seizures. 
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Figure 4-1.  Experimental setup of the combined system. The anaesthetized rat was elevated to 

the center of the spherical transducer array for simultaneous PAT and EEG recording. 

The 192-channel signals were collected and multiplexed with 3:1 into a 64-channel 

data acquistion system, and with a 10Hz laser, a frame rate of 3.33f/s is achieved. 

Then the collected data is stored for later GPU accelerated reconstruction using 3D 

delay&sum code. 
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Figure 4-2.  Electrophysiology of PTZ induced seizure. A) An example of EEG traces. The 

arrow highlights the time of PTZ injection. The seizure always starts with 

synchronized high-frequency oscillations that increase in amplitude, progressing into 

clonic paroxysmal discharges of lower frequency afterwards. B) Time-frequency 

analysis for the same EEG signal above. Analysis was performed using a short-time 

Fourier transform. Peak power was normalized to 1. The dominant ictal signal 

frequency was 1-3 Hz. Higher frequency components up to 6 Hz occurred earlier in 

seizure and diminished in power gradually. 
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Figure 4-3.  Representative time frames of 2D PAT images of the rat brain, compared with an 

anatomical image. A) Representative time frames of 2D PAT images of the rat brain 

with 1064nm. The time interval is 1min, and each image covers 10×10mm2 with 

201×201 pixels. B) Photo of rat brain with hair and scalp being removed. The SSS, 

TS, and the reconstruction area are indicated. Scale bar is 5mm through the figure. 

 
Figure 4-4.  The reconstruction of 3D PAT images. A) and B) show the representative 3D images 

for HbO2 and Hbr in different views respectively. The image domain is 10×10×5mm 

containing 201×201×101 pixels. Thresholds and colorbars are presented for the 3D 

images. The SSS and TS are well distinguished in both the HbO2 and HbR images, 

and the Ostia end of the inferior sagittal sinus can also be seen in the HbO2 image. 
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Figure 4-5.  The HbO2 changes of the SSS, hippocampus and cortex. A) 3D vascular images of 

the rat brain (a1) and the MAP vascular structural images (a2 and a3 in the x-y and x-

z plane respectively) overlaid on the MRI anatomical images using 1064nm. The 

ROIs for the SSS, hippocampus, cortex, and the reference are indicated. Thresholds, 

colorbars, and scale bar are presented. B) The HbO2 changes of the SSS, 

hippocampus, cortex and the reference as well as the corresponding EEG signal. The 

changes of the HbO2 signals are expressed in percentage relative to the baseline, 

which is defined as the first four minutes of the recording. The changes of these HbO2 

signals after the PTZ injection are divided into three stages, as indicated. 
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Figure 4-6.  The HbR changes of the SSS, hippocampus and cortex. A) 3D vascular images of 

the rat brain (a1) and the MAP vascular structural images (a2 and a3 in the x-y and x-

z plane respectively) overlaid on the MRI anatomical images using 710nm. The ROIs 

for the SSS, hippocampus, cortex, and the reference are indicated. Thresholds, 

colorbars, and scale bar are presented. B) The HbR changes of the SSS, hippocampus, 

cortex and the reference as well as the corresponding EEG signal. The changes of the 

Hbr signals are expressed in percentage relative to the baseline, which is defined as 

the first four minutes of the recording. The changes of these HbR signals after the 

PTZ injection are also divided into three stages with the same timing as that in Figure 

4-5 B), as indicated. 
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Figure 4-7.  The average HbO2 and HbR changes of the SSS, hippocampus and cortex across all 

the rats. The signals are averaged every 30 seconds, and corresponding SD between 

different rats are also calculated and shown (in red). A) and B), HbO2 and HbR 

changes of the SSS; C) and D) HbO2 and HbR changes of the hippocampus; E) and F) 

HbO2 and HbR changes of the cortex. 
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Figure 4-8.  Correlation study of the HbO2 signals. A) The time change of the correlation 

coefficient between the hippocampus and SSS. B) and C) the HbO2 signal changes of 

the SSS, hippocampus and cortex at two different time window as indicated in A with 

blue rectangles. D) The 3D negative correlation coefficient map at the time of the 

green vertical bar in A, shown in different views, and the MAP images of it in the x-y 

and x-z plane imposed on the corresponding MAP HbO2 vascular images and the 

MRI anatomical images. E) The 3D negative correlation coefficient map at different 

times as indicated in A with vertical bars. The threshold for the negative correlation 

map is chosen to be 0.6 in D, and 0.4 in E and F. It‟s seen that the negative 

correlation voxel with the SSS for HbO2 didn‟t shown before the drug injection, and 

were concentrated in the hippocampus and its surroundings after the seizure initiation. 
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Figure 4-9.  Negative correlation map of HbO2 in different rats. The time window for generating 

the correlation map is chosen to be from 6min to 7min. The results are presented in 

2D maps, which are imposed on the corresponding MAP HbO2 vascular images and 

the MRI anatomical images in x-y and x-z planes, and also presented in 3D images, 

which are coregistered with the 3D vascular images. The threshold for the negative 

correlation map is chosen to be 0.6 in the 2D images, and 0.4 in the 3D images. A)- D) 

represent the results for different rats. 
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Figure 4-10.  Granger Causality analysis of the HbO2 and HbR signals between different regions 

of the brain and the reference signals. A) and B) the granger causality of HbO2 

between the SSS, hippocampus and cortex; C) and D) the Granger Causality of HbO2 

between the above three brain regions and the reference; E) and F) the Granger 

Causality of HbR between the SSS, hippocampus and cortex. The horizontal dotted 

lines in A) and B) are the average value of the Granger Causality of HbO2 between 

these three brain regions and the reference, or rather the average value of C) and D). 

Similarly, the horizontal dotted lines in E) and F) are the average value of the Granger 

Causality of HbR between these three brain regions with the reference. SSS, superior 

sagittal sinus; Hipp, hippocampus; Cort, cortex. 
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Figure 4-11.  Granger Causality graphs of HbO2 A) and HbR B) between different regions of the 

brain. The granger causality values are coded by the visibility of the lines between 

these brain regions, and the arrowheads indicate the direction of Granger Causal 

influence. Lines between site pairs not reaching significance in the coherence and 

Granger Causality measures are not shown. SSS, superior sagittal sinus; Hipp, 

hippocampus; Cort, cortex. 

 
Figure 4-12.  White noise assessment of the reconstructed images. Upper right corner shows the 

summed signal of a 9-voxel wide cube, compared with the signals summed with the 

two halves of the total voxel in the cube (the red and blue lines in lower right corner). 
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CHAPTER 5 

SIMULTANEOUS PAT/EEG RECORDING OF FREE MOVING RATS 

Study of neuro-hemodynamic activities in freely moving small animals (rather than 

anesthetized) provides more realistic and accurate information about diseases, and hence better 

understanding. While it has been proved that hemodynamic changes are closely related to 

epileptic seizures, methods for detection in freely moving (small) animals are limited. In this 

chapter, we integrated photoacoustic sensor and EEG system into a small device that can be 

attached on the head of awaken rats, and for the first time it shows the realization of long time 

and simultaneous monitoring of photoacoustic and EEG signals in PTZ induced seizure on freely 

moving small rats. Results showed that both the neural and vascular responses to seizure in 

freely moving rats have characteristics, which are observed to be different and more diverse from 

that of anesthetized rats, and this calls for more detailed study in future. This technology also 

promises for other hemodynamic related research study in freely moving small animals. 

5.1 Background and Significance 

Epilepsy is the most common brain disease that affects 2% of the world population
1-2

. 

Epileptic seizures are caused by synchronous, rhythmic firing of a population of neurons in the 

brain that involves enormous increase in metabolic rate of oxygen and thus hemodynamic 

parameters such as cerebral blood flow (CBF), cerebral blood volume (CBV) and oxy-saturation 

are greatly changed3-4. A better understanding of coupling between the neural and vascular 

systems is crucial to diagnosis, prediction and treatment for this disease.  

Currently available neural imaging modalities such as fMRI, PET, SPECT have already 

been employed in the study of neurovascular coupling in epilepsy both in human and animal 

models. However, one remaining problem for these technologies is that they are expensive and 

bulk in size, so the objects must be anesthetized or keep still during the entire recording process. 
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For recently developed optical mapping methods such as ORIS, OCT and voltage sensitive dye, 

pre-operation surgeries like skull opening are generally required due to their limited imaging 

depth and thus they permit only anesthetized animals.  

Problem associated with anesthetized animals is: the anesthetization suppresses the 

activities of neurons and cardiovascular system, so the neural and vascular responses to seizure 

are altered. As a consequence, awakening and freely moving animals with vascular response 

uninterrupted by extrinsic factors is ideal and preferred model for epilepsy study. Conventional 

EEG or telemetric EEG system with video monitoring is the gold standard for seizure detection 

and quantification, and has already been widely used on freely moving animals
151-152

. Yet the 

compact devices, which can be firmly fixed on the animals and hence can reliably detect 

hemodynamic changes, are still missing and no studies have been reported. 

Photoacoustics have been used for the hemodynamic monitoring of epilepsy. However, 

most of the photoacoustic techniques focus on imaging that permits only the anesthetized 

animals. Besides, the imaging speed of photoacoustic systems is often limited by the laser 

repetition rate. On other hand, its potential for real-time monitoring as a sensor in simple and 

compact design that can be used on freely moving animals is not fully explored.  

The purpose of this work is to develop an interface that consists of an EEG system and a 

photoacoustic sensor, and to study the interaction between the EEG signal and the hemodynamic 

signal of SSS in PTZ induced seizure on freely moving rats. PTZ has been employed to induce 

generalized seizure in rats to study seizure phenomenon, where hemodynamic changes have 

reportedly been found all over the brain. As one of the most distinguishable as well as main 

blood vessels in brain, SSS allows blood to drain from lateral aspects of anterior cerebral 

hemisphere to confluence of sinuses and return to venous circulation, covering large region of 
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brain. Thus the hemodynamic signal of SSS is closely related to the status of the PTZ-induced 

generalized seizure.  

Through this dual-modality, monitoring epilepsy in freely moving animals, one can get 

an in-depth knowledge of responses from vascular and neural systems, and hence better 

understanding of mechanisms of epilepsy. This technology may have greater utility in 

applications such as drug development and therapy assessment in epilepsy, and other 

hemodynamic related studies. 

5.2 Material and methods 

5.2.1 System Overview 

The entire system can be divided into four main parts as: photoacoustic system, EEG 

system, video camera, and small interface mounted on rat head, as shown in Figure 5-1. Pulse 

light of wavelength, 1064nm from a Q-switch Nd:YAG laser operating at 10Hz was coupled into 

a 0.4mm core multimode fiber patch cable using a convex lens and delivered to the rat brain. The 

transient photoacoustic signal generated by the short laser pulse was detected by a pair of 

transducers with central frequency 5MHz. The signal was amplified using a 26dB PCB 

preamplifier and a 17dB commercial preamplifier (AH-1100, ONDA Co.), and finally digitalized 

by a PCI data acquisition card (NI PCI-5154) with sampling rate 50MHz. The intracranial EEG 

signal was collected through a pair of small screws drilled in the skull of rat. The depth of the 

screws through the skull was about 1mm. The EEG signal was amplified (RA16PA, TDtucker-

Davis Tech.), and collected (RZ5 Bioamp Processor, TDtucker-Davis Tech.) and stored into a 

computer for processing later. The entire system was synchronized through triggering with 

Nd:YAG laser. Continuous video recording was achieved with a video camera (we used iPhone 

4S). The transducers, multimode fiber and EEG connecting wires are detachable from the rat 
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head when the experiment is over. All the data including the photoacoustic signal, EEG signal 

and video are jointly analyzed later for study of epilepsy.  

5.2.2 Photoacoustic Sensor Design 

Figure 5-2 (A) depicts the schematic of photoacoustic sensor being mounted on a rat head. 

Multimode fiber patch cable (0.4mm core diameter) for delivery of light was connected to an 

optical cannula (CFMC14L02, Thorlabs Inc.) with a ceramic mating sleeve (see Figure 5-2(B)). 

The cannula was implanted right above SSS, with a tip (2mm) reaching into brain through a 

small hole in skull. In rat experiment, the optical energy coming out of the multimode fiber was 

about 6mJ/pulse and that from the connula tip into the brain was about 4mJ/pulse. The cannula 

was fixed with dental cement, and then the skull surface was sealed with a thin layer of super 

glue. The two transducers were tilted and placed with their axes pointing to SSS. They were 

supported by a 3D printed VeroWhitePlus interface and fastened with small screws and thermal 

glue. The space between the skull and the transducers was filled with ultrasound gel for proper 

acoustic coupling. Figure 5-2 (C) shows a photograph of the above-mentioned design being 

mounted on rat head (after the surgery).  

5.2.3 Surgery 

Four Sprague Dawley rats, whose weights were around 400g, were employed in the 

experiments. SSS was about 2mm below the skull. Figure 5-3 shows the top view of a rat skull 

during surgery. The positions of the optical cannula and the two EEG electrodes are noted by 

arrows. The surgery was carried out as follows. Firstly, rat was anesthetized with isoflurane and 

hair on the head was removed, and subsequently, the scalp was opened. Next, a hole of diameter 

0.5mm was carefully drilled in the skull, and cannula was inserted into the hole and fixed with 

dental cement. The surface of the skull was cleaned and applied with antibiotic, and then sealed 

with a thin layer of super glue to prevent from infection. After that, two small screws were 
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drilled at forehead and they served as two EEG electrodes. Finally, 3D Printed VeroWhitePlus 

interface was fixed onto the rat skull with dental cement, and the two EEG screws were also 

embedded in dental cement, leaving two wires tied on the screws stretching out for later 

connecting to recording leads. After four days (for complete recovery), rat was adopted for 

(epilepsy) experiment. All the procedures were carried out in accordance with an approved 

University of Florida IACUC protocol.  

5.2.4 Data Collection and Processing 

Phantom experiments were carried out to validate the photoacoustic signal from SSS. A 

tube with inner diameter 0.2mm was filled with ink, and embedded in a phantom (we employed 

agar phantom) at a depth of 2mm. Then VeroWhitePlus interface along with optical cannula and 

transducers was placed onto the phantom to record the photoacoustic signal from the tube. By 

comparing the resulting photoacoustic signal with that of rat experiments, the photoacoustic 

signal of SSS can be verified (amplitude vs. time was calculated). Because the optical absorption 

at wavelength 1064nm is dominantly sensitive to HbO2 as compared to that of HbR, the 

photoacoustic signal at this wavelength can be taken as the volume change of HbO2 in SSS. For 

each experiment, the signals from the two transducers were compared, and the better one was 

selected for recording. 

There were two strong sources of noise in the collected EEG data. One is from the 

alternating current supply at 60Hz and other is from Q-switch of the laser at 10Hz (Figure 5-4 

(B), blue line). The EEG data was firstly Fourier transformed and the alternating current noise of 

60Hz was eliminated by filtering out the frequency band in the range 58Hz to 62Hz, and the Q-

switch noise was removed by filtering out the frequency band of 10 0.5Hz, 20 0.5Hz, 

30 0.5Hz… and so forth (Figure 5-4 (A)). Then the filtered EEG data was inverse Fourier 

transferred back to obtain the time resolved data (red line as shown in Figure 5-4 (B)). 
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5.2.5 Rat Experiments 

All the rat experiments were carried out between 2:00pm and 5:00pm. The rats were first 

placed in an acrylic cage and acclimatized for at least one hour before the experiment. Then the 

rats were anaesthetized, and the EEG leads, the multimode fiber, and the transducers were 

connected to the head of rats for recording.  

For free moving rat, the seizure experiment was initiated around 10min after the awake of 

rat, in which seizures were generated by injecting PTZ of 30-75mg/Kg into abdomen 123. Two 

kinds of control tests were performed. In first case, sterile saline of same volume was injected, 

and in other case, rats were continuously anesthetized with a PTZ dose of 120mg/Kg. The 

concentration for PTZ was fixed to 50mg/mL. The duration of recording is 30mins for each 

experiment, and the injection of drug was induced around 5mins. Behavioral seizures of all rats 

were scored using 5-graded Racine Score system
153

, and the score was based on the severest 

behavior of rats. A total number of 22 experiments (n=22) were carried out using 4 rats, as 

shown in Table 5-1. The time interval between two experiments for the same rat was at least 3 

days. All the results were confirmed by experts in neurology. 

5.3 Results 

5.3.1 Photoacoustic Signal Verification 

Photograph of a phantom (employed in experiment) is shown in Figure 5-5 (A) and 

photoacoustic signals for phantom experiment (blue line) and rat experiment (red line) are shown 

in Figure 5-5 (B). Both the curves show strong and sharp bipolar signals at the instant around 3us 

with clear background, which is equivalent to about 5.3mm in tissue. We conclude that the 

photoacoustic signal from SSS is about 3μs in rat experiment.   
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5.3.2 Dose and Behavior 

In all unanesthetized rat experiments, the rat was put into an uncovered acrylic cage, as 

shown in Figure 5-6. The dose of PTZ was carefully administrated ranging from 30~75mg/Kg. 

One rat died shortly after a dose of 75mg/Kg, while all the rats injected with 50mg/Kg or under 

survived. During the seizure process, the rats showed behavior of facial clonus, head nodding, 

forelimb clonus, rearing and falling (loss of postural control). Video was recorded about 0.5m in 

front of the cage with iPhone 4S. In some experiments, the rats in the cage were well trapped. In 

this case, the rats only turned around the two ends of the cage, and then the operator needed to 

turn the cage in opposite direction to prevent the multimode fiber from twisting. However, in 

other experiments, the rats jumped out of the box, or torn off the optical fiber and/or transducers. 

Thus, only 30% (3 out of 10) of the freely moving rat experiments with more than 50mg/Kg PTZ 

can be fully recorded all through the experiment (Table 5-1). No seizure was observed in the rats 

injected with sterile saline. In general, the severity of seizure tended to be higher with a higher 

dose of PTZ injection (see Figure 5-7). For anesthetized rat experiments, the rats were 

continuously anesthetized with isoflurane breathing circuit, and the body temperature of the rats 

was maintained at 037 C  with a thermo pad.  

5.3.3 Simultaneous EEG and Hemodynamic Response Study 

Figure 5-8 shows the experiment results of three different rat models: anaesthetized 

seizure model (Figure 5-8 (A)), control model (Figure 5-8 (C)), and freely moving seizure model 

(Figure 5-8 (B) using rat2 and Figure 5-8 (D) using rat3) respectively. All the injections were 

administrated at the instant 5min. By comparing these curves, we noted that these three different 

rat models showed distinguishable features for both HbO2 (red) and EEG (blue) signals.  

For anesthetized rats (with 120mg/Kg PTZ injection, Figure 5-8 (A)), there are few 

sharply isolated waves in the EEG signals before the administration of PTZ, and at the same time 
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some fluctuations in HbO2 are observed. The PTZ injection causes some high amplitude spikes 

in the EEG signal at 5min. After seizure begins, the EEG signal slowly increases in amplitude 

and frequency, and in the mean while, the HbO2 signal first shows a sudden drop, and then 

gradually increases. Sooner after, some hypoxia gaps appear in the HbO2 signal, which becomes 

wider and deep as seizure evolves. It‟s noted that two anesthetized rats were killed due to 

overdose of PTZ when they got awake after taking isoflurane breathing circuit away with 

completion experiments.  

For freely moving rats (with 50mg/Kg PTZ injection) in Figure 5-8 (B), the EEG signal is 

active before the PTZ injection, while HbO2 level is relatively stable. When the rats were caught 

and taken out for injection at 5min, the EEG signal activity becomes low, and the HbO2 signal 

increases remarkably for a short interval of time. The seizure onset is about 3min after the 

injection. At the same time, the HbO2 level increases significantly and then gradually gets lower, 

and the EEG signal displays continuous high amplitude that shows bursting activities. The result 

in Figure 5-8 (D) (with 0.5mg/Kg PTZ injection) is much different from that in Figure 5-8 (B). 

The fluctuation of HbO2 signal in Figure 5-8 (D) is much larger (all through the experiments) 

than that in Figure 5-8 (B). The overall activity of EEG signal is prominently increased due to 

seizure onset in Figure 5-8 (D), but not in Figure 5-8 (B). Apparently, the results for freely 

moving rat experiments seemed more individual and case dependent.  

For the test experiment under control (Figure 5-8 (C)), in which the rats were injected 

with 0.4mL of 0.9% sterile saline, no dramatic change is seen both in HbO2 and EEG signals 

after the PTZ injection as compared to the signals before injection. It‟s also noted that the 

injection itself doesn‟t influence much either the HbO2 signal or EEG signal as shown in Figure 
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5-8 (C), which is much different from the results for freely moving rat experiments in Figure 5-8 

(B) and Figure 5-8 (D). This may be due to individual difference of rats.  

5.4 Discussion  

5.4.1 Photoacoustic Sensor Design 

Photoacoustic technologies have gained much attention for their diverse applications in 

biomedical imaging, but it‟s seldom used as a single sensor. In this work, we aim to integrate a 

photoacoustic sensor and EEG system in a small device for the dual modality study of epilepsy 

in free moving rats. By utilizing ultrasound as means of detection, the penetration depth of PAT 

can be much deeper than that of pure optical imaging while keeping high spatial resolution. Thus 

non-invasive detection of blood vessels in small rat brain can be achieved. However, in this work, 

small hole is required to be drilled in rat skull because laser light from multimode fiber can‟t 

penetrate scalp and skull of mature rat. Small rat can not be employed here because fiber and 

transducers can not be firmly attached to the loose scalp of small rats. There are other limitations 

in this work as well. For example, we only used one wavelength, but it can be easily adapted to 

dual wavelength measurement with the same Q-switch Nd:YAG laser; and multiple illumination 

and detection sites in the brain can also be realized too. All these can be improved in future work.  

5.4.2 Dual Modality Study with Video Monitoring 

When rat was anesthetized, the fiber, transducers, and EEG leads were swayed but no 

notable fluctuations was observed in both the photoacoustic and the EEG signals, proving the 

reliability of the system. Video monitoring was used to confirm the presence of a motor 

component associated with an EEG seizure and to score the severity of motor seizures. We 

noticed that there are some artifacts in both the photoacoustic signal and EEG signal before the 

injection of drug, which are absolutely not related to seizure. These artifacts could not be 

discriminated without video monitoring.  
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For simultaneous monitoring of EEG and photoacoustic signals, the results for 

anesthetized rats are generally similar in which hypoxia gaps can be easily observed in the HbO2 

signal in all the cases. In contrast, results in freely moving rats are more case dependent and 

complicated than that of anaesthetized rats. In some experiments with freely moving rats, we also 

observed the proceeds of hemodynamic signal to the EEG signal; and EEG signals of different 

frequencies are decoupled sometimes. However, in this study, no statistic-based analysis is 

derived due to limited number of cases. The EEG and hemodynamic signal recordings after 

seizure (which we missed to carry out in this work) are also important and interesting issues for 

epilepsy study. As a result, more detailed study is required (in future) with more cases and longer 

observation time. But it is beyond the scope of this communication. 

5.5 Conclusion 

This study demonstrates the practicality of photoacoustic detection combined with EEG 

and video monitoring of epilepsy in freely moving rats. Rats with different seizure model were 

tested, and we found that the EEG and hemodynamic signals during seizure in freely moving rats 

are more complicated than that of anesthetized rats, which requires more detailed research in 

future. With the detachable design of fiber and transducers in this type of recording system, one 

rat can be used many times, allowing long-term studies of epilepsy. In our experiments, rats 

survived more than one month until they were killed. With appropriate modifications, this 

technology can easily find other applications related to hemodynamic study than epilepsy, in 

which freely moving rat model is preferred. 
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Figure 5-1.  Schematic of experimental system. The integration of photoacoustic system, EEG 

system, video camera, and small interface mounted on the rat head is depicted. 

 

Figure 5-2.  The design of the photoacoustic sensor. A) Schematic of the photoacoustic sensor in 

3D. Laser is delivered to SSS through an optical cannula, which is implanted on rat 

skull. Then a pair of transducers receives the generated ultrasound signals. The 

diameter of the receiving transducers is approximately 5.5mm, and they are supported 

by a 3D printed VeroWhitePlus interface. B) Photograph of optical cannula, mating 

sleeve and multimode fiber patch cable. The optical cannula has a diameter of 2.5mm, 
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with a piece of multimode fiber (0.4mm core diameter) in its center. C) Photograph of 

rat head, with all detectors being connected, after surgery. The EEG electrodes are 

implanted in forehead of the rat, as indicated. 

 

Figure 5-3.  Photograph of a rat skull, with the positions of optical cannula and EEG electrodes 

as indicated by arrows. 

 

Figure 5-4.  EEG data de-noising in frequency domain. A) Frequency power chart of EEG signal 

(before de-noise (red) and after de-noise (blue)). B) EEG signal before (blue) and 

after (red) de-noise. The noises are indicated with arrow and green encircles: A (the 

Q-switch noise (10Hz) from the laser) and B (the alternating power supply noise 

(60Hz)). 
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Figure 5-5.  Phantom experiment for validating photoacoustic signal of SSS. A) Photograph of 

phantom. B) Photoacoustic signals in phantom experiment (blue), and in rat 

experiment (red). The signal for SSS is at instant about 3.5μs. 

 

Figure 5-6.  Awake and freely moving rat in acrylic cage for experiments. 

 

Figure 5-7.  Distribution of Racine score (in %) in freely moving rat seizure experiments for each 

PTZ dose. 
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Figure 5-8.  EEG (blue) and HbO2 (red) signals for rat experiments of different models. A) 

Anaesthetized rat with 120mg/Kg PTZ injection. C) Freely moving rat with 0.4mL 

injection of 0.9% sterile saline. B) and D) Freely moving rats with 50mg/Kg PTZ 

injection.. 
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Table 5-1. The rat experiment design.  

Case number Rat1 Rat2 Rat3 Rat4 

Anaesthetized 1 * 1 * 1 0 

30mg/kg PTZ 2 (2) 1 (1) 0 1 (1) 

50mg/kg PTZ 2 4 (1) 3 (2) 0 

75mg/kg PTZ 0 0 0 1 

Control 2 1 2 0 

* The rat died after experiment.  

Note: The numbers of rats that were successfully video recorded through 30mins are indicated in 

the brackets. 
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CHAPTER 7 

CONCLUSION AND FUTURE WORK 

6.1 Conclusion and Significance 

In this dissertation, we are trying to fully explore the potential of photoacoustic 

technologies in the study of epilepsy through different kinds of rat experiments. 

First of all, it‟s proved that epilepsy involves hemodynamic changes over the whole brain, 

so that a 4D PAT system with both high spatial and temporal resolution is required. Chapter 2 

and 3 describe our work for developing such a system based on multi-acquisition channel for 

small rat brain imaging. In chapter 2, we have setup a 192/64-channel data acquisition system 

including the transducers, pre-amplifier boards (26dB gain), and 8 8-channel high speed data 

acquisition boards, and an USB IO control, based on which a real-time 2D circular 120-

transducer array PAT system was built and calibrated. With the 10Hz repetition rate from a 

tunable Ti:Sapphire laser, the system can achieve a frame rate of 3.33f/s, and a spatial resolution 

about 0.2mm. Intensive phantom experiments were done for the system characterization and 

performance. This work is a further elevation of the single transducer based system, and also a 

pre-investigation work for Chapter 3, since they are based on the same data acquisiton system 

and the calibration of these two systems are similar. In Chapter 3, we remodeled the real-time 2D 

PAT system into 3D with a spherical transducer interface. The new system was capable of 3D 

imaging with the same frame rate of 3.33f/s, and also retained the 2D imaging ability with a 

frame rate of 10f/s using the 64 transducers at the bottom layer of the interface. The system has a 

near isotropic resolution about 0.2mm, and its real-time imaging ability was tested using ink flow 

experiments. Finally, the feasibility of the system for in-vivo real-time hemodynamic imaging in 

the whole rat brain was demonstrated sing a focused seizure model.  
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Based on that, generalized seizure experiments were carried out with this system, 

employing two groups of rats for the detection of HbO2 and HbR signals, which are described in 

Chapter 4. Compared to the focused seizure model in Chapter 3, generalized seizure model are 

more complicated and more representative, where hemodynamic changes happens in the whole 

brain. EEG signals were also recorded to confirm the initiation, evolution and propagation of the 

epileptic seizures. We extracted the hemodynamic signals from different regions in the rat brain, 

and largely divided the seizure process into three stages. We found that the increase of blood 

supply is inadequate for the consumption of oxygen in the beginning stage of seizure. At the 

same time, the HbO2 signal in the hippocampus increased up to 200%, indicating the high neural 

activities there. The HbO2 and HbR signals in the SSS are well negative correlated, and regions 

of hyper-oxygenation were found to be coagulated around the hippocampus after the seizure 

initiation with correlation study. We also analyzed the Granger Causality influences among 

different regions, and results show that the interactions between different regions tend to be 

stronger. This also indicates that the fluctuations in the hemodynamic signal we obtained may 

convey more useful information that needs to be dinged out. 

On the other hand, current studies on epilepsy with neuroimaging modalities are mostly 

performed on anesthetized animals. However, it‟s proved that the anesthetization suppress the 

neural activity, so that the results acquired in these experiments may not be as genuine as that in 

free moving animal experiments. In Chapter 5, we have built a small photoacoustic sensor 

integrated with EEG electrodes that can be mounted on the rat brain, to collect the hemodynamic 

signal and EEG signal simultaneously in free moving mature rats. Video recording was also 

present to identify seizure related changes in the photoacoustic signal and EEG signal. We 

performed rat experiments with different drug level, and did control experiments. One-thirds of 
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free moving rat experiments can be fully recorded, whose results however were quite diverse and 

different from those in anesthetized rat experiments. This calls for more cases for statistical study 

in the future. 

6.2 Limitations and Future Works 

Limitations exist in our current work. This work consists of researches from two different 

aspects. The first one is to develop higher performance photoacoustic setups, and the other is 

about experiment design and data processing.  

In our work, a 4D PAT system was developed. However, the capabilities of this system 

need improving. The biggest problem with this system is the limited transducer numbers, due to 

which some important features of the objects can be missing. Although the static phantom 

experiments showed acceptable results, there are artifacts in the ink flow experiments, and only 

three main blood vessels can be clearly distinguished in the rat brain. A direct solution to this 

problem is to increase the number of detectors in a 3D scan. This can be achieved by increasing 

the number of transducers and data acquisition channels. It‟s also a common practice to rotate the 

transducer array to increase the number of detectors in a 3D scanning, although at a cost of 

lowering the frame rate of the system. In addition, the inhomogeneity of the transducer 

distribution on the array results in artifacts in the reconstruction results. Thus, numerical 

simulations and should be done for the optimization of the transducer numbers and distribution. 

Phantom tests should also be done with different transducer distributions, and the transducer 

mounting must be flexible to allow the changing of transducer positions. In our previous studies, 

only the influence of the transducer numbers on the image quality was investigated, and other 

works remain to be done. 

We have proved that the hemodynamic changes in free moving rats can be detected 

photoacoustically. However, only the HbO2 signals in the SSS was revealed, and this system can 
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be easily adapted into dual wavelengths with current Nd:YAG laser. Besides the 1064nm we 

employed, the laser gives the second harmonic wavelength 532nm, which can be approximately 

regarded as an isosbestic wavelength for measuring the total hemoglobin in the blood vessel. 

Thus the changes of HbR and the oxy-saturation can also be obtained. This will provide other 

complementary information that is valuable for the diagnosis of epilepsy other than HbO2. In 

addition, we only monitored the hemodynamic changes at one site, but detection of multiple sites 

can also be realized. 

More detailed data processing and better experimental design need to be carried out in 

further study. In the generalized seizure experiments, we only extracted the signals in three 

regions due to the presenting of the low SNR and artifacts in the reconstructed images. If the 

system performance can be improved, we could have examined more regions related to epilepsy 

in deeper regions in the brain, such as thalamus, amygdala, and brainstem. Besides, different 

regions in the cortex should have distinguished hemodynamic changes, but we only selected one 

brain cortex region to investigate in our early study. Then more reliable and complete correlation 

and Granger causality analysis can be done with hemodynamic changes from more regions. Post-

ictal state should also be examined for the study of seizure termination, and it‟s critical for the 

epilepsy therapy assessment, which may be carried out in further study. 

Most importantly, although many conclusions have been derived, the significance of 

these statistical findings was hindered by the limited number of cases. In our generalized seizure 

experiments, only eight rats were employed in each experiment group, in which only five rat 

experiments were successful for the HbO2 experiment, and the PAT data from most of the eight 

rats has a low SNR for the HbR experiment. The number of successful cases in the free moving 

rat experiments was also limited, thus no statistical results were obtained. If more cases can be 
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done, we not only get more convincible conclusions, but also more possible new findings, which 

may help the better understanding of epilepsy.  
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