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Abstract 

Photoacoustic imaging is a hybrid imaging technique that combines many of the merits of 

both optical and ultrasound imaging. Photoacoustic imaging (PAI) has been hypothesized as 

a technique for imaging neonatal brain. However, PAI of the brain is more challenging than 

traditional methods (e.g. near infrared spectroscopy) due to the presence of the skull layer. 

To evaluate the potential limits the skull places on 3D PAI of the neonatal brain, we 

constructed a neonatal skull phantom (~1.52-mm thick) with a mixture of epoxy and titanium 

dioxide powder that provided acoustic insertion loss (1-5MHz) similar to human infant skull 

bone.  The phantom was molded into a realistic infant skull shape by means of a CNC-

machined mold that was based upon a 3D CAD model. Then, propagation of photoacoustic 

(PA) signals through the skull phantom was examined.  A photoacoustic point source was 

raster-scanned within the imaging cavity of a 128-channel PAI system to capture the imaging 

operator with and without the intervening skull phantom layer. Then, effects of the skull 

phantom on PA signals and consequently on PA images was evaluated in detail. We captured 

3D photoacoustic images of tubes filled with indocyanine green (ICG). The system was 

capable of reconstructing an image of a tube filled with 50 µM ICG in presence of the skull. 

Image processing method was developed to correct photoacoustic images from the effects of 

the skull. The method was tested on an image of an object captured through the skull, which 

demonstrated that the effects of the skull on PA images are predictable and modifiable. 

Keywords 

3D photoacoustic imaging (PAI), photoacoustic tomography, optoacoustic tomography, skull 

mimicking phantom, ultrasound attenuation, periventricular leukomalacia. 
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Chapter 1  

1 Introduction 

1.1 Overview 

Periventricular Leukomalacia, especially its focal component, is a common white matter 

brain injury in premature infants. The motivation of this work was to study the possibility 

of using a 3D photoacoustic imaging system for detection of such damages and 

consequently for neonatal brain imaging. Imaging the brain through the skull is 

challenging since the skull layer introduces strong image distortions. In this work, a 

series of simulations and experiments on a skull-mimicking phantom were performed so 

that the distorting effects of the skull layer could be identified and subsequently corrected 

for in the brain images. 

This chapter introduces several relevant subjects and is organized as follows. The 

fundamentals of photoacoustic imaging are introduced in Section 1.2. The concepts 

related to photoacoustic image reconstruction are presented in Section 1.3. Different 

photoacoustic imaging approaches are reviewed in Section 1.4. A review of literature for 

photoacoustic brain imaging is presented in Section 1.5. In Section 1.6, Background 

relevant to the pathogenesis of PVL is described. The details of the acoustic and optical 

properties of neonatal skull are introduced in Section 1.7 and 1.8 respectively.  Finally, 

the motivations and objectives of this work are described further in Section 1.9. 

1.2 Fundamentals of Photoacoustic imaging 

The photoacoustic effect was first discovered by Alexander Graham Bell in the 1880s. 

After a century, in 1982, Theodore Bowen suggested the feasibility of this phenomenon 
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in soft tissue imaging [1]. In 1994, Kruger demonstrated the photoacoustic imaging 

technique by detecting photoacoustic (PA) signal of a phantom in a highly scattering 

medium [2]. In the past decade, PAI has been developed rapidly for various medical 

applications, including detection of early stage breast cancer, detection of prostate cancer, 

and measuring tissue properties and molecular content [3].  

Photoacoustic imaging (PAI) is a hybrid imaging technique that combines many of the 

merits of both optical and ultrasonic imaging. In this technique, pulsed laser radiation 

illuminates a tissue. Absorption of photons by chromophores results in thermoelastic 

expansion, which generates pressure waves. Therefore, photons in the tissue will be 

converted into acoustic waves. Then, PA images are provided by listening, via acoustic 

sensors, to the optical structure of the tissue. 

Conversion of light to sound brings several advantages. Firstly, acoustic scattering in 

tissue is about three orders of magnitude lower than optical scattering per unit path length 

[3]. Therefore, PAI enables high resolution imaging of biological structures with higher 

penetration depth than optical imaging using the same contrast. Secondly, compared to 

pure ultrasonic imaging, PAI can provide rich optical contrast by multispectral 

illumination due to the fact that chemical composition of tissues contains information in a 

wide range of spectra. Photoacoustic imaging is particularly suitable for imaging blood 

vessels due to high optical contrast existing between blood and surrounding tissues. 

Thirdly, PAI provides images with no unwanted background because of the existence of 

non-absorbing tissue components at a specific wavelength. Moreover, unlike other optical 

imaging techniques, PAI has the potential to image all molecules, since all molecules 
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have light-absorbing properties at some wavelength. For example, fluorescence imaging 

can only image molecules that are fluorescent [3].  

1.2.1 Photoacoustic signal generation 

Photoacoustic imaging is based on optical excitation and acoustic detection. The light-

absorbing object to be imaged is illuminated, usually by nanosecond-pulsed laser 

radiation. Physical characteristic of the exposed object and the time scale of energy 

dissipation determine the required time scale, the thermal and stress relaxation times, 

over which the light must be delivered. The thermal relaxation time, 
��, and the stress 

relaxation time, 
, are described by: 


�� � ������ 


 � ���  

 

 

(1.1) 

where ��� is the thermal diffusivity (��/�), �� is the characteristic dimension of the 

heated region, and � is the speed of sound in the respective medium. 

Absorption of photons by the exposed object creates heat and that causes temperature 

rise. The temperature rise, T, can be expressed as: 

� � ������
���  

(1.2) 

where ��� is the percentage of light energy converted into heat, �� is the optical 

absorption coefficient (����), � is the optical fluence, � is the density, and �� is the 
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specific heat capacity at constant volume [4]. Then, the temperature rise causes expansion 

and consequently a localized pressure change. The localized pressure change,  !, is 

expressed as:  

 ! � "���# � "������ (1.3) 

where " denotes the Grueneisen parameter, a dimensionless unit that relates the pressure 

increase to the deposited optical energy, and  # is the specific optical energy deposition 

($/��%).  

In soft tissue imaging, " and ��� are usually treated as constants, and thus initial pressure 

rise is proportional to the optical energy deposition [4]. 

1.2.2 The photoacoustic wave 

The propagation of the PA wave is described by generalized wave equation: 

 &'� ( 1
��  *�

*+�, &�, +, � .
/��  *��&�, +,

*+�  
(1.4) 

where  &�, +, is the pressure at location r and t, and T is the temperature rise. The 

solution describing the resultant PA wave is found from the general solution to this wave 

equation expressed by: 

  &�, +, � 1
41��

*
*+ 2 1

�+ 3  !&�,4 5+ ( |� ( �7|
� 8 ��79   (1.5) 

The initial energy deposition inside an isotropic spherical object, with uniform optical 

absorption, generates a uniform pressure increase. The spherical source generates two 

equal PA waves due to inside and outside pressure increases.  One spherical pressure 
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wave travels inward and has a converging negative magnitude. The other spherical 

pressure wave, having a diverging positive magnitude, travels outward. The detector 

observes the positive pressure wave followed by the negative pressure wave, resulting in 

an N-shaped or bipolar pressure profile. Figure 1.1 shows the N-shaped pressure profile 

of an isotropic spherical object of radius �!. The pressure profile measured as a function 

of time at a point, r, will have a bipolar shape. 

 

Figure 1.1. Photoacoustic signal profile in the time domain that contains the 

maximum amplitude of :;<;/=, and width equal to twice the quotient of >;/?. The 

spherical source has a radius of >;, and V is the speed of sound in the propagating 

medium.  

The temporal profile of the pressure increase due to a PA wave can be expressed as: 
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 &
, � "���
2� @ (�
         |�
| A �!     0           |�
| B �! C  (1.6) 

where 
 � + ( �/� is the time of flight and &� ( �!, is the distance between the detector 

and the center of the spherical object.  

The generated PA wave contains characteristic information of the light-absorbing object. 

Three characteristics can be derived from the generated PA signal. Time of arrival of the 

N-shaped pressure profile indicates the distance between surface of the spherical object 

and the detector. The width of the PA signal (time difference between the abrupt edges), 

is related to the dimension of the sphere by the speed of sound in the propagating 

medium. The amplitude of the PA signal provides information about the optical 

absorption of the spherical PA source. 

1.3 Photoacoustic image reconstruction 

A variety of different PA image reconstruction techniques have been proposed including 

the spherical Radon transform [5], synthetic aperture beam forming [6], plane-wave 

approximation [7], iterative back projection [8,9], far-field approximation [10], 

compressed sensing [11,12], and singular-value decomposition (SVD) based algorithms 

[13,14]. The goal of any reconstruction modality is to create a map of the initial pressure 

distribution in a defined object space.  

In our approach, we represent the system using a set of linear equations, described by 

D � EF G H           (1.7) 
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where g is a dataset of measured ultrasonic signals of the unknown target object, H is an 

imaging operator, f represents an estimate of the unknown target object, and e represents 

noise. In this imaging system, any object is represented by a series of cubic voxels in the 

spatial domain. The reconstruction technique contains the response of the system to a 

point source in each of the voxels in the object space and uses these responses to predict 

the position of an object. An experimental estimate of the imaging operator is acquired by 

measuring the system response to a PA point source that moves in a desired space grid.  

1.3.1 Pseudoinverse of the imaging operator 

An object, f, corresponding to a new set of imaging data, g, is then reconstructed using 

the following equation: 

F � EID           (1.8) 

where H+ is the pseudo-inverse of H. The technique we chose for calculating the pseudo-

inverse utilizes SVD. The SVD of an � J K matrix, H, is a factorization of the form 

E � LMNO           (1.9) 

where L is the � J � unitary matrix of left-singular vectors of H, the diagonal entries of 

S are the square root of the singular values of EEP, V is the K J K unitary matrix of 

right-singular vectors of H, and T represents a transpose operator [15]. 

The pseudo inverse of matrix H is then: 

EI � NM�QLO           (1.10) 
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where M�Q is formed by replacing all the non-zero diagonal entries in M by their 

reciprocal.  

1.3.2 Regularization of the imaging operator 

As mentioned earlier, noise is present in the PA system of linear equations. Moreover, the 

matrix H is generally ill-conditioned. To remedy these issues, the pseudo-inverse 

calculated using SVD needs to be regularized. We have used a basic regularized SVD for 

this purpose. In regularized SVD, a specific number of the smallest singular values in S 

are replaced by zero.  

 M � �RSTU�V, … , �XI�, �X, … , �Y, … ,0Z       (1.11) 

where �V>...>�X>...>�Y>0. 

If M[ represents the regularized equivalent of S, and E[I is the regularized pseudo-

inverse, then by replacing (k-i) number of the smallest singular values by zero we have: 

 M[ � �RSTU�V, … , �XI�, 0, … ,0, … ,0Z           (1.12) 

and then we have: 

 E[I � NM[�QLP  (1.13)  

1.4 Photoacoustic imaging approaches 

A variety of different approaches have been developed for PAI. These approaches are 

different in detection scheme and/or image reconstruction algorithm.  Each approach 
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employs a different number of transducers in scanning methods, staring methods, or 

scanning-staring methods [16]. The photoacoustic tomography (PAT) system employs a 

single transducer element that is mechanically scanned along the detection surface in one 

or two dimensions to create 2D or 3D images of the sample [17-21]. In staring methods, a 

2D array of transducer elements, or a curved array of focused transducer elements is 

utilized for 2D or 3D PAI, and no scanning is necessary [9,14,16,22-29]. In a combined 

scanning-staring approach a linear array of transducer elements is scanned in one 

dimension for 3D PAI [30].   

1.5 Photoacoustic imaging of the brain 

Utilizing PAI for brain imaging is challenging due to the presence of the skull layer. The 

skull bone scatters light and severely attenuates and distorts ultrasonic signals. Hence, the 

skull layer is expected to deteriorate the accuracy of PA images. Thinner and softer skull 

bones found in newborns, with an average thickness of about 1.3 mm [32], result in less 

distortion and attenuation. 

Photoacoustic tomography has proven successful for structural, functional, and molecular 

brain imaging in small animals [19,33-40]. This technique has been used to image brain 

structure, brain lesions, cerebral hemodynamic responses to hyperoxia and hypoxia, and 

cerebral cortical responses to neural activities induced by whisker stimulation in rats [33]. 

Moreover, in-vivo photoacoustic images of blood perfusion on skull cartilage of albino 

rats have been constructed [41]. 
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Functional and molecular imaging is useful for tumor diagnosis [42]. Photoacoustic 

imaging was applied to image parameters such as oxygen saturation (\]�), and total 

hemoglobin concentration (HbT) in brain tumor vasculature of the mouse [42]. These 

images are acquired based on the absorption spectra of oxygenated-hemoglobin (HbO2) 

and deoxygenated-hemoglobin (Hb). 

SO� � cHbO�d
cHbO�d G cHbd  

EeP � cEefgd G cEed 

 

(1.14) 

 

where cHbd and cHbO�d are respectively the molar concentration of deoxygenated-

hemoglobin and oxygenated-hemoglobin. 

Optical contrast agents have also been used to improve the visibility of neurovascular 

images [19,43,44]. Spectroscopic photoacoustic tomography was utilized to image the 

contrast agent that targeted a brain tumor in a nude mouse through the intact scalp and 

skull [19]. 

The application of PAT in brain imaging has been extended to large animals with thicker 

skull bones as well [45,46]. The vascular structures of a monkey brain with an 

approximately 2-mm-thick skull through the intact scalp and skull bone were identified 

by PAT. Without the intact skull, the main structures of the exposed brain cortex were 

observable by PAT with greater clarity than with skull in place [45]. 
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The feasibility of imaging through an infant cadaver skull has also been investigated. 

This study showed the capability of PAI in measuring and monitoring changes in blood 

oxygenation level through an infant skull. Photoacoustic images of three simulated 

vessels in a gel phantom embedded approximately 2 mm beneath the infant skull were 

captured. These images matched well with the photographs of the vessels [32,47].  

Recently, photoacoustic tomography through a human adult cadaver skull was 

investigated [48]. Photoacoustic tomography of a canine brain cortex through the whole 

human skull was captured. A photon recycler was designed and utilized to transmit more 

light through the skull by reflecting back-scattered photons to human skull, which 

enhanced the signal to noise ratio by a factor of 2.4. To enhance ultrasonic effects of the 

skull, surviving PA signals through the skull were passed through a high-pass filter with a 

cut-off frequency of about 100 kHz. This was done because high frequency ultrasonic 

signals are more attenuated by the skull. After processing and filtering the image, features 

of the canine brain were proved to be clearly identifiable. Eight main blood vessels were 

identified in the PAT image of the canine cortex. The experimental results showed that 

light can penetrate through the thick human skull (ranging from ~7 mm (temporal area) to 

~11 mm in thickness) and that the produced PA signals are sufficiently detectable.   

1.6 Periventricular leukomalacia 

Periventricular leukomalacia (PVL) refers to ischemic damage to the white matter around 

the ventricles [49-51]. This neuropathologic lesion has emerged as the principal form of 

brain injury in premature infants. It is characterized by focal cystic lesions in deep white 

matter and a less severe but more diffuse non-cystic form throughout white matter 



12 

 

[49,52]. The principal clinicopathologic correlate of PVL are spastic diplegia, in which 

motor impairment is greater in the legs than in the arms, and cognitive and behavioral 

deficits [51,53]. 

One of the main factors in pathogenesis of PVL is an incomplete state of development of 

the vascular supply to the cerebral white matter which underlies a propensity for the 

occurrence of cerebral ischemia. Vascular supply to the cerebral white matter consists of 

the long and short penetrating arteries (Figure 1.2). The focal component of PVL occurs 

in the distribution of the end zones of the long penetrating arteries, while the diffuse 

component of PVL occurs in the distribution of 1) the border zones in between the 

individual long penetrating arteries and 2) the end zones of the short penetrating arteries. 

The long penetrating arteries are not fully developed in premature infants. The short 

penetrating arteries develop when the cerebral cortex fully develops in the post-term 

period [49,52,53].  

Clinical studies show that there is a relation between impaired cerebral blood flow (CBF) 

and the occurrence of PVL. Declines in CBF in long penetrating arteries usually indicate 

severe ischemia and focal PVL. Moreover, moderate ischemia and diffuse PVL would be 

expected when declines in CBF in short penetrating arteries are observed. On the other 

hand, changes in the concentrations of oxygenated and deoxygenated hemoglobin 

provide information about CBF and consequently the risk of PVL or other severe lesions 

in infants [49].     
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Figure 1.2. Coronal section of cerebrum. In one hemisphere focal and diffuse 

components of PVL are shown and in the other hemisphere vascular supply to the 

cerebral white matter is shown (adapted from Ref. [49]). 

In response to hypoxic ischemic brain injury, the pre-myelinating oligodendrocytes in 

periventricular white matter undergo necrosis, resulting in PVL [50]. Ultrasonography 

can be used to identify focal cystic PVL [49,52,53]. Figure 1.3 shows sagittal and coronal 

ultrasonic images of an infant brain acquired 7 weeks after birth. In these images, cystic 

PVL in the pre-term infant born at 31 weeks is indicated by arrows [50]. However, 

ultrasonography is relatively insensitive to the diffuse form of PVL in the neonatal period 

[49,52,53]. Diffuse white matter injury appears to be much more common than cystic 

PVL [52,53].  
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Diagnosis of the latter typically requires diffusion-weighted magnetic resonance imaging 

(MRI) because of its advantageous high sensitivity. However, the use of MRI is limited 

by the need to transport fragile patients from the neonatal intensive care unit to imaging 

units [49-54].  

 

Figure 1.3. Cystic periventricular leukomalacia. (a) Sagittal and (b) coronal 

ultrasound images show cystic PVL (arrows). These images were acquired 7 weeks 

after birth of a preterm infant with 31 weeks gestational age (adapted from Ref. 

[50]). 

Photoacoustic imaging has been proposed as a non-invasive technique for imaging 

neonatal brain injuries [32,33]. Since PAI uses both light and ultrasound, it is expected to 

be more sensitive to the tissue changes associated with diffuse PVL than ultrasonography 

[26,55]. Utilizing PAI to acquire anatomical image of non-cystic PVL, or the oxygen 
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saturation changes associated with non-cystic PVL in neonatal brain is the aim of this 

project. 

1.7 Acoustic properties of the neonatal skull bone 

The acoustic properties (attenuation and reflection loss) of neonatal skull bone are 

presented in this section. Ultrasonic properties of the skull bone are mostly related to the 

skull thickness and skull density. Skull thickness and skull density vary by age, sex and 

race [56].  Acoustic insertion loss of the neonatal skull is less than that of the adult skull 

since the skull of an infant is thinner and softer. Acoustic insertion loss includes the 

effects of both ultrasonic attenuation through the skull and ultrasonic reflection at the 

surface of the skull. 

To study ultrasonic insertion loss of the infant skull, the Xueding Wang et al. group used 

an ultrasound pulse-receiver (PR5072, Panametrics) to generate a broadband ultrasound 

pulse. The pulse was transmitted by a broadband transducer (V312,Panametrics), and was 

received by a needle hydrophone (HNV-1000, Onda) after about 2 cm of propagation. 

The calibrated needle hydrophone was opposite to and coaxially aligned with the V312 

transducer. Measurements were made in the frequency range of 1 MHz to 20 MHz [47]. 

Frequency-dependent ultrasonic insertion loss of an infant skull bone is presented in 

Figure 1.4 (adapter from Ref [47]). Ultrasonic signals propagating through the skull bone 

attenuate more greatly at higher frequencies. Insertion loss started from 4 dB at 1 MHz, 

and increased consistently with the frequency. At 20 MHz, around 2% of the energy was 

still transmitted through the skull and reached the ultrasonic detector.  
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Figure 1.4. Ultrasound insertion loss of an infant skull as a function of frequency 

(adapted from Ref. [32]) 

1.8 Light attenuation through the neonatal skull bone 

The skull attenuates light significantly due to its strong optical scattering properties.  In 

two studies, the optical attenuation of an infant skull was evaluated using a laser and a 

photodetector (DET100, Thorlabs) [32,47]. The fluence of transmitted light through the 

skull was measured and normalized by the fluence of the incident light measured in the 

absence of the skull. The laser wavelength was tuned from 680 nm to 950 nm with a 

constant interval of 5 nm. As shown in Figure 1.5, light transmittance through the infant 

skull is only slightly wavelength dependent. Between 650 nm to 950 nm the 

transmittance is fairly flat. About 60-70% of the light energy is transmitted through the 

infant skull [32,47]. 
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Figure 1.5. Light transmittance through the infant skull as a function wavelength. 

(adapted from Ref. [32]) 

1.9 Motivation and objectives 

The PAI technique has not yet been used for brain imaging in neonates. Based on the 

literature review presented in the previous sections, a highly sensitive method that 

produces real-time 3D images of neonatal brain could be very helpful in diagnosis of the 

diffuse component of PVL. Since the main obstacle to propagation of PA signals is the 

skull, our approach was to investigate the possibility of imaging through a skull-

mimicking phantom. 
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1.9.1 Thesis objective and scope: 

The objective of this thesis was to utilize an acoustically realistic skull phantom to 

estimate the effect of premature infant skull on the propagation of PA signals and to 

determine imaging capability in the presence of the skull phantom. The material 

presented in the thesis falls into four main categories:  

1) A skull phantom was constructed that mimicked the ultrasonic properties of 

neonatal skull bone to assess PAI for brain imaging in premature infants. 

2) The propagation of PA signals through the skull phantom and the effects of the 

skull on the signals were studied.  

3) The possibility of imaging through a skull-mimicking phantom was investigated. 

Photoacoustic images of some objects through the skull were acquired. 

4) Two image enhancement methods were proposed in order to remove the effects of 

the skull from the PA signals, and consequently the PA images. The methods 

were shown to be successful in reducing artifacts from the images that were 

captured through the skull. 

1.9.2 Research approach 

In the research, a material proper for mimicking neonatal skull was identified, a skull-

mimicking phantom was constructed, the effects of the skull on the propagation of PA 

signals was investigated, the possibility of imaging through the skull phantom was 

studied using an experimental PAI setup, the effects of the skull on the PA signals and 

PA images were removed, and finally the results were shown. 
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To find a material that properly mimics the behavior of the skull bone, acoustic insertion 

loss of candidate materials was measured and compared to the acoustic insertion loss 

properties of neonatal skull bone reported in previous sections. We selected a material 

that closely mimicked the ultrasonic properties of the neonatal skull bone. Then, we 

constructed a mold of a neonatal skull modeled with CAD software and using the head of 

a fairly realistic neonatal doll. Skull phantoms with different thicknesses and different 

shapes were constructed and tested.  

Then, we measured the signals from a PA point source with and without the intervening 

skull phantom.  The photoacoustic point source was tested at a multitude of grid locations 

to obtain the imaging operator for the transducer array with and without the skull 

phantom. The imaging operators were used to compute time delay and amplitude ratio 

maps representative of the effect of the skull phantom on PA signal propagation. 

Then, imaging through a skull-mimicking phantom was investigated. We captured 3D 

images of some phantoms filled with indocyanine green in the presence of the skull 

phantom, which proved that the system was able to capture images of vessel-like targets 

through a layer with acoustic properties similar to the neonatal skull. 

Finally, we proposed two image processing methods to eliminate the effects of the skull 

on the PA images of the objects. These methods were tested by performing another set of 

imaging experiments: Photoacoustic images of a light-absorbing rod were captured 

through the skull. The methods proved to be successful in reducing noise from the PA 

images of the rod   
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Chapter 2  

2 Investigation of 3D photo acoustic neonatal brain imaging 
using a skull-mimicking phantom 

2.1 Overview 

In this manuscript, we evaluated the effects of the skull bone on PA signals and images in 

detail. A photoacoustic point source was raster-scanned within the imaging cavity of a 

128-channel PAI system to capture the imaging operator with and without the intervening 

skull phantom layer. We captured 3D photoacoustic images of tubes filled with 

indocyanine green (ICG). The system was capable of reconstructing an image of a tube 

filled with 1.25 µM ICG in the absence of the skull, but the ICG in the tube had to be 

increased to 50 µM in order to reconstruct images of the tube when the intervening skull 

layer was present. 

This chapter describes the method developed for fabrication of a skull-mimicking 

phantom. It also introduces the 128-channel PAI system with a spherical imaging cavity 

applied to image through a skull phantom. Explanations regarding making of synthetic 

objects that represent vessels are also included. 

2.2 Introduction 

2.2.1 Background and motivation 

Imaging plays an important role in the diagnosis of neonatal brain injury [1]. 

Periventricular leukomalacia (PVL) refers to ischemic damage to the white matter around 

the ventricles. This neuropathologic lesion has emerged as the principal form of brain 

injury in premature infants.  Clinical studies show that there is a relation between 
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impaired cerebral blood flow (CBF) and the occurrence of PVL [1-3]. With declines in 

CBF in long penetrating arteries severe ischemia and focal PVL would be expected. 

Moreover, with declines in CBF in short penetrating arteries moderate ischemia and 

diffuse PVL would be expected. Changes in the concentrations of oxygenated and 

deoxygenated hemoglobin provide information about CBF and consequently the risk of 

PVL or other severe lesions in infants [1,2].  

Among all imaging modalities, ultrasonography remains the most easily accessible 

technique for neonatal brain imaging. Although this modality is sensitive for diagnosis of 

cystic PVL, it is relatively insensitive to less severe but more diffuse, and more common 

PVL [1,4]. Diagnosis of the noncystic PVL typically requires diffusion-weighted 

magnetic resonance imaging (MRI). The high sensitivity of MRI enables better 

visualization of white matter abnormalities at an earlier stage. However, the use of MRI 

is limited by the need to transport these fragile patients from the neonatal intensive care 

unit to imaging units. Therefore, more sensitive methods for detection of non-cystic PVL 

are needed.  Since photoacoustic imaging (PAI) uses both light and ultrasound, it is 

expected to be more sensitive to the tissue changes associated with non-cystic PVL than 

ultrasonography. Utilizing PAI for acquiring anatomical image of neonatal brain, or 

acquiring information regarding oxygen saturation associated with non-cystic PVL in 

neonatal brain is the ultimate goal of this project. We worked on several technical 

challenges that needed to be overcome before the goal can be achieved. 

Photoacoustic imaging has proven successful for structural, functional, and molecular 

brain imaging in small animals [5,6]. The feasibility of photoacoustic tomography (PAT) 

for imaging the primate brain through the relatively thick primate skull bone (~2 mm) has 
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been recently demonstrated [7]. Images of blood vessels have been captured through a 

cadaver infant skull using PAI [8,9]. For the first time, PAT of a canine brain through a 

cadaver adult human skull was studied by a group at Washington University.  However, 

PAI through the skull continues to present a serious challenge to photoacoustic image 

reconstruction and is an area of active research. Since the skull attenuates and distorts 

ultrasound signals and scatters light strongly, it severely deteriorates images of the brain 

[10].    

2.2.2 Objective and approach 

In this work, our objective was to experimentally investigate the effect that the skull layer 

has on the propagation of PA signals with the aim of PAI through a skull layer.  We 

evaluated a variety of skull mimicking materials and selected a material that closely 

mimicked the ultrasound insertion loss of neonatal skull bone. We constructed a mold 

representative of the frontal, parietal, and occipital bones of the cranium of a neonatal 

skull by creating a 3D CAD model of the head of a realistic infant doll. Skull phantoms 

of different thicknesses were fabricated with the mold. We measured the signals from a 

photoacoustic point source with and without the intervening skull phantom.  The 

photoacoustic point source was tested at a multitude of grid locations to obtain imaging 

operators for the transducer array with and without the skull phantom.  The imaging 

operators were used to compute time delay and amplitude-ratio maps representative of 

the effect of the skull phantom on photoacoustic signal propagation. Finally, we captured 

3D images of tubes filled with indocyanine green (ICG) in the presence of the skull 

phantom, which demonstrated that PAI of vessel-like targets was possible through a layer 
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with acoustic properties similar to the neonatal skull. Preliminary results of this work 

have been presented recently [11], [12]. 

2.3 Methodology 

2.3.1 System setup 

The PAI system is shown in Figure 2.1 (a). The system included a spherical imaging 

cavity (transducer array) with an internal diameter of 9.6 cm. The imaging cavity 

incorporated an array of 128 custom-built unfocused ultrasound transducers (center 

frequency of 2.7 MHz and bandwidth of 127%).  Two four-legged optical fibers (Lumen 

Dynamics, Missisauga, ON, Canada) were mounted to the top and bottom periphery of 

the array for optical illumination during imaging experiments. Each fiber optic cable was 

connected to the output of a tunable laser (OPO, Nd:YAG, Phocus, Opotek, Inc., 

Carlsbad, California). Each ultrasound transducer incorporated a preamplifier (gain ~ 

400X) in close proximity to the piezoelectric material.  All 128 transducers were 

connected to a 128-channel data acquisition system (DAQ) (SonixDAQ, 40-MHz 

sampling rate, 12-bit resolution, Ultrasonix Medical Corp., Richmond, British Columbia) 

through a custom interface card that provided power to each transducer preamplifier. The 

transducer signals were captured, stored in internal memory of the DAQ, and transferred 

to a workstation via USB2.0.  

For system calibration, a photoacoustic point source was constructed from a fiber optic 

cable 105 µm in diameter. One end of the fiber was polished and coated in a black 

material (Connector coating, MG chemicals, Burlington, Canada) and attached to the arm 

of a robot (E2C2351S-UL, Epson RC+ software, ver. 4.1.0, Epson Corporation, CA, 
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USA). The other end of the fiber was polished and stripped of cladding. The bare end was 

illuminated with light from a 1064-nm pulsed laser (Surelite I-20, Nd:YAG, Continuum, 

Santa Clara, California). The laser Q-switch specifies the energy of the pulsed output 

beam. In order to have suitable output laser energy, an experiment was performed to 

select a proper Q-switch value.  For each calibration scan, the selected Q-switch provided 

photoacoustic amplitudes in the moderate range at all transducers. For all the calibration 

scans performed in this thesis, the Q-switch of the surelite laser was set to 355 µs. 

2.3.2  Image reconstruction 

In an earlier publication, our group introduced a technique for photoacoustic image 

reconstruction [13]. In this approach, image reconstruction was performed using a system 

of linear equations, described by 

D � EF G H           (2.1) 

where g is a measured data set of ultrasound signals, H is the imaging operator, and f 

represents an estimate of the unknown target object and e is a noise pattern. For 

reconstruction of photoacoustic images, an experimental estimate of the imaging operator 

was acquired by measuring the system response to a PA point source moving in a desired 

space grid. Image reconstruction and display was performed offline with custom code 

written in MATLAB® (The Mathworks, Inc., version 7.8.0, Natick, Massachusetts). 

To capture the imaging operator of the 3D PAI system, the robot was used to raster scan 

the photoacoustic point source within the transducer array. After localizing the point 

source to each grid location, the 1064 nm pulsed laser was pulsed to illuminate the point 

source. A digital delay generator (Continuum, Model TCU-1, Santa Clara, USA) was 
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used to provide precise delays for triggering the lasers and the DAQ system. For the scan 

experiments performed in this paper the delays were set to 12.3 µs. The DAQ was 

triggered by the delay generator and photoacoustic signals from the point source were 

captured on all 128 transducers simultaneously and stored in memory. The robot was 

instructed to move the point source to an adjacent grid location and the process was 

repeated until the complete imaging operator was obtained. After all grid points had been 

sampled, the data stored on the DAQ was transferred to the workstation. Software used to 

coordinate the robot and the data acquisition hardware was custom written in LabVIEW 

(National InstrumentsTM).  

To track potential changes in laser pulse energy on the calibration scan, an ultrasound 

transducer (monitoring transducer) was used to record the PA signals of the point source 

at all grid points. This transducer was mounted next to the point source on the robot arm. 

The signal on the monitoring transducer was captured by the DAQ (along with all 127 

other transducers) at each grid location. Time of arrival and maximum amplitude of the 

PA signal detected at monitoring transducer at each grid location with and without the 

skull are shown in Figure 2.1 (b) and (c). Additionally, the mean time of arrival, the 

standard deviation of the time of arrival, and the maximum PA amplitude are displayed. 
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(a) 

 

(b) 

 

(c) 

 

Figure 2.1. (a) Photoacoustic imaging system which includes a spherical imaging 

cavity consisting of 127 ultrasound transducers, a DAQ system, two lasers, a delay 

generator, two computers, a robot and its controller, and a photoacoustic point 

source attached to the robot; (b) Blue curve is the maximum amplitude of the PA 

signals detected at the monitoring transducer at all grid points for the calibration 

scan performed in the absence of the skull; green curve is the time of arrival of these 
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PA signals; red curves display the mean value and standard deviation of the blue 

and green curves. (c) The same parameters described in (b), this time for the 

calibration scan captured through the skull. 

2.3.3 Imaging experiment 

2.3.3.1  Skull-mimicking phantom 

In preliminary work, frequency-dependent ultrasound insertion loss for a variety of 

materials, including cured mixtures of epoxy and titanium powder has been reported [11]. 

Acoustic insertion loss included the effects of both ultrasound attenuation through the 

material, and ultrasound reflection at the surfaces of the material. Measurements revealed 

large differences between the acoustic properties of skull bone (as reported in Ref [8]) 

and materials such as polycarbonate sheet, acrylic sheet, and PVC sheet (data not shown). 

Of all the materials tested, samples prepared from epoxy mixed with titanium dioxide 

powder were the best matched to the acoustic properties of neonatal skull bone. To fine-

tune the properties of the epoxy-titanium dioxide mixtures, samples were prepared with 

different proportions of epoxy and titanium dioxide powder and different thicknesses. 

Ultrasound insertion loss across a range of frequencies (0.9 MHz to 3 MHz) for each of 

the samples was measured and compared with that of a neonatal skull bone which was 

reported by others (see Refs [8,9]). After performing these experiments, the optimal 

concentration of titanium dioxide powder in the mixture and the optimal thickness of the 

cured mixture were identified.  

A skull mold was constructed based on the size of an infant’s skull measured by an MRI 

image of its head. We have used the same 3D model of a hairless head of a realistic infant 

doll as we used in previous work [11].  The top part of the 3D head model was selected 
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for making a skull mold. The skull model was placed on a cylindrical substrate with four 

screw holes. We also machined the bottom component of the skull mold by making a 

skull-shaped hole in a cylindrical block.  The two halves of the mold were made such that 

a controlled gap would be created for the epoxy and titanium dioxide mixture.  

The mold was CNC machined (Charlyrobot 2U, Charlyrobot company, Cruseilles, 

France) from two solid blocks of Teflon®. For machining, CAM software 

(Edgecam,Vero software) was used to create and translate a tool path to machine 

language. The three tool paths, created on the CAM software and performed on Teflon 

blocks, were roughing, profiling, and parallel lacing operations.  

A skull phantom was made by curing the mixture of epoxy and titanium dioxide powder 

inside a mold. A mixture of 56% epoxy and 44% titanium dioxide powder was poured 

into the mold. In order that the skull phantom was easily detachable from the skull mold, 

a release agent (Ease Release 300, Mann release technologies, Inc., USA) was sprayed on 

the surface of the mold before pouring the epoxy mixture into the mold. After two hours 

of the curing process, the skull phantom was taken out and left exposed to the air for a 

day to harden. The phantom thickness was heterogeneous with a thickness of 1.42 mm at 

the top, 1.63 mm at the front, and 1.53 mm at the back of the skull. Figure 2.2 (a, b, and 

c) shows the mold, a 3D CAD model of the skull phantom, and a skull phantom 

constructed from a mixture of epoxy and titanium dioxide powder.  

To position the skull inside the transducer array, a holder was designed in a CAD 

software (Spaceclaim 2012+, Concord, Massachusetts,) and was 3D printed (BGB-3000, 

Bitsfrombytes, UK).  As shown in Figure 2 (d), the skull phantom was positioned within 
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the imaging cavity, with the top surface of the skull phantom facing the transducer array.  

Illumination was toward the concave part of the skull and transducers received signals 

from the convex part of the skull. 

2.3.3.2 ICG target phantom 

Two different experiments were performed to image vessel-like objects. One tube (I.D. 

0.38 mm, O.D 1.09 mm, polyethylene tubing, Clay Adams, U.S.A) in one experiment and 

two tubes in another experiment were filled with indocyanine green (ICG) at one of 4 

concentrations (50, 100, 250, 500, or 1.25 µM). Experiments were repeated with and 

without the presence of the skull phantom. To compare images captured with and without 

the skull phantom, we placed the tubes at the same position and orientation in the 

imaging cavity. In each case, the tubes were inserted within the bulb of a transfer pipette 

to have both ends of the tubes fixed. Then, the pipette was attached to the robot arm. A 

syringe filled with ICG (at one of 4 concentrations) was injected into the tube during each 

imaging experiment. The tube was flushed with water several times between 

experiments.  

2.3.3.3 Imaging operator 

A calibration scan of the imaging system included 7 planes in the z axis and 40 by 40 

steps in the x and y directions. The scan was performed in both the absence and the 

presence of the skull within the transducer array. An imaging operator was obtained from 

the calibration scan, with a step size of 0.5 mm for the grid located near the center of the 

array, which covered a volume of 20 mm × 20 mm × 3.5 mm. The transducer array and 

the skull phantom were filled with water for acoustic coupling. At each of the 11,200 grid 

locations, photoacoustic signals were recorded for approximately 25 µs from each of the 
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128 transducers simultaneously.  The point source was scanned across each x-coordinate 

from the lowest grid point to the highest, then the y-coordinate was incremented once; 

following this, the x-coordinate was decremented from the highest point to the lowest and 

the process was then repeated. The skull phantom was positioned within the 

hemispherical imaging cavity with a holder, as shown in Figure 2.2 (d).  The same 

procedure was repeated with the skull in the imaging cavity, and the imaging operator 

was captured. Each scan took about an hour to complete.  Each calibration scan resulted 

in a data set of approximately 2.8 GB. For each calibration scan, the main user interface 

of the SonixDAQ was set to 1000 sample numbers, 50 µs line duration, 2 µs gain delay, 0 

mV gain offset, 6 µs receive delay, with a digital DC filter, fixed TGC and minimum 

TGC curve, 4GB buffer size, and 40 MHz sampling rate. 

The imaging operator was processed to eliminate noise and to reduce the reconstruction 

time. Although each signal from each transducer includes 1000 sample points, the signals 

were down-sampled 4 times to 250 points during the preprocessing procedures. Thus, the 

imaging operator size, and consequently the reconstruction time, was reduced greatly 

without noticeably affecting the reconstruction results. Photoacoustic signals were 

rectified to provide non-negative signals. Then, a threshold of about 0.1 of the maximum 

amplitude of the PA signals was applied to eliminate low amplitude noise.  

Figure 2.2 (d) displays 12 lines of the calibration scan in one xy plane, with the skull in 

place. The green lines represent the central lines of the scan at the middle xy plane. The 

red lines (at the opposite side of the x axis) and the blue lines (along the x axis) represent 

the grid locations close to the front and back edges of the skull, respectively. Subsets of 
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the imaging operator associated with these lines are displayed in Figure 2.4 and described 

in Section 3.  

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

 

(f) 

 

Figure 2.2. (a) Skull mold, (b) a 3D CAD model of the skull phantom, (c) a skull 

phantom which has a transcranial thickness of 1.52 mm, a length  of 79.3 mm, width 

of 63 mm (not including flanges), and a height of 31.5 mm, and (d) a 3D CAD model 



39 

 

of the transducer array with the skull in place during the calibration scan; tip of the 

fiber optic that is attached to the robot is the point source; the green lines represent 

the central lines of the scan at the middle xy plane and the red and blue lines 

represent the grid locations at the opposite side of the x axis and along the x axis, 

close to the front and back edges of the skull; (e) a 3D CAD model of  the positions 

of transducers 1, 2, and 3 in relation to the scan volume (red cuboid) and also 

location of three of the four fibers that illuminates center of the transducer array, (f) 

a 3D CAD model of the position of the two tubes (green cylinder) in the transducer 

array. 

2.3.3.4 Imaging process 

The Opotek laser was used to illuminate the tubes; it was tuned at a peak absorption 

wavelength of ICG (780nm light beam). Laser illumination was guided through the 4-

legged optical fiber bundles, which were connected to the top periphery of the transducer 

array. Figure 2.2 (e) indicates the locations of three of the fibers illuminating the center of 

the transducer array. By illuminating the tube, sets of the PA data were recorded by the 

PAI system and formed the g matrix (given in equation (2.1)). Then, a threshold was 

applied to eliminate the low amplitude noise from the recorded PA signals. The ratio 

between the applied threshold and maximum amplitude of the PA signals in the presence 

of the skull was 0.078 and in the absence of the skull was 0.29. Since the skull attenuated 

the PA signals, the threshold applied to the signals obtained through the skull was about 

one fourth of that in the absence of the skull. 

As explained in section 1.3.1, to acquire the image of the object, f, the g matrix should be 

multiplied by the regularized pseudo-inverse of the imaging operator (E[I). The E[I was 
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computed in Matlab before the imaging experiment. In order to regularize the pseudo-

inverse of the imaging operator 90% of the smallest singular values were replaced by 

zeros.  

Finally, pixel values of the object-image were obtained by computing the multiplication 

of g and E[I matrices. The image display was rendered offline with a 3D slicer after 

applying an image threshold of 4.5%. 

2.4 Results 

2.4.1 Skull Phantom 

In our earlier work, the acoustic properties of different materials were measured, and 

based on the result, a mixture of epoxy and titanium dioxide powder was selected for the 

skull-mimicking material [11]. Epoxy samples with different concentrations of titanium 

dioxide powder and different thicknesses were made to investigate a closest match to 

neonatal skull bone in terms of acoustic properties. Figure 2.3(a) shows the acoustic 

insertion loss of three samples with different thicknesses (1.1 mm, 2.2 mm, and 4.2 mm), 

each composed of 50% epoxy and 50% titanium dioxide powder, as well as the acoustic 

insertion loss of the infant skull bone. Acoustic insertion loss of neonatal skull bone (red 

curve) was derived from the literature (see Ref [8]). Figure 2.3 (b) shows the acoustic 

insertion loss as a function of the frequency of four cured epoxy samples with different 

concentration of titanium dioxide powder (14%, 16%, 43%, 50%), and the same 

thickness (~ 1.4 mm) in comparison to the neonatal skull bone. 
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(a) (b) 

  

Figure 2.3. Acoustic insertion loss of different samples prepared from mixtures of 

epoxy and titanium dioxide powder. (a) Acoustic insertion loss of the samples 

composed of 50% epoxy and 50% titanium dioxide powder with different 

thicknesses compared to acoustic insertion loss of the skull (adapted from Ref 

[28,43]), (b) Acoustic insertion loss of samples with the same thickness (~ 1.4 mm) 

and different proportions of titanium dioxide powder compared to acoustic 

insertion loss of neonatal skull. 

The ultrasound insertion loss of the skull and all of the samples increased with frequency. 

As the proportion of titanium dioxide powder and the thickness of the samples were 

increased, the acoustic insertion loss increased. The acoustic insertion loss of the sample 

with 50% titanium dioxide powder and 50% epoxy was closest to the acoustic insertion 

loss of neonatal skull bone, across all frequencies tested (Figure 2.3 (b)). Based on these 

measurements, a 1.4-mm thick sample composed of 50% (by mass) titanium dioxide 

powder and 50% epoxy was predicted to be the most similar to neonatal skull bone. 
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We utilized 3D prototyping techniques to scan the head of a realistic infant doll and 

design a mold; we then fabricated the mold from solid Teflon®.  Using the mold, a skull 

phantom with a heterogeneous thickness was successfully fabricated.  The average 

thicknesses of the skull at its front, center, and back side were approximately 1.63 mm, 

1.42 mm, and 1.53 mm, respectively. Because this skull phantom was thicker than the 

targeted skull phantom, lower concentration of titanium dioxide powder (44%) was 

chosen to have almost the same acoustic properties as neonatal skull. 

2.4.2 Imaging operator 

Figure 2.4 shows representative subsets of the imaging operator with and without the 

skull phantom for three different locations: -x: opposite side of the x axis (close to the 

front of the skull), x: along the x axis (close to the back of the skull), and center of the 

skull phantom. Each of the three mentioned locations cover four scan lines which are 

shown in Figure 2.2 (d)). The x coordinate for the –x, center, and x lines varies 

respectively from -9.75 mm to -8.25 mm, -0.75 mm to 0.75 mm, and 8.25 mm to 9.75 

mm. The y coordinate for the lines of the three areas ranges from -9.75 mm to 9.75 mm, 

and the z coordinate remains constant (since all of these lines are on the central xy plane 

(z = 3.5 mm).  

Each panel of Figure 2.4 consisted of temporal signal responses of three transducers at 

160 grid locations. To better understand the transducer responses to the scan, responses 

from transducers at three different locations were chosen for further study. As shown in 

Figure 2.2 (e), transducer 1 was on the opposite side of the x axis and opposite side of the 

y axis (-x-y) of the scan volume; transducer 2 was on the opposite side of transducer 1 

(along the x axis and the y axis xy) and on the same rung as transducer 1; and transducer 
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3 was close to the bottom of the imaging cavity and close to the center of the scan volume 

(x=0, y=0). 

Each row of each panel of Figure 2.4 shows data from three transducers at four scan lines 

over 160 grid locations. The section of the imaging operator corresponding to the first 

and second transducers resembled a W-shaped wave, while the section corresponding to 

transducer 3 appears as an almost straight line. The result was expected as the time of 

arrival of each acoustic wave at each transducer was related to the distance between the 

transducer and the grid point. In this case, the distance between the grid points and the 

first/second transducer varied while the distance between the grid points and the third 

transducer was almost constant.  

Additionally, transducer 1, at the opposite side of the h axis, was close to the –x area. 

Therefore, its W-shaped response from the –x area (first panel of Figure 2.4 (a)) arrived 

earlier than the center (second panel of Figure 2.4 (a)), and its W-shaped response from 

the center arrived earlier than the x area (third panel of Figure 2.4 (a)). Conversely, the 

W-shaped response of transducer 2 arrived earlier from the x area than the -x area and the 

centre. 

The two imaging operators, one with, and one without, the skull layer, were compared in 

order to determine the effect of the skull layer on the PA signal propagation, in terms of 

both amplitude loss and time delay. The photoacoustic signals in the imaging operator 

measured in the absence of the skull phantom presented curved patterns with higher 

amplitudes than that of the photoacoustic signals captured in the presence of the skull 

(Figure 2.4(a)).  
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(a) 

(b) 

Figure 2.4. (a) three representative subsets of the imaging operator measured 

without the skull phantom at three different locations (the three transducers are 

shown in Figure 2.2 (e)): four scan lines being ~9 mm from the center of the volume 

on the opposite side of the x axis (four red lines in Figure 2.2 (d)); four central scan 

lines (four green lines in Figure 2.2 (d)); four scan lines being ~9 mm from the 

center of the imaging along the x axis (four blue lines in Figure 2.2 (d)); (b) three 

subsets of the imaging operator measured with the skull phantom, at the same 

locations and the same transducers as (a). Each row of each subset shows data from 
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transducer one, two, and three (Figure 2.2 (e)) at 160 grid locations. Only 250 time 

points are displayed for each transducer signal due to data preprocessing 

procedures that involved subset selection and down-sampling of the data. 

When the skull phantom was in place, however, the corresponding photoacoustic signal 

patterns became weaker, shifted in time, broken in places, and were sometimes followed 

closely by a weak noisy pattern (Figure 2.4 (b)). The imaging operators at the –x area, 

center, and x area were also compared to determine the sensitivity of the system to 

different areas. Our results showed that the system was most sensitive in the detection of 

PA signals generated at the center of the imaging cavity, less so at the -x area, and least 

sensitive at the x area. 

The trigger time of the laser was monitored by examining the time of arrival of the PA 

signal at the monitoring transducer. The PA signals measured on the monitoring 

transducer were expected to arrive at the same delay time relative to the laser pulse 

regardless of the grid location due to the fixed orientation and distance from the PA point 

source. However, small differences were observed at different grid locations within each 

calibration scan, and also between calibration scans.  For example, when the skull 

phantom was present the delay was 0.9 ± 0.04 µs, while during the scan without the skull 

phantom the delay was 0.85 ± 0.03 µs. The difference in the maximum delay time 

represented fewer than 4 samples on the DAQ running at 40 MHz and was likely due to a 

small difference in water temperature between the two calibration scans. The variation in 

delay time relative to the mean delay time was 2.2% for the scan without the skull and 

3.1% for the scan with the skull. During the lengthy scans the water temperature in the 

imaging cavity increased due to power dissipation of the transducer preamplifiers. The 
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raise in temperature increased the speed of sound in the water and decreased the time of 

arrival of the PA signal on the monitoring transducer (see Figure 2 (b) & (c)). 

The variations in the laser pulse energy were estimated from the maximum amplitude of 

the photoacoustic signal recorded on the monitoring transducer. The coefficient of 

variation (CV) was computed using the photoacoustic signal amplitude measured at all 

grid locations, and was 16.5 for the calibration scan with the skull phantom, and was 15.8 

for the calibration scan without the skull phantom. Six large signals were recorded during 

the scan with the skull phantom and four spikes during the scan in absence of the skull 

phantom.  Overall, the laser pulse energy changes were considered small or rare in 

occurrence and corrections to the imaging operators were not performed. 

2.4.3 Photoacoustic imaging of different objects 

Figure 2.5 presents photoacoustic images of one tube, and two tubes, filled with various 

concentrations of ICG (500 µM, 250 µM, 100 µM, 50 µM, and 1.25 µM) captured in the 

presence, and then the absence, of the skull phantom. The contrast of the images was 

diminished when the ICG concentration was decreased. The photoacoustic images 

collected in the absence of the skull phantom were observed to have higher contrast than 

those collected in the presence of the skull phantom.  

In addition, the system could detect images of one tube filled with the minimum 

concentration of 1.25 µM ICG in the absence of the skull, while the one tube filled with 

50 µM ICG was barely captured through the skull, as seen in the last image of Figure 2.5 

(b). The system could still reconstruct images of two tubes filled with 1.25 µM ICG; 

however, the system with the skull could not reconstruct both tubes successfully, even in 



 

the 50 µM ICG case, where half of the right tube 

2.5(d)). This last result was likely a consequence of the difference in sensitivity of the 

system to different areas of the imaging cavity.
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Figure 2.5. Photoacoustic images of one tube, and two tubes, filled with different 

concentrations of ICG (500 

the absence and the presence of the skull phantom.

the tubes with 1.25 µM ICG was half of the threshold applied for other images.

, where half of the right tube was not detected (as shown in 

(d)). This last result was likely a consequence of the difference in sensitivity of the 

system to different areas of the imaging cavity. 
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concentrations of ICG (500 µM, 250 µM, 100 µM, 50, and 1.25 µM), 

the absence and the presence of the skull phantom. The threshold applied for images of 

the tubes with 1.25 µM ICG was half of the threshold applied for other images.
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With the skull phantom present, the corresponding images of the tubes were closely 

followed by a weak noise pattern. In the image of one tube filled with 500-µM ICG 

captured through the skull (Figure 2.5(b)), the noise pattern likely resulted in spurious 

pixels nearby the tube and this has made the tube appear thicker.  

2.5 Discussion 

The PAI system was capable of imaging ICG-filled tubes through the skull phantom. The 

lowest detectable ICG concentration through the skull phantom was 50 µM, 40 times 

higher than that of the PAI system with no skull phantom.  The average insertion loss of 

the skull phantom at central transducer and central grid locations was estimated to be 4.5 

dB, which means about 33% of the PA signal energy was transmitted through the skull 

phantom. For concentrations lower than 50-µM ICG, the PAI system was not able to 

reconstruct images of the tubes from the attenuated PA signals that were propagated 

through the skull. 

The PAI system presented different sensitivity values within the multidimensional system 

at different areas of the transducer array. Since the system has a higher sensitivity to the 

(h area than the h area, half of the tubes in the (h area were better detected than the 

other half. For example, in the last image of the two parallel tubes in Figure 2.5 (d) half 

of the right tube was captured, while the other half was not detected. Additionally, in all 

images, more noise was apparent in the h area than the (h area.  

By comparing subsets of the imaging operators— one with, and one without, the skull 

layer, or in different areas of the imaging volume, the effects of the skull layer on PA 

signal propagation, in terms of amplitude loss and time delay, were determined. In the 



49 

 

presence of the skull phantom, the photoacoustic signal patterns became weaker, broken 

in places, and were sometimes followed closely by a weak noisy pattern (Figure 2.4). The 

weakness of the PA signal and the broken areas were a result of either amplitude 

attenuation caused by the skull, or acoustic reflection at the surface of the skull. 

Moreover, there was a shift in time of arrival of the PA signal; this was a result of the 

difference in speed of the sound in the skull phantom vs. in water. The speed of sound 

was approximately 2.35 mm/μs in the skull phantom and 1.50 mm/µs in water. Therefore, 

in the presence of the 1.52-mm-thick skull, it was expected that the PA signal would 

arrive approximately 0.37 µs sooner than in the absence of the skull, which was close to 

the experimental result of 0.32 µs.    

The skull-mimicking material was chosen based on matching the acoustic properties of 

the phantom and that of a neonatal skull, and after experimenting with several composite 

materials and measuring their acoustic properties. The properties of different mixtures of 

epoxy and titanium dioxide powder were measured and compared with the acoustic 

properties of neonatal skull bone. According to our measurements, when the proportion 

of titanium dioxide powder was increased, the acoustic insertion loss increased. 

Additionally, the results revealed an overall increase in acoustic insertion loss as the 

thickness of the sample was increased. Furthermore, the insertion loss was strongly 

dependent on the test frequency, with higher frequencies resulting in higher acoustic 

insertion loss.  Based on these measurements, a 1.4-mm-thick sample composed of 50% 

(by mass) titanium dioxide powder and 50% epoxy was predicted to be the most similar 

to neonatal skull bone. 
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The skull phantom with an average thickness of 1.52 mm was fabricated from 44% 

titanium dioxide powder and 56% epoxy. An average PA signal amplitude attenuation 

caused by the skull phantom was experimentally measured to be 4.45 dB for the central 

transducer (2.7 MHz central frequency and 127% bandwidth), looking at four central 

lines of the calibration scan. According to the literature, the ultrasound attenuation of 

neonatal skull bone changes from 4dB to 6dB for the frequency range of 1 MHz to 4 

MHz, which was close to the ultrasound properties of the fabricated skull phantom [8,9].   

During the calibration scan, one transducer attached to the point source was used to 

monitor changes in laser pulse energy as well as changes in laser firing time.  The 

variation of arrival times of the PA signal to the monitoring transducer were 3.6 ± 0.11 µs 

and 3.4 ± 0.07 µs for scans with and without the skull, respectively. These small 

variations could be due to a water temperature increase and laser firing time changes 

during a scan process. There were 15.8% to 16.5% differences in laser energy, both with 

and without the skull cases, during the scan process.  

The image of the tubes through the skull was not clear at the 50-µM ICG concentration, 

and the system could not obtain reliable images of the tubes at lower concentrations. 

Although applying image enhancement may help in recovering PA signals through 

amplification, the skull layer may have an unrecoverable effect on PAI sensitivity.  

Our focus has been on studying the effects of the skull on sound propagation. However, 

the skull attenuates light propagation as well. In designing the skull phantom, the 

neonatal fontanels have not been considered. These boneless spots can be used for optical 
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illumination. However, a method has been proposed to transfer light into a human brain 

using a photon recycler [10]. 

In the past decade, PAI has been developed rapidly for various medical applications, 

including the detection of early-stage breast cancer and the detection of prostate cancer, 

as well as the measurement of tissue properties and molecular content [14]. Although 

some groups are working on brain imaging applications with PAI, this research is still at 

an early stage. Recently, a group from Washington University acquired photoacoustic 

images of a canine brain through a human skull by increasing light transmittance through 

the skull [10]. Our work, however, focused on the ultrasound effects of the skull bone. 

2.6 Conclusion 

A mixture of epoxy and titanium dioxide powder was selected as a skull-mimicking 

material. A skull-mimicking phantom with an average thickness of 1.52 mm made of 

56% epoxy and 44% titanium dioxide powder had a very close acoustic insertion loss to 

that of neonatal skull bone. The skull phantom was fabricated and used to study the 

effects of the skull on photoacoustic signal propagation. The skull phantom distorted the 

photoacoustic signal. Most of the distortions were in a linear regime in the form of signal 

attenuation and phase shifts. Calibration scans of the system with and without the skull 

were acquired and compared, and were used for image reconstruction. Photoacoustic 

images of vessel-like tubes filled with ICG were captured. We started imaged tubes with 

a 500-µM ICG, and then decreased the concentration of ICG to 1.25 µM. The 

photoacoustic imaging system was able to capture images of tubes containing 1.25-µM 

ICG; however, with the presence of the skull, images could only be reconstructed of 

tubes filled with ≥ 50-µM ICG.  
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Chapter 3 

3 3D photoacoustic imaging through the skull phantom with 
phase and amplitude correction  

3.1 Overview 

This chapter focuses on the processing and enhancement of the 3D PA images of objects 

acquired with the skull in place. The chapter applies a correlation coefficient metric in 

order to study the effects of the skull on PA signals detected at different voxels (grid 

locations) of the imaging volume.  Then, it describes the methods developed for image 

enhancement and explains the correction of 3D PA images of a optically-absorbing rod 

that was captured with the skull phantom.  

As mentioned in chapters 1 and 2, to reconstruct a PA image of an object, a calibration 

scan of the PAI system is needed. A new calibration scan of the PA system for a larger 

volume size was captured; it will also be explained in this chapter. 

3.2 Introduction 

Periventricular leukomalacia (PVL) is a major form of white matter brain injury in 

premature infants [1,2]. Ultrasonography is the most easily accessible technique for 

neonatal brain imaging. Although this modality is sensitive in detection of cystic PVL, it 

is relatively insensitive to diffuse PVL [1-4]. Photoacoustic imaging (PAI), which uses 

the merits of both light and ultrasound, should be more sensitive in detection of non-

cystic PVL.  

In previous work, we fabricated a skull phantom which mimicked ultrasound properties 

of neonatal skull. Then, we investigated the effect that the skull layer has on the 
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propagation of PA signals with the aim of PAI through a skull layer.  Finally, we 

captured 3D images of tubes filled with indocyanine green (ICG) in the presence of the 

skull phantom, which demonstrated that PAI of vessel-like targets was possible through a 

layer with acoustic properties similar to the neonatal skull. Preliminary results of this 

work have been recently presented [5,6].  

In this work, our objective was to correct the effect that the skull layer has on the 

propagation of PA signals with the aim of PA image correction.  We measured the signals 

generated from a PA point source at a multitude of grid locations to obtain imaging 

operators for the same transducer array explained in chapter 2.  The imaging operators 

were used to compute cross-correlation, time delay and amplitude-ratio maps 

representative of the effect of the skull phantom on PA signal propagation. Then, the time 

delay and amplitude-ratio maps were utilized to develop a skull-correction method. The 

normalized cross-correlation map was used to study the distortion caused by the skull on 

different locations on the imaging volume. Finally, we tested the method on captured 

images of a light-absorbing rod through the skull phantom. Our results demonstrated that 

the skull effects were measurable and correctable.  

3.3 Methodology 

The PA system utilized to capture the PA signals of a optically-absorbing rod is the same 

as that introduced in section 2.3.1. Furthermore, the method utilized to reconstruct PA 

images from the captured PA signals was explained in section 2.3.2 above.  
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3.3.1 Imaging experiment 

3.3.1.1 Imaging operator 

A new calibration scan of the imaging system was captured, which included 20 planes 

perpendicular to the z axis and 40 by 40 grid points within each plane in the x and y 

directions. For acoustic coupling, the transducer array was filled with water. The scan 

was captured with a step size of 0.5 mm.  The grid was located near the center of the 

array. At each of the grid locations, the point source, with a diameter of about 0.4 mm, 

was illuminated by a 1064 nm laser beam. Then, photoacoustic signals were recorded for 

approximately 25 µs from each of the 127 transducers simultaneously.  The point source 

was scanned across each x-coordinate from the lowest grid point to the highest, and then 

the y-coordinate was incremented once; this process was then repeated. After scanning a 

square of 20 mm × 20 mm, the z-coordinate was incremented once, until the robot 

scanned a rectangular cuboid volume of 20 mm × 20 mm × 10 mm. This scan covered a 

larger volume than the previous scan explained in chapter 2. The scan volume was half of 

the potential imaging volume of the PAI system. The skull phantom was positioned 

within the hemispherical imaging cavity. The imaging cavity and the phantom were filled 

with water for acoustic coupling. The same procedure was repeated with the skull in the 

imaging cavity, and another imaging operator was captured in the presence of the skull. 

Each calibration scan took about three hours to complete and resulted in a data set of 

approximately 8 GB. For each calibration scan, the main user interface of the SonixDAQ 

was set to 1000 sample numbers, 50 µs line duration, 2 µs gain delay, 0 mV gain offset, 6 

µs receive delay, with a digital DC filter, fixed TGC and minimum TGC curve, 8GB 
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buffer size, and 40 MHz sampling rate. The data saved on the memory of the DAQ was 

downloaded on the workstation that was connected to the DAQ by the USB. 

The imaging operators were processed to eliminate noise and to reduce the reconstruction 

time. Although the signal from each transducer included 1000 sample points, each signal 

was down-sampled 4 times to 250 points during the preprocessing procedures. The PA 

signals were rectified to provide non-negative signals. Then, a threshold was applied for 

both imaging operators (captured with and without the skull) in order to eliminate low 

amplitude noise. The ratio between the applied threshold and the maximum amplitude of 

the PA signals for the scan with the skull was 0.0176, and 0.0148 for the scan without the 

skull.  

3.3.1.2 Imaging process 

An optically-absorbing rod was glued to a fiber which was attached to the arm of the 

robot (Figure 3.7Figure 3.7). Then, the rod was positioned at the center of the imaging 

volume. The imaging process explained in section 2.3.3.4 was followed in order to 

capture images of the rod. Some details, however, were changed. First, a Surelite laser 

was used to illuminate the rod with 1064 nm laser light. Second, a different value of the 

threshold was applied to eliminate the low amplitude noise from the recorded PA signals 

of the rod. The ratios between the applied threshold and maximum amplitude of the PA 

signals were 0.0104 in the absence of the skull, and 0.0146 in the presence of the skull. 

Third, the image display was rendered offline with 3D-Slicer after applying an image 

threshold of 31%. Signal to noise ratio (SNR) of each image was computed in MATLAB. 

To measure SNR, the PA signals emitted by the rod were separated from the background 
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noise. Then, the SNR was obtained by calculating the square of the amplitude ratio of 

signal to the background noise. 

The images captured in the presence and absence of the skull were then quantitatively 

analyzed.   On each image, length and diameter of the rod was computed. To measure the 

size of the rod, first, a 2D image of the rod was obtained by averaging all 20 planes along 

the z axis. This time the image display was rendered offline with MATLAB without 

applying any image threshold. Then, two lines that were perpendicular to the rod were 

selected and the intensity profiles along these lines were measured and averaged. The size 

of the rod was estimated from the width at the 1 √2k  of the line intensity profile.  

3.3.2 Photoacoustic signal enhancement method 

As mentioned earlier, distortions caused by the skull resulted in signal attenuation and 

phase shifting.  This section describes the studies performed to examine the distortions in 

the PA signals that propagated through the skull.  Then, it describes the method we 

utilized to reconstruct enhanced PA images. Finally, this section provides detailed 

analyses of the distortions caused by the skull phantom on the calibrated scanned volume.  

3.3.2.1 Computing the effects of the skull on PA signals 

The correction method compares the two PA signals captured in the presence and the 

absence of the skull received at one transducer, and computed several metrics (Figure 

3.1). The method computed the difference between the arrival times and the ratio of the 

maximum amplitude. For example, in Figure 3.1, the difference between arrival time of 

the peak of the PA signal captured in the presence of the skull compared to that of the PA 



 

signal captured in the absence of the skull is 

maximum amplitudes of the signals captured with and without the skull is 0.

Figure 3.1. Photoacoustic signal propagation through a 1.4

composed of 50% epoxy and 50% titanium dioxide powder. The red curve 

represents the PA signal without the skull in 

PA signal on the same transducer after passing through the skull layer.  The PA 

point source was located near the center of the array.

To measure the difference between arrival times of the peak of the two PA signal

cross-correlation operator was used. Considering the PA signal propagated through the 

skull and water as , and the PA signal propagated through only water as

cross-correlation of the two signals (

 

signal captured in the absence of the skull is -0.23 µs.  In addition, the ratio between the 

maximum amplitudes of the signals captured with and without the skull is 0.

. Photoacoustic signal propagation through a 1.4-mm thick skull phantom 

composed of 50% epoxy and 50% titanium dioxide powder. The red curve 

represents the PA signal without the skull in place and the blue curve represents the 

PA signal on the same transducer after passing through the skull layer.  The PA 

point source was located near the center of the array.

To measure the difference between arrival times of the peak of the two PA signal

correlation operator was used. Considering the PA signal propagated through the 

, and the PA signal propagated through only water as

correlation of the two signals ( ) can be obtained as follow: 
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0.23 µs.  In addition, the ratio between the 

maximum amplitudes of the signals captured with and without the skull is 0.61. 

 

mm thick skull phantom 

composed of 50% epoxy and 50% titanium dioxide powder. The red curve 

place and the blue curve represents the 

PA signal on the same transducer after passing through the skull layer.  The PA 

point source was located near the center of the array. 

To measure the difference between arrival times of the peak of the two PA signals, a 

correlation operator was used. Considering the PA signal propagated through the 

, and the PA signal propagated through only water as , the 

(3.1) 



60 

 

The difference between the arrival times of the peak of the two PA signals can be 

computed from the cross-correlation of the two signals. As shown in Figure 3.2 when the 

peak of lcKd arrives at A in time trace and the peak of the PA signal captured through the 

skull (TcKd) arrives at B, then the peak of mcKd will occur at n: 

 co, nd � �Sp&mcKd,; 

n � rs�tu� vl +R�u  vRK+� ( # G w 

 

(3.2) 

where o is the maximum amplitude of the cross-correlation and n is the place it occurs in 

time trace.  Therefore, we can measure the shift in arrival time from n by the following 

equation: 

 ouxSy �mRl+ � w ( # � n ( rs�tu� vl  vRK+� (3.3) 

The amplitude attenuation of the skull was measured directly by computing the ratio 

between the maximum amplitude of the PA signal captured in the presence of the skull 

over the maximum amplitude of the PA waveform captured in the absence of the skull. 

 \�SxRKT �S+Rv � max &TcKd,
max &lcKd, 

(3.4) 

For each of the 127 transducers in the imaging cavity, the comparison of the PA signals 

was performed for all grid points of the calibration scan. Then, the two criteria (amplitude 

attenuation and phase shift) were measured, resulting in two matrices: the ‘Delay shift’ 

map and the ‘Scaling ratio’ map. In the Results section below, the ‘Delay shift’ map and 

the ‘Scaling ratio’ map for three transducers are presented with further explanation.  



61 

 

 (a) (b)  

  

Figure 3.2. (a) Red curve: example of a PA signal captured in the absence of the 

skull at a transducer and one grid location. Peak of this signal is located at A in time 

trace. (a) Blue curve: the PA signal captured through the skull at the same 

transducer and the same voxel as red curve. Peak of this PA signal is located at B in 

time trace. (b) This waveform displays the result of cross-correlation of the two PA 

signal displayed in panel (a). The peak of this signal occurs at C (C= 250 - (A-B)) in 

time trace. 

3.3.2.2 Skull correction method 

The correction method affected the imaging operator captured in the absence of the skull, 

which resulted in a corrected version of the imaging operator. To accomplish this result, 

each PA signal captured at each transducer for each grid location was corrected with 

respect to amplitude and phase shift distortion. First, the PA signal measured in the 

absence of the skull was shifted based on the computed difference of the time of arrival 

(equation (3.3) and using the circshift operator in MATLAB (equation (3.5). Then, this 
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PA signal was attenuated by multiplying that to the corresponding scaling ratio of the two 

PA signals (3.6): 

 l7cKd � �R���mRl+ &lcKd, ouxSy�Y}�, 

l77cKd � ��SxRKT �S+Rv ~ l7cKd 

(3.5) 

(3.6) 

This process resulted in a skull-corrected PA signal (l77cKd), which was captured at one 

transducer and one grid location. To obtain the skull-corrected imaging operator, the 

procedure was repeated for all transducers at all grid locations.  The computed imaging 

operator predicted the effects of the skull in terms of amplitude attenuation, and shift in 

arrival time of the PA signals. 

3.3.2.3 Analysis of the effects of the skull  

Cross-correlation of two signals provides a measure of similarity between two signals. 

We used cross-correlation to assess the effects the skull layer caused, by comparing the 

PA signals captured in the absence of the skull to those captured in the presence of the 

skull. With this method, we were able to study the spatial-dependence of the effects of 

the skull by assessing the values of cross-correlation on different voxels.  Cross-

correlation of the two PA waveforms, one captured through the skull and one in the 

absence of the skull, was computed for each of the 127 transducers and each of the grid 

points. Then, the maximum of the cross-correlation of the PA signals was measured. For 

each grid point, the sum of the maximum cross-correlation from each transducer was 

computed across all 127 transducers.  Since the sensitivity of the system was spatially 

dependent, the values of the cross-correlation depended on an additional factor: the 

sensitivity of the system to the corresponding grid point in the imaging volume. 
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In order to isolate the effect of the skull, we normalized the cross correlation. First, at 

each grid point and each transducer, the auto-correlation of a PA signal, either captured 

through the skull or in the absence of the skull, was measured.  Using the same method as 

that for cross-correlation, the maximum amplitude of auto-correlation was computed. 

Afterwards, at each grid point, the maximum values were summed across all 127 

transducers. Then, utilizing the following equation, the cross-correlation was normalized:  

 rv��SxR�u� p�v�� � &max mcKd,�
max &Ss+v�v����, ~ max &Ss+v�v����, 

(3.7) 

where Ss+v�v�� stands for auto-correlation of the signal, captured either in the absence 

of the skull, NS (no skull) or through the skull, WS (with skull). 

3.4 Results 

3.4.1 Effects of the skull on PA signals 

3.4.1.1 Cross-correlation map 

The normalized cross-correlation values estimated the effects of the skull on separate 

voxels that have different positions in relation to the skull. When the value of the 

normalized cross-correlation was close to 1, the two PA signals captured through the 

skull and in the absence of the skull were identical.  This implied that the PA signal 

propagating through the skull experiences no distortion. However, when the value was 

close to 0, the two signals were dissimilar, thereby indicating that the PA signal is 

completely distorted by the skull.  For intermediate values of the normalized cross-

correlation, the skull results in partial distortion of the PA signal. Figure 3.3 shows the 

normalized cross-correlation for all transducers at three different planes. The first plane is 
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closest to the skull (Figure 3.3 (a)), and the last plane is farthest from the skull (Figure 3.3 

(c)).    

(a) (b) (c) 

 
 

 

Figure 3.3. Normalized cross-correlation between PA signals captured through the 

skull and in the absence of the skull at all 127 transducers. In each panel, the value 

shows the normalized cross-correlation at each grid point of the imaging operator 

within a plane. Three xy planes (z = 0 mm, z = 5 mm, z = 10 mm) are displayed in the 

figure; (a) the first plane (closest to the surface of the skull), (b) the middle plane 

(central plane), and (c) the last plane (furthest from the surface of the skull). These 

axes are from 0 to 40 steps; therefore, based on the step size of the scan which is 0.5 

mm, each panel covers a square of 20 mm × 20 mm. 

3.4.1.2 Scaling ratio and Delay shift maps 

To compare and discuss the results of the measured ‘scaling ratio’ map and the ‘delay-

shift’ map, three transducers were chosen at three different locations around the 

transducer cavity. Positions of the selected transducers in relation to the imaging volume 

are identified in Figure 3.4 Error! Reference source not found.(a). 
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The scaling ratio maps for transducers 1, 2, and 3 are presented in 

value on the ‘scaling ratio’ map shows the ratio between the maximum amplitude of the 

two PA signals captured in the presence, and the absence, of the skull at one grid point.  

For each transducer, the ‘scaling ratio’ map is displayed for the first 

closest to the skull), the middle 

furthest from the skull).  

(a) 

(b)  Transducer 1

Bottom 

Plane 

(z=0 

mm) 

Central 

Plane  

(z=5 

mm) 

x

y

Scaling ratio

 

10 20 30

10

20

30

40

x

y

Scaling ratio

 

10 20 30

10

20

30

40

The scaling ratio maps for transducers 1, 2, and 3 are presented in Figure 

value on the ‘scaling ratio’ map shows the ratio between the maximum amplitude of the 

two PA signals captured in the presence, and the absence, of the skull at one grid point.  

For each transducer, the ‘scaling ratio’ map is displayed for the first xy plane (

closest to the skull), the middle xy plane (z = 5 mm), and the top xy plane (

 

 

Transducer 1 Transducer 2 Transducer 3

  

  

 

40
0

0.5

1

x

y

Scaling ratio

 

 

10 20 30 40

10

20

30

40

0

0.5

1

y

 

10

10

20

30

40

 

40
0

0.5

1

x

y

Scaling ratio

 

 

10 20 30 40

10

20

30

40

0

0.5

1

y

 

10

10

20

30

40

65 

Figure 3.4 (b). Each 

value on the ‘scaling ratio’ map shows the ratio between the maximum amplitude of the 

two PA signals captured in the presence, and the absence, of the skull at one grid point.  
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Top 

Plane 

(z=10 

mm) 

  

Figure 3.4. (a) PAI cavity showing positions of transducers 1, 2, and 3. (b) Scaling 

maps. Each value in each panel represents the amplitude attenuation of the PA 

signal due to the presence of the skull phantom at a specific voxel (grid location). 

In each panel the x and y axes are equal to the x and y axes shown inFigure 3.4. 

The axes increase in index from 0 to 40. As mentioned above, each panel covers a 

square of 20 mm × 20 mm, based on the step size of the scan which was 0.5 mm. 

The ‘Delay shift’ maps for transducers 1, 2, and 3 are presented in Figure 3.5. Each value 

on the ‘Delay shift’ map shows the difference in the arrival time of the PA signal 

captured in the presence of the skull, and that captured in the absence of the skull, at one 

grid point. For each transducer, the ‘Delay shift’ map is displayed for the first xy plane (z 

= 0 mm, closest to the skull), the middle xy plane (z = 5 mm), and the top xy plane (z = 10 

mm, the furthest from the skull). 
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Central 

Plane  

 

(z=5 

mm) 
   

Top 

Plane 

(z=10 

mm) 

   

Figure 3.5. Delay maps. Each value in each panel shows the differences in time of 

arrival of the PA signal with and without the skull at a specific voxel (grid 

location).  In each panel the x and y axes are equal to the x and y axes shown in 

Figure 3.4 (a).Figure 3.4. The axes are increasing from 0 to 40 steps. Each panel 

covers a square of 20 mm × 20 mm. Due to the PA sampling rate which was set to 

40 MHz, each delay time point was 25 ns. Therefore, for all the panels, the delay 

values range from 0 to 1 µs.  

Due to PA sampling rate which was set to 40 MHz, each delay time point was 25 ns. 

Therefore, for all the panels, the delay values are distributed from 0 (0 × 25 ns) to 1 µs 

(40× 25 ns). The values were negative since the PA signal that propagated through the 

skull arrived earlier than the PA signal that propagated through the water only. Close to 

the surface the skull, the PA signal captured through the skull was significantly distorted. 
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Therefore, because of the calculation problem, at these grid points and transducers, the 

delay shift value were represented as 0 ns in each panel. 

3.4.2 Corrected version of the imaging operator 

The original imaging operator, which was captured in the absence of the skull, was 

altered in order to account for the two effects of the skull. These effects were the change 

in the arrival time of the PA signal and the alteration in the amplitude of the PA signal. 

To obtain the new version of the imaging operator, each PA signal was corrected in terms 

of phase distortion based on its corresponding value on the ‘Delay shift’ map. Then, the 

PA signal was attenuated based on the value on the ‘Scaling ratio’ map.  Error! 

Reference source not found.Figure 3.6 (a) and (d) present two subsets of the imaging 

operator captured in the absence of the skull at center (middle xy plane (z =5 mm)) and 

one edge of the imaging volume (first xy plane (z =0 mm)). Error! Reference source not 

found.Figure 3.6Error! Not a valid bookmark self-reference.Figure 3.5 (b) and (e) 

present the same subsets as (a) and (d) captured in the presence of the skull. The skull-

corrected version of the imaging operator captured in the absence of the skull is displayed 

in Error! Reference source not found.Figure 3.6 (c) and (f)Error! Not a valid 

bookmark self-reference.Figure 3.5.  

In Error! Reference source not found.Figure 3.6, each panel shows the response of one 

transducer at four different scan lines. Each scan line included 40 voxels (grid locations). 

The PA signals were recorded for approximately 25 µs on each transducer. After data 

preprocessing procedures (explained in section 3.3.1.1), the transducer signal had 250 

time points. 
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 (a) (b) (c) 

(d)  (e) (f) 

 

Figure 3.6. Demonstration of the data correction method. (a) Subset of the imaging 

operator measured in the absence of the skull phantom and at the center of the 

imaging volume (z = 5mm). (b) The same subset of the imaging operator measured 

in the presence of the skull. (c) The skull-corrected version of (a), which predicted 

the effects of the skull layer in terms of amplitude attenuation and shift in time of 

arrival. (d) Subset of the imaging operator measured in the absence of the skull 

phantom and at one edge of the imaging volume (the first xy plane (z = 0mm)). (e) 

The same subset of the imaging operator as (d) measured in the presence of the 

skull. (f) The skull-corrected version of (d). Each row of each subset shows data 

from transducer one (Figure 3.4 (a)) at 160 central grid locations (4 central scan 

lines) of the imaging volume. Only 150 of possible 250 time points are displayed to 

enhance visualization. 
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On each panel, only 150 time points are displayed in order to better visualize details of 

the imaging operator.  The correction algorithm time-shifted the water-only PA signals 

earlier in time to account for the presence of the skull. For example, the time-shift effect 

can be seen by looking at the left end of each of the four scan lines. In the Error! 

Reference source not found.Figure 3.6 (a), the PA signals representative of the smallest 

x-values arrive between 5 to 10 time indices into each trace. However, for Error! 

Reference source not found.Figure 3.6 (b) and (c) the corresponding PA signals arrive 

closer to the zero time index. Furthermore, the PA signals captured in water alone 

(Error! Reference source not found.Figure 3.6 (d)) were higher in amplitude compared 

to the PA signals that propagated through the skull phantom (Error! Reference source 

not found.Figure 3.6 (e)).  However, after the correction algorithm, the amplitudes of the 

PA signals in the skull-corrected imaging operator (Error! Reference source not 

found.Figure 3.6  (f)) were similar to the PA signals in the imaging operator captured 

through the skull (Error! Reference source not found.Figure 3.6 (e)). 

3.4.3 Image enhancement 

An imaging experiment was performed to demonstrate the skull-correction method. The 

computed skull-corrected imaging operator (IO) was used to reconstruct an enhanced 

image of an object using PA signals collected in the presence of the skull phantom. The 

object used was a light-absorbing rod illuminated at 1064 nm (Figure 3.7 (a)). Sets of 

photoacoustic signals emitted from the rod were captured in the absence and presence of 

the skull phantom. The PA signals emitted from the rod were captured in the absence of 

the skull phantom and were reconstructed with the original IO. The captured 3D image of 

the rod is shown in Figure 3.7 (b).Then, PA signals of the rod, which were captured 



 

through the skull were reconstructed with the original IO (

in the presence of the skull ( 

(Figure 3.7 (e)). The SNR of these images were calculated and presented in 

(a) 

(b) (c) 

 

Figure 3.7. Position of a

length of 14 mm in relation to the skull and the imaging cavity. (b) A PA image of 

the rod captured in the absence of the skull and reconstructed with the original IO. 

(c) A PA image of the rod capture

with the original IO.  (d) A PA image of the rod captured in the presence of the skull 
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length of 14 mm in relation to the skull and the imaging cavity. (b) A PA image of 
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rod 

robot 

 

imaging 

 
skull 

phantom 

skull 

holder 

1 cm 

71 

(c)), the IO captured 

ed version of the original IO 

(e)). The SNR of these images were calculated and presented in Table 3.1. 
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and reconstructed with the IO captured in the presence of the skull. (e) A PA image 

of the rod captured in the presence of the skull and reconstructed with the skull-

corrected IO. 

Table 3.1. Signal to noise ratio of the images of the rod (shown in Figure 3.7)  

Image: No Skull With Skull With Skull With Skull 

Imaging operator No Skull No Skull With Skull Modified version of no skull 

SNR 72.6 4.0 33.3 17.6 

Each PA image of the rod covered 20 images along the z axes (z = 0 mm to z = 10 mm). 

Intensity profiles of the images were averaged in order to obtain a 2D intensity image of 

the rod. An averaged intensity profile for the PA image of the rod captured in the absence 

of the skull and reconstructed with the original imaging operator is presented in Figure 

3.8 (left panel). Intensity profiles along these lines were computed, averaged, and shown 

in Figure 3.8 (right panel).  

The same method was utilized for the image of the rod that is captured with the skull and 

reconstructed with different imaging operators. Figure 3.8 (b) shows the result for the 

image reconstructed with original IO. Figure 3.8 (c) presents the result for the image 

reconstructed with IO that is captured through the skull (WS). Finally, the image that is 

reconstructed with skull-corrected IO is shown in Figure 3.8 (d). 

In right column of Figure 3.8, the length of the rod was measured for all the captured PA 

images of the rod. For the first two images that are captured in the presence and absence 



73 

 

of the skull and reconstructed with the original imaging operator, the length of the rod 

was estimated to be 11.2 mm. The length of the rod in Figure 3.8 (c) was estimated to be 

10.6 mm, and 9.5 mm in Figure 3.8 (d). 
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(d)  

Image: WS 

IO: skull-corrected 
IO  

Figure 3.8. Averaged intensity along 20 xy planes of the rod (left column) and along a 

line normal to the rod (right column). The red lines on the panels in the left column 

display the location of the path used to extract the line profiles in the right column. 

On the panels in right column, averaged intensity profiles are displayed (blue line). 

On these diagrams, the width at the Q √gk  of the line intensity profile is displayed 

with a black dotted line. (a) The intensity profile for the image that was captured in 

the absence of the skull and reconstructed with the water-only IO. (b) The intensity 

profile for the image that was captured in the presence of the skull and reconstructed 

with the water-only IO. (c) The intensity profile for the image that was captured in 

the presence of the skull and reconstructed with the IO captured through the skull. 

(d) The intensity profile for the image that was captured in the presence of the skull 

and reconstructed with the skull-corrected IO. 

In right column of Figure 3.8, the width at the 1 √2k  of the line intensity profile are 

displayed. This factor is used to indicate the grid locations that have higher intensity 

compared to other voxels. Utilizing these diagrams, the diameter of the rod in all images 
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was observed to be 0.5 mm except for the image reconstructed with the skull-corrected 

IO.  

3.5 Discussion 

We have developed a method to correct photoacoustic signals with respect to amplitude 

attenuation and arrival time distortions that result from propagation through a skull-like 

material.  The method was investigated by capturing images of an optically-absorbing rod 

in the presence and absence of the skull. First, PA signals emitted from the rod were 

captured in both the presence and the absence of the skull. These signals were then 

reconstructed with three imaging operators: the original (water-only) IO, an IO that was 

captured through the skull, and a skull-corrected IO. Our skull-correction reconstruction 

method proved to be successful in reducing the noise from a 3D photoacoustic image of a 

light-absorbing rod. Use of this method was found to improve the photoacoustic signal-

to-noise ratio by 13.6 unit (see Table 3.1).  

However, prior correction of the PA signals by applying the amplitude scaling and time 

delay shifts was unable to fully correct for the effects of the skull layer. The PA image of 

the rod that was captured through the skull and reconstructed with the original IO was 

observed to be 11.2 mm in length. However, the rod PA image that was captured through 

the skull and reconstructed with the skull-corrected IO was observed to be 9.5 mm in 

length. Since the true size of the rod was 14 mm in length and 0.4 mm in diameter, the 

skull-correction method was not fully successful. Additionally, the applied skull-

correction method resulted in reduced image resolution. Considering the intensity profile 

in Figure 3.8, the diameter of the rod that was captured through the skull and 

reconstructed with the skull-corrected IO was observed to be 1 mm.  
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In the future, this approach can be developed to precisely model the effect of the skull on 

PA signals, based on the characteristics of an infant skull (e.g. skull thickness). The 

model should also consider other effects of the skull such as multiple scattering in bone. 

Photoacoustic signals emitted from a point source and propagated through the skull have 

some ringing after the main PA signal, which is as a matter of this effect. The PA signals 

propagated through the skull can then be recovered from all these effects. 

Although this study is the first research on experimentally-based phase-and-amplitude 

correction estimation in PA imaging, some methods have been proposed for correction of 

the skull distortions in high intensity focused US therapy. Adaptive correction method 

and phased-array correction modality were utilized to compensate the ultrasound 

distortion caused by the skull. Research on a fast algorithm of distortion correction on 

site is still ongoing [7]. 

A reconstruction methodology for transcranial PAT has been proposed that compensate 

for skull-induced aberrations of the recorded PA signals. In this reconstruction method, 

first the spatially varying speed of sound and mass density distributions of the to-be-

imaged subject’s skull are determined by use of adjunct x-ray CT data. Then, the two 

criteria are employed with a time reversal image reconstruction method for the estimation 

of the initial amplitude of the PA signal within the brain [8]. Similarly, adaptive 

correction of the skull distortions in focused ultrasound uses some entry parameters, 

which are driven from a previously acquired 3D computational tomography (CT) scan of 

the skull bone structure [7]. Since there is a high cancer risk from radiation exposure to 

infants and children [9], these methods are not useful for infant’s brain image correction 

from the distortions caused by the skull. Phased-array correction uses a multiple element, 
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phased-array transducer driven by phase-and-amplitude controllable amplifier system to 

reconstruct ultrasound foci through the human skull [10].   

The transmission of ultrasound waves through the skull bone(s) induces the conversion of 

longitudinal pressure mode to shear pressure mode. A recently-introduced reconstruction 

algorithm has been proposed that models and employs shear waves in PAT image 

formation. This study shows that when shear waves are omitted from the imaging model, 

a large number of spatial frequency components of the object will be mis-estimated 

[11,12]. 

Similar to our modality, in the phase-array correction method, phase correction factors 

and amplitude correction coefficients were created by scanning an area of the plane 

normal to the acoustic propagation axis. A polyvinylidene fluoride (PVDF) needle 

hydrophone was used as an ultrasound receiver and spatially scanned by a stepping-

motor-controlled three-dimensional positioning system. The skull was located between 

the phase-array transducer and the needle hydrophone. The scans were performed in the 

presence and absence of the skull for a 10 ��� area of the focal plane at a scanning 

resolution of 0.2 mm. At each point of the scan, the hydrophone response was recorded 

by a personal computer interfaced by a digital oscilloscope. The scan data gave the phase 

and amplitude distortion information that then was used for correction. When phase 

correction was implemented, the reconstructed single focus of acoustic intensity at the 

intended focal point resulted in an intensity increase. This method used an amplitude 

correction that homogenizes the acoustic intensity across a wavefront, which decreased 

the level of energy delivery at the focus. Therefore, when amplitude-and-phase correction 
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was implemented the intensity of the reconstructed beam pattern was decreased 

compared to the time that only phase correction was implemented [10].  

To study the effects of the skull on different locations of the imaging volume, we utilized 

a cross-correlation operator. The cross-correlation of the PA signals captured in the 

presence and the absence of the skull is a measure of the similarity of the two waveforms. 

Since the sensitivity of the PAI system is spatially dependent, the cross-correlation value 

also reflects the sensitivity of the system to their corresponding grid points of the imaging 

volume.  

The cross-correlation was normalized with the measured auto-correlation of each of the 

PA signals, either captured through the skull, or captured in the absence of the skull. The 

normalization eliminated the effect of the amplitude of the PA signals, and consequently 

the effect of the sensitivity of the PAI system to the grid points of the imaging volume. 

At the grid points that are located close to the surface of the skull, the normalized cross-

correlation values were very low, being distributed in the range from 0 to 0.2. However, 

the normalized cross-correlation values were high for grid points that were far from the 

surface of the skull, which meant that the PA signals were more similar and less affected 

by distortion. For example, the top xy plane (z =10mm) was the furthest plane from the 

surface of the skull and had the highest values of the normalized cross-correlation for the 

majority of the grid points on this plane, Figure 3.3 (c). The normalized cross-correlation 

values were also distributed more uniformly on the xy plane furthest from the skull, 

Figure 3.3 (c). 



79 

 

Another means of enhancing the PA images is by utilizing the imaging operator that is 

captured in the presence of the skull phantom. This imaging operator takes into account 

all the effects of the skull phantom on the propagation of the PA signal in the imaging 

volume. With this approach, the image resolution stays the same as the image that is 

captured in the absence of the skull. However, image reconstruction with this approach 

does not result in complete correction of the effects of the skull layer. For example, the 

length of the rod in the image that was reconstructed with the skull imaging operator was 

observed to be 0.6 mm smaller than the image that was reconstructed with the original 

imaging operator. 

In reality, it is not possible to capture the imaging operator through the skull in live 

neonates, since we do not have physical access within the cavity of the skull of a neonate 

patient. However, it is possible to construct different skull phantoms with different 

thicknesses and different shapes, and choose the one that is the most similar to the shape 

of the neonate head. Then, the captured imaging operator through that skull phantom can 

be used to reconstruct the image of the neonate brain.  Since the reconstruction time is 

less than a second, we can also reconstruct the data space of the neonate brain with 

several imaging operators, each captured through one skull phantom.  Thus, we will have 

several PA images of the brain and we may choose the best one: for example, the PA 

image that has lowest noise when compared to the other images. 

3.6 Conclusion 

In this study, the effects of the skull on PA signal propagation were examined. The skull 

phantom distorted the PA signal in the form of signal attenuation and phase shifts. A 

skull-correction method was developed that utilized a corrected imaging operator to 
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account for the attenuation and phase-shift distortions in the PA signals caused by the 

skull. The method was tested on captured data of a light-absorbing rod through the skull 

phantom. Images captured with the skull-corrected imaging operator have greater SNR 

than the images reconstructed with the original imaging operator captured in the absence 

of the skull. 
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Chapter 4 

4 Summary and future work 

4.1 Overview 

This chapter concludes the dissertation and summarizes the results that have been 

described in chapters 2 and 3. Additionally, it provides a perspective on our research and 

a view to future work. 

4.2 Skull phantom fabrication 

An acoustically realistic neonatal skull phantom was constructed to assess PAI through 

the skull of premature infants. The fabrication study was composed of two parts:  first, 

the acoustic insertion loss of a variety of candidate materials was measured and a material 

that closely mimicked the ultrasonic properties of the neonatal skull bone was selected; 

second, a skull phantom was fabricated utilizing the selected material, using a mold of a 

neonatal skull. 

4.2.1  Skull mimicking material 

Frequency-dependent ultrasonic insertion loss was measured for a variety of materials, 

including polyvinyl chloride, acrylic (3 and 12.5 mm thick), plastic (12.5 mm thick), 

polycarbonates (12.6 mm thick), and cured mixtures of epoxy and titanium powder 

(different thicknesses). Measurements revealed large differences between the acoustic 

properties of the skull bone (as reported in ref [1,2] ) and materials such as polycarbonate 

sheet, acrylic, plastic, and polyvinyl chloride. Samples prepared from mixtures of epoxy 

and graphite powder were also substantially different from neonatal skull bone. The 

acoustic properties of epoxy samples mixed with titanium dioxide powder were the 
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closest to that of neonatal skull bone. To fine-tune the properties of the epoxy-titanium 

dioxide powder mixtures, samples were prepared with different proportions of epoxy and 

titanium dioxide powder. 

Based on our measurements, the acoustic insertion loss increased when either the 

thickness of the samples, or the proportion of titanium dioxide powder, was increased. 

The acoustic insertion loss of a 1.4-mm-thick sample composed of 50% titanium dioxide 

powder and 50% epoxy was the closest match to the acoustic insertion loss of the 

neonatal skull bone across a frequency range of 0.9 to 3 MHz. 

4.2.2 Skull mold fabrication 

We utilized 3D prototyping techniques to scan the head of a realistic infant doll to design 

a mold and fabricated it from Teflon® using a CNC machine. The gap between the top 

and bottom pieces of the mold was filled with a mixture of epoxy and titanium dioxide 

powder. After two hours of curing at room temperature, the mixture was removed from 

the mold and exposed to air. Skull phantoms with different transcranial thicknesses were 

constructed utilizing molds with various gaps between the two halves.  In one example, 

the skull phantom had a transcranial thickness of 1.52 mm, a length of 79.3 mm, a width 

of 63mm, and a height of 31.5 mm. 

4.3 Effects of the skull layer on photoacoustic signals 

Two photoacoustic signals, one captured through the skull and the other in the absence of 

the skull, were compared to determine the effect of the skull layer on the photoacoustic 

signal propagation in terms of insertion loss and time delay.  
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The insertion loss caused by the skull phantom was measured to be approximately 4.45 

dB by the transducer (2.7 MHz central frequency and 127% bandwidth), almost 

perpendicular to the skull and the region of interest. The insertion loss was estimated 

from the ratio of the peak-to-peak amplitude between the two photoacoustic signals. The 

result was close to the acoustic insertion loss of the skull bone, 4 dB at 1 MHz and 

increased mildly with frequency. 

We expected a 0.37 µs difference in time of arrival of the signal based on the difference 

between the speed of sound in water (1.5 mm/µs) and the speed of sound in a cured 

mixture of epoxy and titanium dioxide powder (2.35 mm/µs).  Measured experimentally 

in the presence of the 1.52 mm thick skull, the photoacoustic signal arrived around 0.32 

µs sooner than in the absence of the skull. This was close to the expected value. 

Experimental estimation of the imaging operator with and without the skull phantom 

provided a method for analyzing the effect of an intervening layer on photoacoustic 

signal propagation, with a fine level of detail (i.e. 0.5 mm grid spacing). The first analysis 

involved the construction of a delay matrix by measuring the difference between the 

arrival time for the photoacoustic signal with and without the skull. The time delay was 

estimated from the temporal shift required to maximize the cross-correlation between the 

two time-series from the same transducer and the same grid location.  The majority of 

time delay estimates ranged between 0.1 and 0.5 µs based on an effective sampling rate 

of 40 MHz.  The ratio of the peak photoacoustic signals with and without the skull was 

measured at each transducer for the photoacoustic point source positioned at each grid 

location. Most of the ratios were ranged between 0.3 to 0.6, which was expected, based 
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on the acoustic properties of the 1.4 mm-thick mixture of 50% epoxy and 50% titanium 

dioxide. 

In chapter 2, subsets of the imaging operators with and without the skull layer and in 

different areas of the imaging volume were presented and compared. In the presence of 

the skull phantom, the photoacoustic signal patterns became weaker, were broken in 

places, were sometimes followed closely by a weak noisy pattern, and were shifted in 

time. The weakness of the photoacoustic signal, and the broken areas, resulted either 

from amplitude attenuation caused by the skull, or acoustic reflection at the surface of the 

skull. This acoustic reflection was sometimes detected by a transducer and formed a 

noisy pattern.    

The non-uniform thickness (1.52 ± 0.12 mm) of the skull phantom, i.e. thinner at the 

center, caused different amplitude attenuation and varied time of arrival of the acoustic 

signals to the transducers. Therefore, the distortion of the photoacoustic signals that are 

generated around the center of the transducer array was lower than in other areas of the 

transducer array. 

Another way of studying the effects of the skull on different locations of the imaging 

volume is through utilizing the cross-correlation operator, which was explained in chapter 

3. The normalized cross-correlation of two signals is a measure of the similarity of the 

signals.  

Accordingly, we computed the cross-correlation of the PA signals captured through the 

skull and in the absence of the skull at all transducers for each of the grid locations of the 

imaging operator. The cross-correlation displayed the extent of the difference between 
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the PA signals captured in the presence and the absence of the skull at all grid points of 

the imaging volume.  At the grid points that were located close to the surface of the skull 

phantom, the normalized cross-correlation values were very low, distributed from 0 to 

0.2. This implies that the PA signals propagated through the skull experience significant 

distortion. However, the normalized cross-correlation values were high for the grid points 

that were far from the surface of the skull. This fact demonstrated that the skull distortion 

of the PA signals was greater for the grid points that were closer to the skull surface.    

4.4 Imaging results 

Photoacoustic images of vessel-like phantoms filled with various concentrations of ICG 

(500, 250, 100, 50, and 1.25 µM) in the presence and absence of the skull phantom were 

captured. The PAI system utilized was capable of imaging various concentrations of ICG 

through the skull phantom. The lowest ICG concentration detectable through the skull 

phantom was 50 µM, 40-fold higher than that detectable by PAI with no skull phantom; 

this was due to the 4.45 dB attenuation of the acoustic signal from the skull phantom. The 

attenuated photoacoustic signals were thus not reconstructable for concentrations lower 

than 50-µM ICG.  The contrast of the images decreased when the ICG concentration 

decreased. The photoacoustic images collected in the absence of the skull phantom were 

observed to have higher contrast than the images collected in the presence of the skull 

phantom.  

4.5 Skull correction method 

Two skull-correction methods were developed in order to enhance the images of the 

objects through the skull. The first method corrected the original imaging operator 
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(captured in the presence of the skull) in terms of amplitude attenuation and phase shift. 

This method could be a basis for developing a mathematical model of the effects of the 

skull, and thus correcting the PA signals propagated through the skull. The second 

method used the imaging operator captured through the skull. This method can correct 

PA signals from all of the effects of the skull; however, it can only be used to correct the 

images of objects through the skull phantom, and not an infant skull.  

These methods were tested by performing another PA imaging experiment. An image of 

an optically-absorbing rod in the presence and absence of the skull phantom were 

captured. Then, the data space of the rod captured through the skull was reconstructed 

with both the skull-corrected imaging operator and the imaging operator captured in the 

presence of the skull. The image reconstructed with the skull-corrected imaging operator 

had lower noise compared to the image reconstructed with the original imaging operator. 

The data space of the rod was then reconstructed with the imaging operator captured 

through the skull, which resulted in the clearest image of the rod captured through the 

skull. 

4.6 Conclusion 

A mixture of epoxy and titanium dioxide powder was selected as a skull-mimicking 

material. A skull-mimicking phantom with an average thickness of 1.52 mm made of 

56% epoxy and 44% titanium dioxide was fabricated. The skull phantom was used to 

study the effects of a neonatal skull on PA signal propagation. The skull phantom 

distorted the PA signal in the form of signal attenuation and phase shift. Calibration scans 

of the system with and without the skull were acquired and compared, and were used for 

image reconstruction. Photoacoustic images of vessel-like tubes filled with ICG were 
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captured. The photoacoustic imaging system was able to capture images of tubes 

containing ICG at a concentration of 1.25 µM. In the presence of the skull, however, the 

system detected the ICG only when the concentration was greater than 50 µM. An image 

correction method was developed and tested on images of an optically-absorbing rod. 

The skull-correction method demonstrated that the effects of the skull on photoacoustic 

signals are measurable and correctable. 

4.7 Future work 

A potential clinical application of PAI is detection of periventricular leukomalacia in 

premature infants. Periventricular leukomalacia occurs when the tissue around the 

ventricles in the brain is damaged. A potential next step of this project could be the 

acquisition of images of more anatomically correct phantoms.  Therefore, the ventricles 

and white matter could be molded into the skull phantom, and simulated lesions could be 

embedded nearby the ventricle in the white matter. Then, the PAI system could be 

challenged to capture PA images of simulated PVL through the skull and the brain 

phantom. 

As mentioned earlier, capturing the imaging operator with an actual neonatal skull is not 

possible. However, it is possible to fabricate many phantoms with different 

characteristics such as different shapes or different thicknesses.  Thus, based on the 

characteristics of a specific infant skull (e.g. skull thickness), one phantom that simulates 

the skull of a specific neonatal patient could be selected.  By using the imaging operator 

captured in the presence of a closely matched phantom, an image of the neonate’s brain 

could be reconstructed. This would correct the brain image from the effects of the skull to 

a high degree, especially for regions far from the skull. By preparing the preliminary 
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phantom data such as the imaging operator, the image correction could be rapid, possibly 

taking less than a minute.  However, the proposed method needs to answer a critical 

question: Should the position of the neonatal skull corresponding to the imaging cavity be 

exactly the same as the position of the skull phantom corresponding to the imaging 

cavity? To answer this question, an imaging experiment was performed with the same 

imaging system, image reconstruction algorithm, and calibration scan explained in 

chapter 3. In the experiment, we investigated the effect of rotating the skull phantom in 

the transducer array on imaging the optically-absorbing rod. The skull phantom was 

placed in the imaging cavity at two different angles (0°, and 37°), and images of the rod 

were captured through the skull at both angles.  

Error! Reference source not found.Figure 3.3 (a-b) shows the 3D CAD model of the 

skull in the transducer array at 0° and 37° angles. Images of the rod reconstructed with 

the original imaging operator at 0° and 37° are shown in Error! Reference source not 

found.Figures 3.3(c) and (d).  

(a) (b) 



 

(c) (d)

 

Figure 4.1. (a) A 3D CAD model of the skull position in relation to the 

array, the imaging volume, and a

the skull position, which was turned 37

through the skull reconstructed

located in the same place as that where the imaging operator was captured (shown 

in (a)). (d) Image of the rod through the skull that was turned 37

The image is reconstructed with the ori

rod reconstructed with the imaging operator that was captured through the skull. 

Capturing the signal of the rod, and the imaging operator, were both at 0

2 cm 

 

(d) (e) (f) 

  

3D CAD model of the skull position in relation to the 

the imaging volume, and an optically-absorbing rod. (b) A 3D CAD model of 

which was turned 37˚ in the xy plane. (c) Image of the rod 

through the skull reconstructed with the original imaging operator. The skull was 

located in the same place as that where the imaging operator was captured (shown 

in (a)). (d) Image of the rod through the skull that was turned 37˚ in the xy plane. 

The image is reconstructed with the original imaging operator. (e) An image of the 

rod reconstructed with the imaging operator that was captured through the skull. 

Capturing the signal of the rod, and the imaging operator, were both at 0
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3D CAD model of the skull position in relation to the transducer 

3D CAD model of 

˚ in the xy plane. (c) Image of the rod 

with the original imaging operator. The skull was 

located in the same place as that where the imaging operator was captured (shown 

˚ in the xy plane. 

ginal imaging operator. (e) An image of the 

rod reconstructed with the imaging operator that was captured through the skull. 

Capturing the signal of the rod, and the imaging operator, were both at 0˚ (f) Image 
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of the rod reconstructed with the imaging operator that was captured through the 

skull.  To capture the data of the rod the skull was rotated 37˚, but to capture the 

imaging operator the skull was at 0˚. 

Error! Reference source not found.Figure 3.3 (a-b) shows the 3D CAD model of the 

skull in the transducer array at 0° and 37° angles. Images of the rod reconstructed with 

the original imaging operator at 0° and 37° are shown in Error! Reference source not 

found.Figures 3.3(c) and (d).  

The experiment demonstrated that the location of the skull phantom in relation to the 

imaging cavity did not have a large effect on the image of the object. Therefore, the 

position of the neonatal skull in relation to the imaging cavity may not need to be exactly 

the same as the position of the skull phantom corresponding to the transducer array. 
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