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and corresponding frequency-domain response of NCUS system. 
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Figure 4.15 The schematic of PACT experiment by NCUS. 133 

Figure 4.16 PA b-scan results of human hair (a) without processing, (b) with 

DC-offset cancellation, (c) after reverse phase data correction and 

(d) 2 MHz high-pass filtering by the non-contact PACT system. 
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Figure 4.17 (a) Original signal of the 1000 detection elements with phase 

correction and 2 MHz high-pass filtering. (b) Original signal of the 

1000 detection elements with 2 MHz high-pass filtering without 

phase correction. (c) Reconstruction results of one human hair with 

phase correction. (d) Reconstruction results of one human hair 
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Figure 4.18 Spatial resolution of the non-contact PACT system. (a)The lateral 

resolution measurement of the non-contact US sensing system is 

about 500 ɛm. ESF: edge spread function; LSF: line spread 

function. (b) Axial resolution of non-contact PACT system is about 

300 ɛm. 
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Figure 4.19 (a) The photograph of crossed hair. (b) The image reconstruction 

results of crossed hair after passing through 2 MHz high-pass filter. 

(c) The photograph of stained leaf vein skeleton. (d) The image 

reconstruction results of leaf vein skeleton after passing through 1 
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SUMMARY  

The vascular system is essential for oxygen and nutrient delivery to cells and organs 

while removing metabolic waste products. Among vascular network, arterioles and venules in 

the microvasculature act as crucial connectors between capillary networks and larger arteries 

and veins. Their regulatory functions and states significantly impact metabolism and 

physiological processes. Microvascular dysfunction often signals early stages of vascular 

diseases. Visualizing and monitoring microvessel morphology, structure, and hemodynamic 

changes are vital for early disease diagnosis and prognosis evaluation. However, the diameter 

of subcutaneous microvessels ranges from tens to more than 100 ɛm, and existing medical 

imaging techniques are not yet capable to provide high-resolution, high-contrast, noninvasive, 

label-free functional imaging of subcutaneous microvessels. 

Photoacoustic (PA) imaging (PAI) technology combines the optical contrast of light 

absorption with the deep penetration depth of ultrasound (US), offering promise in biomedical 

imaging. Compared with other vascular imaging techniques, PAI has unique advantages and 

demonstrates great potential for noninvasive subcutaneous microvascular imaging. However, 

existing PA microvascular imaging has the limitations of insufficient imaging resolution and 

speed for clinical applications, and conventional opaque piezoelectric transducers affect the 

illumination of excitation light in photoacoustic microscopy (PAM) microvascular imaging of 

small animals. This thesis addressed the need for high-resolution three-dimensional (3D) 

microvascular imaging in clinical and preclinical studies by developing various PA 
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microvascular imaging techniques and exploring future non-contact vascular imaging methods. 

Key research contents and innovations include: 

(1) The use of a high-frequency linear array system and image processing algorithms 

significantly improves the speed and resolution of PA/US dual-modality imaging, enabling 

rapid visualization and functional imaging of human subcutaneous microvessels. Traditional 

PA array systems typically achieve resolutions of 300 ɛm or greater, limiting their 

effectiveness in microvascular imaging. Although PAM systems offer high resolution, their 

imaging duration is prolonged, impeding clinical utility. This study introduced skin surface PA 

signals removal and optical fluence compensation algorithms based on a high-frequency US 

linear array system, enabling high-resolution 3D PA/US visualization and functional 

quantitative imaging of human subcutaneous microvessels. Achieving an axial spatial 

resolution of 80 ɛm, the single-wavelength imaging time is under 39 s for a 30 mm Ĭ 23 mm 

area. Moreover, vascular occlusion experiments simulated vascular-related diseases, 

comprehensively demonstrating 3D microvascular hemodynamics process. This research 

underscores the clinical significance of high-resolution 3D subcutaneous microvascular PAI, 

promising early diagnosis and prognostic evaluation of vascular diseases. 

(2) A wide bandwidth transparent ultrasound transducer (TUT) based on a new 

matching layer material and thickness design method was proposed to realize PA subcutaneous 

microvascular imaging with high axial resolution. Due to the opaque properties of traditional 

piezoelectric US transducers, it leads to complex system design and the difficulty to co-align 
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optical and acoustic beam paths in PAM systems, bringing difficulty in small animal PA 

microvascular imaging. This study proposed the use of polymethyl methacrylate as the 

matching layer material, along with a universal matching layer thickness design method, 

suitable for bonding processes in the manufacturing of high-performance TUTs, which can 

enhance the bandwidth of transducer to be more than 50% at a center frequency of 20 MHz, 

surpassing previous TUT bandwidths reported at published time. Furthermore, a compact 

PAM system utilizing this TUT achieves a high axial resolution of 111 ɛm and demonstrates 

high-contrast, high-resolution PA imaging of subcutaneous microvessels in small animals. 

This research contributes advancements in detector technology, design, and manufacturing 

processes for high-resolution subcutaneous microvascular imaging based on TUTs. 

(3) A non-contact, wide bandwidth US sensing technique based on a homodyne Mach-

Zehnder interferometer (MZI) was developed, upon which a non-contact PAI system was built. 

Non-contact US/PA holds significant value for specific patient groups (e.g., those with skin 

trauma, intraoperative brain imaging) and for brain microvascular imaging of freely moving 

animals. However, previous studies mainly relied on commercial laser doppler vibrometer 

with limited bandwidths unsuitable for clinical requirements. This study explored a US 

detection method based on a homodyne interferometer system, achieving a wide bandwidth of 

1-8.54 MHz (-6 dB), a marked improvement over reported MZI-based system. Additionally, a 

phase correction method was proposed to address inherent phase uncertainty. Phantom 

experiments further validated the robust imaging performance of the system. 
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In summary, this thesis focuses on advancing noninvasive PA microvascular imaging 

technology for clinical and periclinal scientific research, aiming to improve the diagnosis, 

treatment, and understanding of vascular-related diseases. 
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Chapter 1  Introduction 

The microvasculature system plays a vital role in overall metabolism and physiological 

activities. Microvascular abnormalities and dysfunction can be early indicators of vascular-

related diseases. Current angiography techniques have limitations in microvascular imaging. 

Owing to the advantages of non-invasive non-ionizing radiation label-free imaging modality 

with strong absorption to blood under visible and near infrared wavelengths, photoacoustic 

(PA) imaging (PAI) is regarded as one of the most promising technologies for microvascular 

imaging. In this chapter, the background of microvasculature and limitations of current 

angiography techniques are introduced. Then, the mechanism of PAI and typical applications 

on blood vessels imaging are reviewed and discussed. 

1.1  The structure and function of microvasculature 

The human body encompasses an extensive and intricate network of blood vessels, 

ranging from large arteries, veins to arterioles, venules, and down to micrometer-scale 

capillaries, as illustrated in Fig1.1. Arteries transport oxygenated blood from the lungs to the 

arterioles and then to the capillaries, facilitating a two-way exchange between blood and 

tissues. Veins, on the other hand, gather deoxygenated blood and convey it back to the heart[1]. 

Microvasculature is comprised of arterioles, venules, and capillaries, featuring diameters 

ranging from 5 ɛm to 100 ɛm[2]. The microcirculatory system plays a pivotal role in delivering 

oxygen and essential nutrients to cells and organs and removing metabolic byproducts from 
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them, thereby contributing to overall metabolism and physiological activities[3]. Besides, 

arterioles, the branch of arteries, composing with thick walls and strong smooth muscles, 

having the distinction of contributing most to the change of blood pressure. 

 

Figure 1.1 Systemic blood vessels. (Created with BioRender.com).  

Dysfunction or damage to the microvasculature can be an early sign of various diseases 

and disorders. Conditions such as diabetes mellitus, peripheral vascular diseases (PVD), free 

flap transplantation, port-wine stains, heart disease, cancer, stroke and critical limb ischemia 

can significantly impact the structure and function of microvasculature, leading to 

complications in blood flow and tissue perfusion[4-7]. Microvascular diseases predominantly 

involve microvessels with diameters around 100 ɛm. Severe vascular-related conditions may 

induce microvascular diseases initially before tissue dysfunction. Four representative fatal 

diseases and roles of microvasculature are shown in Fig1.2. For instance, in the case of heart 

disease, the microvasculature often displays impaired infarct wound healing, reduced 

oxygenation and pulmonary hypertension. In cancer, it may demonstrate pathological 

Microvasculature
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angiogenesis, enriched microvessel permeability and significant route for metastasis. In 

diabetes mellitus, microvasculature may demonstrate capillary permeability, pericyte dropout 

and capillary dropout. In stroke, impaired microvascular flow patterns, decreased oxygenation, 

capillary constriction, and capillary flow cessation may be observed. Therefore, visualizing 

the morphological and functional information of subcutaneous microvasculature is crucial for 

the early diagnosis of vascular-related diseases. 

 

Figure 1.2 Fatal diseases and three highlighted fundamental roles that the 

microvasculature plays with initiation, maintenance, or treatment[8]. 

1.2  Current angiography techniques 

Conventional representative angiography techniques include X-ray-based digital 

subtraction angiography (DSA) and computed tomography angiography (CTA), magnetic 

resonance angiography (MRA), ultrasound (US)-based imaging techniques and optical 

3
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imaging methods. 

DSA is considered as the ñgold standardò in vascular imaging[9] and widely used in 

diagnosing and treating arterial and venous occlusions especially in interventional radiology 

procedures. In DSA, images are generated utilizing contrast medium such as iodine by 

subtracting a ñpre-contrast imageò from subsequent images after the contrast medium has been 

introduced into a structure. An example of brain vascular imaging results by DSA is shown in 

Fig1.3. However, it is an invasive imaging technique that involves radiation exposure and 

carries risks such as contrast agent administration and potential development of neurological 

complications in patients[9]. Compared to DSA, CTA is less invasive and does not require the 

insertion of catheters into blood vessels and able to create three-dimensional (3D) images, 

commonly used to diagnosis vascular abnormalities[10]. But CTA also employs X-ray imaging 

and contrast materials to enhance the visualization of blood vessels[11], which has risks of 

ionizing radiation and allergy to contrast agent and make it not suitable for vulnerable 

populations such as pregnant women and infants. 

 

Figure 1.3 Example of DSA diagnoses[12]. (a) Head vasculature visualization through DSA 

and (b) Artifacts caused by patient motion. 

(a) (b)
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MRA comprises a set of techniques based on magnetic resonance imaging (MRI) for 

visualizing blood vessels. An example of brain imaging by MRA is shown in Fig1.4. It is a 

non-invasive imaging technique without the ionizing radiation, and the contrast agent is less 

needed in MRA and less toxic compared to CTA and DSA. Nevertheless, MRA still face the 

challenges of magnetic compatibility requirements[13], limited spatial resolution, long 

examination time and high cost. 

 

Figure 1.4 Three-Tesla 3D-TOF MRA is useful for screening of aneurysms in 

asymptomatic individuals[14]. Axial maximum intensity projection collapse (a) and source 

image (b) depicting a posterior cerebral artery aneurysm arising from the P2 segment 

(arrows). 

Doppler ultrasound combines US imaging and doppler effect to measure the speed, 

amount, and direction of blood flow to provide valuable information for finding narrowed 

arteries, blood clots and so on[15]. A power doppler image result of thyroid nodules is shown 

in Fig.1.5. It is a non-invasive non-ionized bedside imaging tools with cheap cost, but the 

drawbacks that is not sensitive to small blood vessels due to the size and slow flowing velocity 

still exist. Though efforts have been paid to improve the sensitivity in small vessels 

detection[16-18], the capability to acquire functional information such as blood oxygen 

saturation still remains limited. 

(a) (b)
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Figure 1.5 (a) The plane wave B-mode sonogram and the corresponding power doppler 

images (b) without and (c) with motion correction[17]. 

Ultrasound localization microscopy (ULM) is an emerging imaging technique that 

enables super-resolution imaging in US, surpassing the diffraction limitation of traditional US 

imaging by exploiting the localization of ultrasound contrast agents or scatterers within tissues. 

It has made significant progresses in microvascular imaging in recent decades[19-22]. A 

representative brain microvascular imaging result obtained using the ultrafast ULM technique 

is displayed in Fig1.6. However, this technique requires exogenous contrast agents, limiting 

its clinical implementation. 

 

Figure 1.6 uULM of the rat brain through a thinned skull window or through the intact 

skull[19]. (a) uULM performed through a thinned skull at a coronal section, Bregma -1.5 

mm, providing a resolution of 10 ɛm Ĭ 8 ɛm in depth and lateral direction, respectively. 

(b) In-plane velocity maps from parts of the vessels in (a). 
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Several angiography methods based on optical detection focus on superficial blood 

vascular imaging. Optical coherence tomography angiography (OCTA) is a non-invasive 

technique based on the laser light reflectance from the surface of moving red blood cells to 

depict blood vessels. It is broadly applied in high-resolution microvasculature imaging of eyes 

such as retina and choroid, and skin. Fig1.7 displays the OCTA imaging results of a scald 

wound 24 hours post-injury. Laser doppler perfusion imaging (LDPI) and laser speckle 

contrast imaging are two commonly employed techniques for microvasculature structure and 

perfusion imaging. LDPI imaging results of an index finger are depicted in Fig1.8. However, 

the biggest challenge of optical detection resides in its limited imaging depth around 1 mm[23]. 

 

Figure 1.7 OCTA of a scald wound 24 hours post-injury on the dorsum of the right 

wrist[23]. Scale bar represents 1 mm. 

 

Figure 1.8 256Ĭ256 pixel LDPI perfusion images directly after, 3 mins after, and 10 mins 

after the immersion of the index finger in the ice water[24]. The six-level color scale 

representing relatively low-to-high tissue perfusion is displayed below the images. 

before directly after after 3 mins after 10 mins

highlow
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In conclusion, current angiography techniques still face different kinds of limitations in 

achieving subcutaneous microvascular imaging. A new label-free imaging technique that has 

spatial resolution of 100 ɛm in subcutaneous regime without ionizing radiation and can 

provide functional information of microvasculature is in greatly desired. 

1.3  Principles of photoacoustic imaging 

Photoacoustic (PA) imaging (PAI) is a new hybrid biomedical imaging modality based 

on PA effect. This effect was first introduced by Alexander Graham Bell in 1800s, who 

discovered that thin disks composed of various substances emitted sounds when exposed to a 

rapidly-interrupted beam of sunlight[25]. Due to the lack of appropriate light sources and 

sensitive sound detection techniques, studies on PA effect have made little progress for nearly 

80 years since its discovery. However, it was not until the 1990s that PAI techniques 

experienced rapid progress in biomedicine field, owing to advancements in laser techniques 

and computer science. Several pioneering studies demonstrated that the PA effect can be 

effectively applied in optically scattering media and diffused biological tissues[26, 27], thereby 

opening new avenues for its application in biomedical imaging. PAI has emerged as one of the 

most significant components in the field of biomedical optical imaging.  

In PAI, both pulsed and intensity-modulated continuous-wave electromagnetic radiation 

can be utilized to generate PA waves[28]. A nanosecond pulsed laser is typically employed to 

irradiate the object, causing it to absorb some of the light, which subsequently transforms 

partially into heat. The heat is further converted into US pressure waves (referred to as PA 
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waves) through thermoelastic expansion. The US detectors are positioned around the object to 

receive the US wave and appropriate algorithms are then applied to reconstruct the distribution 

of optical absorbers within the object[28, 29]. The diagram of the generation of PA signals is 

shown in Fig1.9. In this thesis, all experiments employ nanosecond pulsed lasers operating in 

the visible or near-infrared spectrum range. Therefore, the excitation light in this context 

specifically refers to short pulsed lasers in the visible or near-infrared light range. 

 

Figure 1.9 Diagram illustrating the generation of PA signals. (Created with 

BioRender.com). 

1.3.1  Generation and propagation of PA waves 

Upon laser excitation, the fractional volume expansion ὨὠȾὠ can be expressed as the 

following equation[29]: 

Ὠὠ

ὠ
‖ὴ ‍Ὕȟ ρȢρ 

where ‖ is the isothermal compressibility, ‍ is the thermal coefficient of volume expansion, 
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ὴ and Ὕ are small changes in pressure (Pa) and temperature (K), respectively. 

During the pulsed laser heating process, two temporal confinement conditions are 

generally satisfied, as described in Eq. (1.2) and (1.3). When the pulsewidth † of laser is 

much shorter than thermal relaxation time † , the heat diffusion can be neglected. The 

excitation is said to satisfy thermal confinement condition: 

† †
Ὠ

‌
ȟ ρȢς 

where Ὠ  is the characteristic dimension of the heated region, and ‌   is the thermal 

diffusivity (m2/s). When the pulsewidth of laser is much shorter than stress relaxation time †, 

the wave propagation can be neglected. The excitation is said to satisfy stress confinement 

condition, as shown below: 

† †
Ὠ

ὺ
ȟ ρȢσ 

where ὺ is the speed of sound in tissues (~1.5 mm/s). † is typically less than † because 

thermal diffusion is usually a relatively slow process compared to wave propagation. When 

both conditions are satisfied, the heating time can be regarded as a delta function[28, 30], and 

the fractional volume expansion can be neglected. Therefore, derived from Eq. (1.1), the initial 

generated pressure rise at a point ὶ can be characterized as: 

ὴ ὶ
‍Ὕὶ

‖
Ȣ ρȢτ 

In biological tissue, ‖  is approximately υ ρπ  ὖὥ , ‍  is approximately τ
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ρπ ὑ . For instance, it can be calculated that 12.5 mK temperature rise can only induce 10 

kPa local pressure increasement. In PAI practice, Ὕ is generally less than 0.1 K, which 

shows that the amplitudes of PA pressure is typically several magnitude lower than clinical 

diagnostic ultrasound (peak pressure could exceed 1 MPa)[31]. The pressure rise caused by the 

excitation laser can be further expressed as: 

ὴ ὶ
‍

‖”ὅ
ὃὶȟ ρȢυ 

where ” denotes the mass density (~1000 kg/ά ), ὅ denotes the specific heat capacity at 

constant volume. ὃὶ  denotes the absorbed optical energy distribution. The Grueneisen 

parameter (dimensionless) is defined as: 

ɜ
‍

‖”ὅ

‍ὺ

ὅ
ȟ ρȢφ 

where ὅ denotes the specific heat capacity at constant pressure. ɜ is a physical quantity 

that varies with temperature. Some studies measured the tissue temperature based on 

the relationship of temperature change with PA signals intensities change[32-34]. Some 

researchers investigated PA detection localized with a pulsed ultraviolet laser based on 

Gruneisen relaxation effect[35]. According to Eq. (1.5), the local pressure rise can be 

expressed as: 

ὴ ὶ ɜὃὶȢ ρȢχ 

The absorbed optical energy distribution is the product of local optical absorption coefficients 

‘ and the local optical fluence (J/m2) Ὂ. By substituting the product into Eq. (1.7), it can be 
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expressed as: 

ὴ ὶ ɜ‘ ὶὊὶȟ ρȢψ 

where Ὂ is a complex physical quantity to measure due to the intricate structure and strong 

optical diffusion especially in biological tissues, posing challenges to the quantitative PAI. 

After absorbing the energy of excitation laser, the generated initial PA pressure 

propagates as PA wave. The PA wave generation and propagation in an inviscid medium can 

be described as the general PA equation[29]: 

​
ρ

ὺ

‬

‬ὸ
ὴὶȟὸ

‍

ὅ

‬Ὄὶȟὸ

‬ὸ
Ȣ ρȢω 

In the equation, Ὄὶȟὸ  represents a heating function, defined as the thermal energy 

converted at position ὶ and time ὸ by excitation laser per unit volume per unit time. The 

right-hand side of the equation is the source term, which is the first derivatives of time, 

indicating that only the temporal variation intensity of heating source can induce PA pressures. 

This elucidates why continuous lasers cannot be directly utilized to generate PA signals. 

Instead, short-pulsed lasers or intensity-modulated continuous lasers are commonly employed 

to generate PA signals. 

The general PA equation can be solved through the Green function approach[29]. The 

solution of PA pressure at position ὶ and time ὸ can be expressed as[29]: 

ὴὶȟὸ
ρ

τ“ὺ

‬

‬ὸ

ρ

ὺὸ
Ὠὶὴ ὶ ‏ ὸ

ȿὶ ὶȿ

ὺ
ȟ ρȢρπ 

where ὴ is the initial pressure derived from Eq. (1.8). Equation (1.10) indicates that the PA 
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wave propagates as a spherical shell centered at ὶ with a radius of ὺὸ and is detected at 

spatial location ὶ through time ὸ, as shown in Fig1.10. 

 

Figure 1.10 The PA waves detected by a point detector at a certain time ◄ come from 

sources over a spherical shell centered at the detector position and a radius of ○▼◄. 

1.3.2  Major PAI implementations 

PAI has two major implementations, including photoacoustic computed tomography 

(PACT) and photoacoustic microscopy (PAM). The first one is PACT, which is based on 

widefield light illumination and PA signal ὴὶȟὸ  detection at multiple locations, then 

applying inverse reconstruction to obtain images. In early stage of PACT development, the 

acoustic detection at multiple locations was accomplished by scanning a single US element at 

slow speed[36]. This approach is gradually replaced by US array detectors including linear 

arrays[37-47], circular arrays[48-50] and hemisphere 2D arrays[51-57] to increase the imaging speed. 

Some US detectors based on new US sensing methods still rely on scanning, such as pure 

optical detectors[58, 59]. An example of PACT system based on linear array detector is illustrated 

Detector

PA source
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in Fig1.12 (c), in which two optical fiber bundles are flanked by the two sides of the linear 

array detector to provide illumination. 

An universal image reconstruction algorithm of PACT for three detection geometries, 

spherical, planar and cylindrical, can be expressed as[60]: 

ὴ ὶ
ρ

ɱ
ςὴὶȟὸ

ςὸ‬ὴὶȟὸ

‬ὸ

 ÃÏÓ—

ȿὶ ὶȿ
ὨὛȢ ρȢρρ 

In the equation, Ὓ represents the scanning path of single element or the spatial position of 

elements in array detector. —  represents the angle between the normal direction of the 

detector receiving plane and the vector from the detector center to the reconstructed point on 

the object, which is used to correct different distances from imaging objects to each detection 

element. The schematic diagram of reconstruction algorithm is shown in Fig1.11. 

 

Figure 1.11 Schematic diagram of reconstruction[60]. During measurement, an ultrasonic 

point detector at position ►ᴆ  on surface ╢  receives PA signals emitted from source 

▬ ►ᴆ. During image reconstruction, a quantity related to the measurement at position 

►ᴆ projects backward via a spherical surface centered at ►ᴆ. 
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Figure 1.12 Different PAI implementations[61]. (a) OR-PAM system and oxyhemoglobin 

saturation (sO2) results of a mouse ear. (b) AR-PAM system and normalized total 

hemoglobin concentration, [hemoglobin], in a human palm. (c) PACT system based on 

linear array detector and normalized Methylene Blue concentration, [dye], in a rat 

sentinel lymph node (SLN). UST, ultrasound transducer. 

Due to the widefield illumination, PACT usually can achieve deep imaging depth to 

several centimeters. The axial resolution of PACT mainly depends on the center frequency and 

bandwidth of US detector, while lateral resolution also relies on the scanning mode for single 

(a)

(b)

(c)
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element detectors and the arrangement of elements, pitch size for array detectors, and both can 

be influenced by the image reconstruction algorithms. Many efforts have been dedicated to 

enhancing the quality, resolution, and accuracy of reconstruction images. These include the 

development of various reconstruction methods[62-64], addressing issues related to limited 

receiving view[65-67], sound of speed mismatch among different tissue components[68, 69], and 

imaging artifacts[70], all of which can all significantly influence the results of PA image 

reconstruction. PACT systems have widely applications among many fields due to the deep 

penetration depth and fast imaging speed. For clinical diagnosis application, the application 

includes detection and evaluation of breast cancer[51, 71, 72], thyroid cancer[37, 73], ovarian 

cancer[74] and so on. For brain imaging, comparative study between PAI and MRI on human 

brain[75] was investigated on a patient with hemicraniectomy. For preclinical studies, small 

animals whole-body real-time PAI was achieved to provide valuable information for 

preclinical imaging[48]. 

The second implementation is PAM, which could further be divided into optical-

resolution photoacoustic microscopy (OR-PAM) and acoustic-resolution photoacoustic 

microscopy (AR-PAM) based on different approaches to determine the lateral resolution[76]. 

PAM is generally based on the mechanical or galvanometric scanning to acquire the absorption 

distribution along depth at each scanning point directly without complex reconstruction 

algorithm. By acquiring an A-line signal at one scanning point, a B-scan image can be obtained 

by scanning the detector along one dimension. Furthermore, a 3D PA volumetric image can be 
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acquired by scanning B-scan image along multiple lines. The amplitude of signals reveals the 

absorption distribution in depth profile at each point. The axial resolution of PAM system is 

determined by the central frequency and bandwidth of detector. When the excitation light pulse 

is sufficiently short, the process of generating a PA signal can be considered as a pulse response. 

The axial resolution of PAM system can be expressed as[61]: 

Ὑ πȢψψ
ὺ

ЎὪ
Ȣ ρȢρς 

In this equation, Ὑ represents the axial resolution of system, ЎὪ is the bandwidth of the US 

detectors. Generally, the axial resolution is directly proportional to the central frequency of the 

detector. Therefore, using a detector with a higher central frequency and wider bandwidth can 

achieve higher axial resolution.  

In OR-PAM, the excitation laser is precisely focused onto the imaging target to achieve 

high-resolution PAI. Due to the requirement of light beam focusing, the penetration depth of 

OR-PAM system is typically within ballistic region of light transmission (less than 1 mm). 

The lateral resolution is determined by the size of focused light beam, hence the term ñOR-

PAMò. With the combination of a focused US transducer, a co-aligned optical and acoustic 

system can achieve PA signal detection with very high SNR. The illustration of a typical 

reflective OR-PAM system is shown in Fig1.12 (a). For thin imaging samples, a transmissive 

OR-PAM system can also be utilized by configurating the focused light beam and transducer 

on two opposite sides of the samples.  
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In AR-PAM, the excitation laser is not focused directly onto the imaging target. Instead, 

a focused US transducer is utilized to acquire absorption distribution at each point. As shown 

in Fig1.12 (b), the excitation light beam is weakly focused on the imaging target by mirror 

composed with a conical lens and condenser and PA signal is received by a focused US 

transducer. The free space light-guided method can also be replaced with multiple fiber 

bundles for better system flexibility[77]. The lateral resolution is determined by the size of 

focused acoustic beam, so it is called ñAR-PAMò. The penetration depth of AR-PAM is much 

deeper than OR-PAM with sacrificing the lateral resolution. AR-PAM system is gradually 

replaced by array-based PACT system, primarily due to the time-consuming raster scanning 

duration and complex mechanical scanning required by AR-PAM. 

1.4  PA vascular imaging systems 

In biological tissues, many different components can be used as endogenous contrast 

agents, with the advantages of introducing no perturbations to original tissue 

microenvironment and nontoxicity, as shown in Fig1.13[76]. Among all the endogenous 

contrast agents, except for melanin in the skin, hemoglobin, as a primary oxygen carrier, 

dominates the absorption due to its high concentration and absorption coefficient, making it 

the most used endogenous target for PAI. As oxygenated hemoglobin (HbO2) and 

deoxygenated hemoglobin (Hb) have different absorption behavior, the oxygen saturation 

level in blood vessels can be calculated using multi-wavelength PA signals. 
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Figure 1.13 Absorption spectra of major endogenous contrast agents in biological 

tissue[76]. Oxy-hemoglobin, red line (150 g/L in blood); Deoxy-hemoglobin, blue line (150 

g/L in blood); Lipid, brown line (20% by volume in tissue); Water, green line (80% by 

volume in tissue); DNA, magenta line (1 g/L in cell nuclei); RNA, orange line (1 g/L in 

cell nuclei); Melanin, black line (14.3 g/L in medium human skin); Glucose, purple line 

(720 mg/L in blood). 

Thus, PAI emerges as a non-invasive non-ionizing imaging technique based on optical 

absorption contrast, uniquely combining high optical contrast and deep penetration of 

ultrasound. It can be a promising imaging technique to provide anatomical, functional and 

metabolic information about total hemoglobin concentration, hemoglobin oxygen saturation 

(sO2) and blood oxygen metabolism of microvessels. These parameters are essential for the 

early detection, diagnosis, prognosis evaluation of vascular relevant diseases[39, 51].  

In the past decade or so, some previous research has been conducted both domestically 

and internationally on peripheral vascular 3D PA imaging utilizing PAM or PACT system. As 

for PACT systems, many studies have been reported to perform imaging of subcutaneous 
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vasculature using various PACT systems, including linear arrays[39-46], circular arrays[49, 50], 

and hemispheric 2D arrays[52-56]. 

1.4.1  PA vascular imaging based on PAM systems 

PAM has emerged as a powerful tool for high-resolution imaging of blood vessels, 

offering valuable insights into vascular dynamics in both human and small animalsô tissues. 

Ahl et al. developed a high-resolution, high speed, spectroscopic OR-PAM system modified 

from a commercial high-speed PAM (OptichoM, Opticho, Republic of Korea) to visualize and 

quantify physiological parameters of 3D microvessel networks in human fingers[78]. The 

configuration of 50 MHz OR-PAM system based on MEMS scanner and imaging results of 

microvessels on nailfold and fingers before and after brachial cuffing are shown in Fig1.14.  

 

Figure 1.14 High-speed OR-PAM system and microvascular imaging results[78]. (a) 

Configuration of the high-speed OR-PAM system. The red box shows optical paths of the 

two lasers as the MEMS scanner moves. (b) Real-time PA monitoring of blood perfusion 

in a finger during brachial cuffing and after release. The cuff was released at 15 s. After 

the cuff is released, the vessel density increases for 10.6 s, and stays the same thereafter. 

All scale bars are 200 ɛm. MAP, maximum amplitude projection. W represents ñwithò 

and w/o represents ñwithoutò. 

(a) (b)
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The lateral and axial resolutions of this OR-PAM system are 5 ɛm and 30 ɛm, respectively. 

By combining high-resolution imaging capabilities with spectroscopic analysis, the 

researchers were able to monitor oxygen saturation levels, blood perfusion, and arterial 

pulsation in real-time, providing a comprehensive understanding of microcirculatory 

processes. The OR-PAM technique also allowed for the visualization of single blood vessels 

and the assessment of sO2 variations. However, due to the requirement of precisely focusing 

light beam onto the blood vessels in OR-PAM system and strong light diffusion in biological 

tissues, imaging depth in this work is only limited to about 0.5 mm. 

To satisfy application requirements which are not suitable for physical contact or 

coupling like wound healing and burn diagnostics, Hajireza et al. developed a non-

interferometric PA remote sensing microscopy (PARS) technique to achieve noncontact OR-

PAM of in vivo superficial microvasculature of the chorioallantoic membrane (CAM) of 

chicken embryos and melanoma tumors. The non-interferometric PARS technique utilizes 

elasto-optical refractive index modulation induced by PA initial pressure transients to achieve 

high-resolution imaging of biological tissues. System setup is shown in Fig1.15, a short 

coherence length interrogation beam is used with a non-interferometric design to measure 

intensity oscillations and intentionally eliminate sensitivity to phase oscillations. Although 

high SNR noncontact in vivo images were achieved in real-time, the ability to resolve the 

temporal profile of PA signals along the acoustic propagation axis remains limited. 
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Figure 1.15 Experimental setup and PAM results of CAM of chicken embryos. PARS 

microscopy with 532-nm excitation and 1310-nm integration beams. BC, beam combiner; 

GM, galvanometer mirror; L, lens; OL, objective lens; PBS, polarized beam splitter; PD, 

photodiode; QWP, quarter wave plate; SMF, single mode fiber. 

In the field of dermatology, Aguirre et al. explored to utilize a handheld AR-PAM system 

with articulated arm for non-invasive label-free visualization of blood vessels in healthy skin 

and skin pathologies like psoriasis[79]. The schematic of the operation of the AR-PAM system 

and skin blood vessels imaging results are shown in Fig1.16. Researchers demonstrated the 

potential of ultra-broadband optoacoustic mesoscopy to capture detailed images of capillary 

loops and dermal vasculature in psoriatic skin without psoriasis biomarkers, providing 

valuable insights into disease severity and pathophysiological changes. The employment of an 

ultra-broad ultrasound frequency spectrum (10-180 MHz) enable to visualize the detailed skin 

structure from superficial layer to deeper layer of skin, with axial and lateral resolutions of 4.5 

ɛm and 18.4 ɛm respectively. This approach not only enabled the quantification of 

inflammation and other biomarkers associated with psoriasis but also demonstrated the 

PARS results of CAM 

of chicken embryos
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potential for longitudinal monitoring of disease progression. Nevertheless, despite its 

promising capabilities, this technique has certain limitations. Drawbacks include limited 

penetration depth in deeper tissue layers and time-consuming raster scanning requirements. 

The images in this work only reached a depth of 1.5 mm for the 532 nm illumination, with 

scan time of 80 s for scanning areas spanning 8 mm Ĭ 2 mm. Although the penetration depth 

for near-infrared light could be further improved to approximately 5 mm, the pulse repetition 

rate of near-infrared excitation laser typically falls short of reaching the high frequency of 500 

Hz employed in this study with a 532 nm wavelength, potentially resulting in the system 

requiring even longer scanning time and vulnerable to motion artifacts induced by patientsô 

body movement. 

 

Figure 1.16 (a) Schematic of the operation of ultra-broadband raster scan optoacoustic 

mesoscopy[79]. (b) Photograph of the scanning head and the articulated arm. (c) 

Photograph of the scanning head in position. (d) - (e) The collected PA signals are filtered 

in two frequency bands and reconstructed into two images shown in red and green, 

representing low, high spatial frequencies, respectively. (f) Their combined images from 

(d) and (e). (g) - (i) Maximum intensity projections in the coronal direction of the 

epidermis, showing the indentations of the skin (g), the capillary loop layer (h) and the 

dermis (i). All scale bars, 500ɛm. 

(a) (b)

(c)

(d) (e)

(f)

(g) (h) (i)
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1.4.2  PA vascular imaging systems based on linear arrays 

The handheld linear arrays are typically based on US imaging platform, with two fiber 

bundles added on the sides of the linear arrays to create PA/US dual-modality imaging systems. 

This configuration has attracted considerable attention due to its practicality in clinical 

implementation and its dual imaging capability in both PA and US imaging. Choi et al. 

presented a PA/US dual-modality imaging system to visualize 3D peripheral microvessels, 

bones and skins on the healthy individualsô feet, as shown in Fig1.17. The PA/US imaging 

system utilized in this study is a customized clinical system that integrates a US imaging 

system (E-CUBE 12R, Alpinion Medical Systems) and a tunable pulsed laser, with a 128-

element linear array US transducer (L3ï12, Alpinion Medical Systems) and a linear optical 

fiber bundle. The total scanning time required for four wavelengths imaging along 120 mm 

scan range with 0.125 mm step size is 197 s. Four quantitative metrics including the mean 

total hemoglobin concentration, mean sO2, vessel density, and mean depth values in the toe 

and instep areas of 10 healthy volunteers were evaluated and compared. The results validate 

the reliability of the system, showing potential to provide microvascular information in early 

stages of diseases like diabetic foot. But according to the resolution determination results of 

this system, the lateral and axial resolutions are 799 Ñ 82 ɛm and 191 Ñ 8 ɛm, respectively[44], 

which is still not enough to distinguish microvessels with diameters around 100 ɛm. 
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Figure 1.17 (a) System configuration of the 3D bimodal/US imaging system[39]. (b) 

Multistructural noncontrast PA/US images obtained in a healthy 32-year-old male 

volunteerôs foot. a.u. = arbitrary units, max = maximum, min = minimum. 

Also focused on foot-related diseases, Huang et al. compared the PA features and their 

correlation with foot condition between blood vessels on patients with chronic leg ulcers and 

healthy volunteers by employing a dual-scan system that can image both the dorsal and plantar 

sides of the foot simultaneously[40]. The experimental setup of the dual-scan system and PA 

imaging results of a patient with an ulcer is illustrated in Fig1.18. The implementation of a 

dual-scan design allows for a reduction in imaging time and an increase in imaging coverage, 

enabling a more comprehensive evaluation of tissue perfusion and vascular structures. Four 

essential parameters related to blood vessels including vessel sharpness, occupancy, intensity 

and density are used to assess tissue perfusion level. This study shows the promise of utilizing 

PAI in evaluating perfusion and guiding treatment strategies for chronic leg ulcers. 

(a) (b)
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Figure 1.18 (a) Schematic drawings of the top and bottom scanning schemes[40]. (b) In-

vivo results from the patient with an ulcer at the plantar side of the left foot. (i)-(ii) 

Photographs of the subjectôs left foot, right foot and the ulcer which is located on the 

dorsal side of the left foot, respectively. (iii)-(iv) The PA depth-encoded MAP image of 

the dorsal side of the left foot and the right foot. (v)-(vi) The PA depth-encode MAP image 

of the plantar side of the left foot and the right foot. The imaging region for the top system 

is labeled with a blue rectangle. MAP, maximum amplitude projection. 

Another study reported by Irisawa et al. combined US imaging, PAI, and US Doppler 

using a linear array with a central frequency of approximately 9 MHz for small vessels 

imaging[46]. The system appearance and imaging results of a human hand are shown in Fig1.19. 

The system utilized in this study is based on a commercial US system (FUJIFILM FC1, 

FUJIFILM Medical Co., Ltd., Japan). A white-colored acoustic lens was formed onto the linear 

transducer array to reflect the incident light. US doppler is not sensitive to small vessels with 

slow flow velocity, while PAI could offer high-resolution imaging based on hemoglobin 

absorption. Two of the imaging modalities are complementary to each other for comprehensive 

vascular assessment. Despite its advantages, limitations include that strong skin absorption 
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signals bring background noise for visualization of the subcutaneous vascular network and it 

unable to differentiate between arteries and veins providing functional PAI information. 

 

Figure 1.19 PA system and the imaging results[46]. (a) Appearance of the components of 

the PA system. (b) Images of 3rd finger and palm acquired by scanning the transducer. 

(i) Maximum-intensity-projection image of finger tip. US Doppler and PA signal is shown 

in red and gray scale, respectively. (ii) Sliced image of (i) showing the bow-shaped artery 

in finger tip, (iii) Maximum-intensity-projection PA image of the palm, (iv) Photograph 

and imaged area of the 3rd finger and palm. 

1.4.3  PA vascular imaging systems based on circular arrays 

Due to PA systems based on linear array transducers often face the challenges of limited 

(a)

(b)

(i)

(ii)

(iii)

(ii)

(i)

(iii) (iv)
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receiving views, ring arrays and hemisphere arrays have been developed to further solve this 

problem. The study reported by Li et al. presents a powerful small-animal whole-body imaging 

technique using single-impulse panoramic photoacoustic computed tomography (SIP-PACT) 

based on a full-ring array ultrasonic transducer of 5 MHz central frequency and 50 mm ring 

radius[48], as shown in Fig1.20. This system enables to non-invasively image blood vessels 

from brain cortex and internal organs in real-time, providing detailed visualization of the 

vasculature in various anatomical regions with 125 ɛm isotropic in-plane resolution. But 

customized ring-array PA systems often entail high costs and lack US imaging function to 

provide structure information. 

 

Figure 1.20 Schematics of the SIP-PACT system and label-free SIP-PACT of small-

animal cross-sectional images of the upper thoracic cavity[48]. 

Targeting human extremities, Wray et al. developed a newly PACT system utilizing a 

full-ring array with a central frequency of 2.25 MHz and a field-of-view (FOV) of 22 cm. 
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enabling the imaging of angiographic structures in hands, arms, legs, and feet[80]. The 

experimental setup for hands imaging and the PA imaging results of hands are depicted in 

Fig1.21. The system could achieve deep penetration depth to 1.8 cm in muscular tissues and 

spatial resolution of 255 ɛm. The imaging results suggest that the developed system could be 

valuable for detecting vascular diseases and monitoring vascular health. However, most blood 

vessels depicted in the results are major vessels, without providing information of 

microvessels due to the low central frequency of the ring-array transducer. 

 

Figure 1.21 (a) Perspective cut-away views of the PACT system using latitudinal mode 

illumination[80]. (b) PA images of the volunteerôs right hand from 3D reconstruction. (i) 

Maximum amplitude projection of the PA signals along the z-axis. (ii) Color encoded 

depth image of the hand. 

(a)

(b)

(i) (ii)
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Besides full-ring transducer arrays, semi-ring transducer arrays are also be used for 

visualizing blood vessels. Chen et al. proposed to image human peripheral blood vessels with 

a novel PAI system based on semi-ring transducer array[49]. The schematics illustration of the 

PAI system and 3D PA imaging results of the vascular network of a healthy volunteerôs lower 

leg are shown in Fig1.22.  

 

Figure 1.22 Semi-ring arrays PAT system and imaging results[49]. (a) Schematics 

illustration of the dedicated PAT system of human periphery vasculature. The magnified 

image of the optical and acoustic coupling module is shown in the red dashed box. (b) 3D 

rendering of the vascular network from the lateral side of the volunteerôs left lower leg. 

(i) The imaging area of size 15 cm Ĭ 4 cm is indicated by the red dashed box. (ii) The 

screenshot of the color-encoded depth-resolved 3D rendered vascular network. (iii) View 

of the vascular network from the lateral side. (iv) A cross-sectional image with skin and 

blood vessels. 

The semi-ring transducer (Doppler Electronic Technologies Corp, China) used in the 

experiments features a central frequency of 7 MHz and 14 mm diameter in size with 256 

elements. The system can achieve approximately 15 mm deep penetration depth and around 

200 ɛm spatial resolution, with a FOV of 15 cm Ĭ 4 cm and scanning time within 50 s. 

Advantages of the semi-ring arrays compared to full-ring arrays include lower costs and 

greater flexibility for integration with other imaging modalities such as US imaging and 

(a) (b) (i) (ii)
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fluorescence imaging on the vacant side of the semi-ring arrays. Drawbacks encompass 

artifacts during reconstruction due to limited receiving views, lacking patientsô variability and 

insufficient resolution for imaging microvessels. 

1.4.4  PA vascular imaging systems based on hemispherical arrays 

The most ideal detectors for receiving PA signals are spherical arrays, as they can capture 

PA signals from all angles along their propagation route, facilitating the perfect reconstruction 

of original PA pressures. To diminish the limited-view artifacts of PA signals, some researchers 

are exploring the utilization of hemispherical arrays for imaging blood vessels. Suzuki et al. 

evaluated the usefulness of PAI for obtaining three-dimensional images of both lymphatic 

vessels and surrounding venules with a developed PAI-05 system based on a hemispherical 

array[56]. The system setup and imaging results of the lower limb of a patient are shown in 

Fig1.23. The semi-sphere array utilized in this system has 1024 elements with central 

frequency of 3.34 MHz. The system could achieve imaging depth of 2 cm and FOV of 270 

mm Ĭ 180 mm with scanning time 573 s[54]. Compared the imaging results with near-infrared 

fluorescence imaging, PAI could offer a detailed, three-dimensional representation of 

lymphatic vessels, thus enabling an enhanced understanding of their relationship with the 

surrounding venules. 
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Figure 1.23 (a) Cross-sectional view of the hemisphere array during the PA 

measurement[54]. (b) Maximum area captured with the PAI-05 system. (c) Images of the 

lower limb in a 37-year-old woman who had a history of gynecologic cancer treated with 

hysterectomy, lymph node dissection, and chemotherapy[56]. (i)-(ii) Lymphatic vessels 

Images obtained with near-infrared fluorescence imaging, PAI, respectively. (iii) Image 

obtained with PAI shows relationship between the lymph vessels and subcutaneous veins. 

Combined with deep learning techniques, Choi et al. proposed a deep learning-enhanced 

multiparametric dynamic volumetric PACT approach based on a hemispherical array, which 

only requires a clustered subset of numerous US transducer elements in comparison with 

conventional multiparametric PACT systems[57]. The schematic diagram of the system and 

imaging results of a healthy volunteerôs palm are displayed in Fig1.24. The hemispherical US 

transducer (Japan Probe, Inc., Japan) employed in this system is a customized 1024-element 

array with 2.02 MHz central frequency and 60 mm radius. The isotropic spatial resolution of 

(b)(a)

(ii) (iii)(i)(c)
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the system is around 380 ɛm along all directions for full- and sparse- view images and FOV 

is 12.8 mm Ĭ 12.8 mm Ĭ 12.8 mm along x, y, and z axes. The combination of deep learning 

with dynamic volumetric PACT enhances imaging speed with reduced data sampling to 5 Hz 

for the full view and 20 Hz for the cluster view, while maintaining image quality and offering 

a cost-effective hardware solution for hemispherical arrays. However, the customized 

hemispherical PAI system generally needs high cost and is designed exclusively for PAI, 

without integrating routinely used US functionality. 

 

Figure 1.24 Dynamic volumetric PACT system and imaging results[57]. (a) Schematic 

diagram of the DL-PACT using a hemispherical US transducer array. (b) Comparison 

of the arrangements of the transducer elements: full, cluster, and sparse views. (c) Deep 

learning-enhanced static PA imaging of a human palm in vivo. 

(a) (b)

(c)
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1.5  Motivations for PA microvascular imaging 

Applying PAI to blood vessels imaging has gain a lot of interest and development in 

recent decades, several representative systems and techniques based on different types of PA 

implementations have been summarized in last section. These studies performed on healthy 

volunteers and patients show great promise for applying PAI on peripheral vascular imaging 

to help with diagnosis and therapeutic monitoring of vascular-related diseases caused by 

diabetes, port-wine stains, free flap transplants and other peripheral vascular diseases. 

However, current PAI systems have their limitations on microvessels imaging. For OR-

PAM systems, although they can provide very high lateral resolution of microvessels down to 

10 ɛm, the penetration depth is limited to approximately 1 mm, which is only suitable for 

imaging microvessels in preclinical small animals and superficial microvessels imaging on 

human tissues. And complex system design is often required to precisely co-align optical and 

acoustic beams. While AR-PAM systems can achieve deeper imaging depth, the process of 

raster scanning is often time consuming, making the system susceptible to motion artifacts 

caused by body movement. For PACT systems based on circular arrays and hemisphere arrays, 

these customized systems usually need high costs and are designed exclusively for PAI, 

lacking the clinical routinely used US functions such as US imaging and Doppler US. The 

systems based on handheld linear arrays are the most commonly utilized systems for PA 

clinical studies, with the advantages of dual-modality PA and US imaging capabilities and 

aligning well with physiciansô clinical practice habits. Previous reported work based on US/PA 
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handheld imaging systems predominantly target larger blood vessels, without providing 

detailed information about subcutaneous microvessels with approximately 100 ɛm in size. The 

spatial and temporal imaging resolution and imaging depth are crucial for achieving the idea 

assessment results of microvessels. Especially in the context of diabetes-induced peripheral 

vascular diseases, literature assessments indicate that the development of such diseases is most 

closely related to changes in medium-sized blood vessels[82], and a depth of over 5 mm is idea 

for observing superficial peripheral blood microvessels. In addition, for certain clinical 

applications where physical contact is unsuitable, the piezoelectric materials-based US 

transducer may not be able to use. The non-contact US sensing methods and transparent US 

transducers are often in greatly desired to satisfy application requirements. As for 

microvascular PAI, a wide detection bandwidth is crucial. Although traditional techniques 

cannot simultaneously achieve multi-scale imaging (mainly due to bandwidth limitations), the 

optoacoustic mesoscopy technique developed by Dr. Vasilis Ntziachristosôs team[80] and the 

optical Fabry-Parot sensor developed by Dr. Paul C. Beardôs group[83] have significantly 

improved the detection bandwidth, making multi-scale imaging possible. However, pervious 

work based on noncontact US sensing system for PACT imaging and transparent US 

transducers have relatively low bandwidth. To overcome the limitations of the above methods, 

this thesis proposed corresponding approaches to solve the following challenges: 

(1) For human subcutaneous microvascular imaging, current imaging modalities have 

limitations in blood vessels imaging and PAI research efforts predominantly concentrate on 
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major arteries, leaving a gap in the comprehensive evaluation of microvasculature. This study 

proposed to achieve high-resolution 3D quantitative PA and US dual-modality functional 

imaging of human peripheral subcutaneous microvasculature with a high- frequency handheld 

linear array and observe hemodynamic change within microvessels. 

(2) For preclinical small animals microvascular imaging, the traditional opaque 

ultrasound transducers could hinder the transportation of the excitation light and limit the 

performance of OR-PAM system, and the bandwidth of current piezoelectric transparent 

ultrasonic transducers (TUTs) are generally low. This study proposed to employ a new 

matching layer material with bonding fabrication process, fine thickness design strategy and 

higher acoustic impedance to improve the bandwidth of lithium niobate (LN)-based TUTs. 

(3) For certain clinical applications and preclinical imaging, the coupling medium 

commonly utilized for both traditional US imaging and PAI imposes limitations to their 

implementation, such as imaging patients with skin burn wounds, intraoperative brain 

microvascular imaging and the complexity of the experimental procedures involving small 

animals. The piezoelectric-based US transducers mentioned above are not suitable for these 

applications. Current non-contact PACT systems typically feature narrow bandwidth (less than 

2.5 MHz), which are insufficient to satisfy routinely US imaging examination requirements. 

This study proposed to build a sensitive non-contact US sensing system and non-contact PACT 

system based on homodyne Mach-Zehnder interferometer with wide bandwidth. 
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1.6  The outlines of the thesis 

In the first chapter, the structure and function of microvasculature and the limitations of 

current angiography techniques are summarized. Next, the history, basic principles, and major 

implementations of PAI are introduced and several representative PAI systems for blood 

vessels imaging are reviewed. By analyzing the advantages and disadvantages of current PAI 

systems, the motivations and main contents of the thesis are presented. 

The following three chapters introduce three main studies of the thesis, respectively. The 

main research contents of the thesis are shown in Fig1.24. In the second chapter, high-

resolution 3D morphological and functional PA/US imaging of human peripheral 

subcutaneous microvasculature are achieved and hemodynamics of microvessels is monitored. 

The imaging system and procedures of experiments are first introduced. And then the PA 

images reconstruction algorithm, the detailed skin PA signals removing algorithm, optical 

fluence compensation and spectral linear unmixing methods are described. The morphological, 

functional PA/US imaging results and hemodynamic changes of microvasculature of a human 

hand are shown at last. 

In the third chapter, the background of TUTs and their developing status are introduced 

first. And then the detailed transducer design and fabrication process are presented. Next, the 

developed OR-PAM system based on the designed TUT is described. In addition, the acoustic 

and optical properties of the TUT are measured and evaluated. The phantoms and in vivo small 

animals microvascular imaging experiments further demonstrated the imaging performance of 
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the developed TUT prototype. 

In the fourth chapter, previous non-contact US sensing techniques are reviewed first and 

the system and principles of the proposed non-contact US sensing method are introduced. 

Then the non-contact PACT system is presented. The hardware, zero-crossing point detection, 

control and acquisition program, and phase correction and image reconstruction methods of 

the system are described in detail. Next, the sensitivity, bandwidth response and spatial 

resolutions of the system are measured. The results of simple and complex phantom 

experiments further validate imaging performance of the non-contact PACT systems. 

In the final chapter, the novelty and main contents of this thesis are concluded. The 

outlook of future improvement is discussed. 

 

Figure 1.25 Main research contents of the thesis. 
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Chapter 2  High-resolution 3D PA/US functional imaging of human 

subcutaneous microvasculature 

Visualizing and monitoring morphological and functional information of subcutaneous 

microvasculature plays an important role in assessing vascular relevant diseases. Current 

angiography techniques exhibit constraints in observing peripheral microvessels. Previously 

reported handheld PA/US system mainly focused on larger blood vessels without providing 

detailed information of the microvessels down to 100-ɛm scale. Some researchers explored to 

apply the system of FUJIFILM Medical Co. to perform 3D blood vessel PA structure imaging, 

but the 3D microvessel structure has relatively low SNR and high background noise signals, 

and functional information such as sO2 was not provided. In this chapter, this study 

investigated the visualization of 3D subcutaneous microvessels and monitored the 

hemodynamics of microvessels using a PA/US dual-modality imaging system with a high-

frequency probe. High-resolution subcutaneous superficial microvessels could be visualized 

with an advanced skin signal removal algorithm. In addition, a vascular occlusion experiment 

was conducted to simulate vascular-related diseases. Multiple parameters, including averaged 

PA amplitudes under two different wavelengths, Hb, HbO2, and sO2, were utilized for the 

quantitative assessment of hemodynamic changes in microvessels during normal perfusion, 

vascular occlusion, and the reperfusion process. During the vascular occlusion stage, the 

results revealed an increase in averaged PA amplitudes, Hb, HbO2, accompanied by a decrease 

in sO2. Based on the initial findings from healthy volunteers, the high-frequency 3D PA/US 
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dual-modality imaging demonstrates potential for early diagnosis and therapeutic monitoring 

of vascular-related diseases. 

2.1  PA/US imaging experiments 

2.1.1  Imaging system and imaging procedures 

All the human experimental procedures were approved by the Institutional Review Board 

(IRB) of Georgia Institute of Technology. The high-resolution US/PA dual-modality images 

were acquired utilizing the Vevo 2100/LAZR imaging system (FujiFilm VisualSonics Inc, 

Toronto, Canada) with a LZ250 linear array US transducer (Center frequency = 21 MHz, 

bandwidth = 13-24 MHz). Photograph of the US/PA dual-modality imaging system was shown 

in Fig2.1. The detailed specification of this US/PA dual-modality imaging system was 

displayed in Table2.1. The US transducer was composed of 256 elements and the acquisition 

channel number of US platform was 64. Four laser pulses were required to form one PA 

imaging slice. Throughout the imaging procedure, a healthy volunteer immersed the hand in a 

water tank, with ensuring full submersion of both the hand and the transducer in the water, as 

illustrated in Fig2.2 (a). Preceding the imaging process, a thorough examination and removal 

of any potential air bubbles beneath the transducer were meticulously performed. The imaging 

region of interest was positioned at the co-focal point of both the US and light beams, 

specifically at an imaging depth of approximately 10 mm. To demonstrate the structure of 

human peripheral microvessels better with deeper imaging depth, the Optical parametric 

oscillators (OPO) pulsed laser (Vevo LAZR, VisualSonics, Inc.) with a pulse duration of 7 ns 
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was adjusted to a single wavelength of 860 nm operating at 20 Hz to generate the PA signal. 

The 860nm wavelength was chosen because of the deeper penetration depths that can be 

achieved with near-infrared light, as well as the relative high energy of the OPO laser at this 

wavelength. The optical fluence applied on the skin surface was measured to be approximately 

7.5 mJ/cmĮ, well below the safety limits set by the American National Standards Institute 

(ANSI), which was calculated to be 20.9 mJ/cmĮ at 860 nm[81]. To acquire 3D US/PA dual-

modality images, the translation stage drove the probe to scan along one dimension. A 

sequence of 2D images was stacked together to construct volumetric US and PA images, and 

the maximum amplitude projection (MAP) could be visualized by calculating the maximum 

value along each depth profile in 3D data, as depicted in Fig2.2 (b). 

 

Figure 2.1 Photograph of Vevo 2100/LAZR PA/US dual-modality imaging system. 

US console

Laser

Transducer(LZ250) combined with optical 

fiber bundles and translation stage

PAI system

Vevo LAZR/Vevo 2100 imaging system 

(FujiFilm VisualSonics Inc, Toronto, Canada)

Laser protect cabinet
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Table 2.1 The specification of the US/PA dual-modality imaging system. 

 Specification Value 

US/PA dual-modality 

imaging system 

Imaging system 
Vevo 2100/LAZR imaging system, 

FujiFilm VisualSonics Inc 

Channels number 64 

Transducer 

Model LZ250 

Center frequency 20 MHz 

Bandwidth 13-24 MHz 

Width of transducer 23.04 mm 

Element numbers 256 

Element size 90 ɛm 

Scanning step size 0.152 mm 

Focal length 10 mm 

Laser 

Tunable laser 
Flashlamp pumped Q-switched 

Nd:YAG laser 

Pulse repetition rate 20 Hz 

Wavelength 680-970 nm 

Pulse duration 2-10 s 

 

Figure 2.2 (a) The photograph of imaging experiment with the Vevo LAZR system. (b) A 

sequence of 2D PA slides formed the 3D volume and acquired MAP. 
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During the imaging experiments, three different sites of human hand including the 

dorsum of hand, nail and finger were imaged, as shown in Fig2.3. For the imaging of the 

dorsum of hand and nail, the scanning range for a single volume was 30.02 mm along the x 

axis with a 0.152 mm step size, and 23.04 mm along the y axis with 256 elements, 

corresponding to the imaging width of the US transducer. The total imaging time for acquiring 

197 frames was approximately 39 s.  

 

Figure 2.3 Photograph of a healthy volunteerôs hand. Three different imaging sites 

including the dorsum of hand, nail and finger were shown in the red boxes. 

To acquire functional information of blood microvessels, two wavelengths of 750 nm and 

830 nm were switched back and forth to perform spectral PAI on healthy volunteerôs fingers 

to calculate sO2. For the imaging of fingers, the scanning range for a single volume was 19.96 

mm along the x-axis with a 0.152 mm step size. The total imaging time for acquiring 131 

frames for one wavelength was 26 s, for two wavelengths multiwavelength imaging was about 

1 second for 1 frame. 

In the comparative imaging experiments of nailfold, a fully apochromatic corrected stereo 
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microscope (M165 FC, Leica microsystems, Germany) was employed in conjunction with a 

microscopy digital camera (DCC1240M, Thorlabs, USA) to illustrate the comparative 

structure of the microvessels at the nailfold. 

2.1.2  Vascular occlusion experiments 

To further demonstrate the systemôs capability in monitoring the hemodynamics within 

blood microvessels and simulating pathological conditions such as PVD, vascular occlusion 

experiments were performed on a healthy volunteer. Before the experiments, the healthy 

volunteer was asked to rest for a duration of 5 minutes to mitigate the impact of motion on 

heart rate and blood flow. Two wavelengths of 750 nm and 850 nm were utilized to perform 

functional PAI on the dorsum of hand. The optical exposure on the skin was well below the 

maximum permissible exposure level for all wavelengths, 25 mJ/cm2 for 750 nm, 36.39 

mJ/cm2 for 830 nm, and 39.9 mJ/cm2 for 850 nm[81]. The scanning parameters for a single 3D 

volume were set as 10.21 mm with 67 slides to reduce scanning time. The step size was 

maintained at 0.152 mm.  

The vascular occlusion experiments can mainly be divided into three stages: normal 

perfusion, vascular occlusion, and reperfusion. Before occlusion, the scanning was conducted 

under normal perfusion for 150 s, roughly aligning with the time required for scanning a single 

3D volume using two wavelengths. Subsequently, an elastic rubber band was employed to 

induce occlusion of blood flow in the veins of the upper arm. Throughout the occlusion stage, 

both PA and US images were continuously recorded to track hemodynamics in microvessels 



 

45 

for 450 s. After occlusion, the elastic rubber band was released, and 3D PA images under two 

wavelengths and US images were recorded to observe the reperfusion process in blood 

microvessels for 300 s. The process of vascular occlusion experiment was displayed in Fig2.4. 

 

Figure 2.4 Schematic diagram of the vascular occlusion experiment process. The US 

transducer was scanning along one dimension during normal perfusion (150 s), vascular 

occlusion (450 s), and reperfusion (300 s) stages. (Created with BioRender.com). 

To quantitatively analyze hemodynamics process with higher temporal resolution, a 2D 

vascular occlusion experiment was conducted. In the 2D experiment, the US transducer was 

fixed at a specific position on a healthy volunteerôs finger instead of scanning along one 

dimension, enabling to continuously monitor the hemodynamic change of PA signal 

amplitudes under two wavelengths. The normal perfusion was recorded for 120 s, vascular 

occlusion period lasted approximately 340 s, and reperfusion was recorded for 120 s. Due to 
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the slow wavelength conversion speed, the frame rate was about 1 second for acquiring a 

PA/US image under one wavelength. But compared to 3D occlusion experiment, the 2D 

experiment can still provide much more detailed variation curve about hemodynamics during 

vascular occlusion experiments. 

2.2  Images reconstruction and processing 

2.2.1  Data export and PA images reconstruction algorithm 

To be able to process PA/US images offline, the acquired PA data can be exported from 

Vevo imaging system either in in-phase quadrature (IQ) data format or RAW data format. IQ 

data was generated by quadrature sampling of Radio Frequency (RF) signals, which is the 

most unprocessed data format. RAW data was the video processed data as displayed in screen, 

which was extended by adding file structuring and transition to higher bit depth formats 

compared to Vevo 770 file. Raw data underwent a lot of image processing to enhance the 

signal to noise ratio (SNR) and contrast of images, it can sacrifice the resolution of final 

reconstructed PA images. Since IQ data can better preserve the original information of data 

without any additional image processing, it is more helpful to be used to visualize some 

detailed information of microvessels. The comparison results of the measured lateral 

resolution of PA images at 10 mm imaging depth using a 15 ɛm tungsten wire by two format 

data separately were displayed in Fig2.5. The results show that the reconstructed PA images 

have lateral resolution of 160 ɛm based on IQ data and 414 ɛm based on Raw data, respectively. 

It demonstrated that the PA images reconstructed from IQ data can provide much higher lateral 
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resolution images than Raw data. Furthermore, the PA images of human fingers reconstructed 

from IQ data and Raw data were shown in Fig2.6. The results further validate the high 

resolution of the PA images reconstructed from IQ data. Much finer structure of more 

microvessels can be distinguished in IQ data reconstructed results. Therefore, this study opted 

to utilize IQ data for PA image reconstruction. 

 

Figure 2.5 Comparison results of the measured lateral resolution of PAI at 10 mm depth 

by (a) IQ data and (b) Raw Data, respectively. The PA images reconstructed by IQ data 

shows the lateral resolution as 160 ɛm. The PA images reconstructed by Raw data shows 

the lateral resolution as 414 ɛm.  

 

Figure 2.6 Comparison PAI results of human fingers by (a) IQ data and (b) Raw Data, 

respectively. The PA images reconstructed from IQ data show higher resolution than 

Raw data. Scale bars, 2 mm. 
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To reconstruct PA images, the input IQ data was interpolated to increase the sampling 

rate, typically by a factor of 16. Next, the interpolated IQ data was multiplied by a complex 

exponential to reconstruct the RF data. In this step, the center frequency of IQ data can be 

shifted back to the center frequency of US transducer, which is 21 MHz in this study. Then 

delay-and-sum beamforming algorithm was applied for the reconstruction of PA images. 

Beamformed IQ data can thus be written as the following equation: 

Ὓ ὼȟώ ὍὗὭȟ†ὼȟώȟὭὩ ȟ ςȢρ 

where Ὓ ὼȟώ is the beamformed signal at position ὼȟώ and ὍὗὭȟ† is the received 

IQ signal of the Ὥ-th transducer element at time †. †ὼȟώȟὭ stands for the delay time, which 

is the propagation time of acoustic wave generated at ὼȟώ to the Ὥ-th transducer element. 

Ὢ is the center frequency of US transducer, which is also the frequency used for downmixing 

during IQ signal demodulation. The schematic diagram of signal beamforming of a linear array 

transducer was shown in Fig2.7. 

In delay-and-sum beamforming processing, firstly, arrays were initialized to store the 

beamformed data and intermediate processing variables. Secondly, it looped over rows and 

columns corresponding to different depths and elements in the transducer array. Thirdly, each 

element in the transducer array applied a time delay to the received signal based on its position 

relative to the desired focal point. Both coarse and fine delays are calculated based on the 

depth and position of the element. Fourthly, the RF data was summed up from all elements to 



 

49 

form the beamformed images. For US imaging reconstruction, the beamforming was 

performed on hardware, the reconstructed US images can be obtained directly. PA and US 

images were spatially aligned and could be shown at merging results. 

 

Figure 2.7 Schematic diagram of signal beamforming. It illustrated the relationship 

between the beamformed signal at reconstructed point ●ȟ◐ and the received signal at 

░-th transducer element. The distance between element and reconstructed point can be 

calculated by multiplying delay time and the sound speed in tissues as Ⱳ░z ╬. The gray 

elements represent the transducer elements, and blue area stands for the reconstruction 

area. 

2.2.2  Skin PA signals removal algorithm 

As melanin in the dermis layer of skin demonstrates pronounced absorption compared to 

other endogenous absorbers in biological tissues within the operating wavelength range of 

680-980 mm[31], as shown in Fig1.13, resulting in the generation of strong PA signals on the 

surface of skin, particularly noticeable in individuals with darker skin tones. In order to 

visualize the PA signals emanating from the subcutaneous blood microvessels network, it is 

crucial to effectively eliminate the PA signal originating from the superficial epidermal layer. 
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To tackle this challenge, a strategy to remove the skin surfaceôs PA signal was introduced, 

leveraging both PA and US images. A simplified process of skin PA signals removal algorithm 

was shown in Fig2.8. 

 

Figure 2.8 Process of skin PA signals removal algorithm. 

Firstly, the size of B-scan US images was resized to the same size of PA images for each 

slide image. Then media filtering and binarization algorithms were applied to US images to 

recognize the position of skin surface contours. The filter fineness can be changed by adjusting 

parameters in the median filtering function, which employed the median value of a certain 

number of neighborhoods around the corresponding pixel in the input image. Next, the 

coordinates of the skin surface contour were input into PA images. Subsequently, the amplitude 

of PA signals above these identified contours was set to zero to eliminate strong background 

Set a threshold as half of the max 

value along each depth column

Set all the data before the 

skin contours as 0

Smooth the skin contours

Remove background signals

Remove skin PA signals

Compare the amplitudes of skin 

and blood vessels PA signals

Recognize the second coordinates 

corresponding to the threshold 
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signals, which may be generated from dust particles in the water or fine hairs above the skin 

surface. Moreover, the PA signals were retained at a defined depth beneath the skin surface, 

effectively eliminating strong reflection signals originating from the interfaces of tissue and 

bones. The strategy and results of removing the background PA signals are shown in Fig2.9. 

 

Figure 2.9 The strategy and results of removing background PA signals. (a) US image of 

a human finger. (b) PA image of a human finger before removing background signals. 

The white lines show the recognized skin surface and the boundary of removed bones 

artifacts. (c) PA image of a human finger after removing background signals. All scale 

bars, 2 mm. 

Secondly, the difference between the amplitude of the skin signals and the blood vessel 

signals was analyzed in Fig2.10 (a). There are four main scenarios, as shown in Fig2.10 (b): 

1) the amplitude of the skin signals is much stronger than the blood vessels signals; 2) the 

amplitude of the skin signals is comparable to the blood vessels signals; 3) the amplitude of 

Min Max Min MaxPA amplitude (a.u.) US amplitude (a.u.)

Min MaxPA amplitude (a.u.) 
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the blood vessels signals is stronger than the skin signals; 4) the amplitude of the skin signals 

and blood vessels signals are both weak.  

 

Figure 2.10 (a) The PA images of a healthy volunteerôs finger. (b) Different relationship 

between the amplitude of the skin signal and the blood vessel signal. (i) The skin signal 

is much stronger than the blood vessels signal; (ii) The skin signal is comparable to the 

blood vessel signal; (iii) The blood vessel signal is stronger than the skin signal; (iv) The 

skin signal and blood vessels signal are both weak. Letter S and B represent the skin 

signal and the blood vessel signal, respectively. 
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As the amplitude of the skin signals is generally higher than the blood vessel signals 

along most of the depth profile, firstly, the PA signals along each depth profile were smoothed 

to avoid the effects of burr signals. Then the adaptive thresholds were set as half of the 

maximum amplitude of the signals along each depth profile, as shown in Fig 2.11 (a). The 

second depth coordinate at which the threshold value attained in each depth profile was 

identified as the position of the lower boundary of skin PA signals, as shown in Fig2.11 (b). 

To address other scenarios mentioned above, the smoothing algorithm was employed to correct 

the coordinate along the skin surface, minimizing the impact of any outlier signals. Thirdly, 

the PA signals of the skin were effectively eliminated by setting the value of signals above the 

identified skin lower boundary as zero. 

 

Figure 2.11 The recognition of the lower boundary contours of skin. (a) Set a threshold 

to recognize the position of the skinôs lower boundary. (b) Smooth the skinôs lower 

boundary to minimize the impact of outlier signals. Letter S represents the skin signal. 

An alternative method to eliminate the PA signal of the skin involves subtracting a 

specific depth of PA signal along the normal direction below the skin surface. The depth was 

determined from corresponding US images, assuming that skin thickness is constant in a 

localized region. However, this approach may unintentionally eliminate some signals of the 
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small blood vessels located very near the epidermal layer and is not suitable for areas with 

large changes in skin thickness. A representative comparative skin PA signals removal result 

of human finger based on this method and the strategy mentioned above is depicted in Fig2.12. 

 

Figure 2.12 Compare the results of skin PA signals removal between based on US/PA 

images and only based on US images. (a) A representative PA slice of a human finger. (b) 

The skin PA signals segmented based on both US/PA images methods mentioned in this 

section. (c) The skin PA signals segmented based on only recognizing the skin contour 

from US images. The dashed white oval boxes show the PA signals which were not 

removed completely or were removed excessively. All scale bars, 2 mm. 

From the comparative results, the skin PA signals removal results based on both PA/US 

images can remove the unwanted skin PA signals completely without remove the PA signals 

of small blood vessels near the skin. However, the skin PA signals removal results based on 

only US images still removed some PA signals of small blood vessels at the middle of fingers 

and did not remove the PA signals completely at the sides of fingers. These results can 

contribute to two main reasons. Firstly, the thickness of the skin was not uniform across all 

areas. Secondly, the fingerôs shape differs from the dorsum of the hand, with a curved skin 

surface. Directly subtracting a specific depth could result in excessive removal of skin from 

the middle part of the finger while inadequately removing skin from the sides.  

Thus, the skin PA signals removal method based on PA/US images is more suitable for 
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the circumstance where most skin PA signals are stronger than blood vessels signals, and the 

skin PA signals removal method based on US images is more suitable to the other three 

situations mentioned in Fig2.10.  

2.2.3  Tissue optical fluence compensation method 

In most biological tissue, light has strong scattering in the scattering media. The photon 

transport in biological tissue can be modelled by the radiative transfer equation (RTE)[29]. The 

important parameters in RTE include absorption coefficient ‘, scattering coefficient ‘, and 

transport scattering coefficient ‘ which is related to the transport direction of photons. RTE 

does not have an accurate solution, but it can be solved by numerical calculation such as Monte 

Carlo stimulation or other computational modeling stimulation based on diffusion 

approximation. The fluence rate at different depth with plane wave illumination can be 

approximately expressed as: 

Ὂ‗ȟÒ Ὂ ‗Ὡ ȟȿȿȟ ςȢς 

where Ὂ  is wavelength-dependent incident optical fluence (mJ/cm2), Ò   is the imaging 

depth. ‘ σ‘ ‘ ‘  , in which transport scattering coefficient ‘ ρ

Ὣ‘  
 and Ὣ is the anisotropy coefficient. 

To better quantitatively analyze the PA signal, the local optical fluence of 3D PA images 

was compensated along the depth normal direction according to Beerôs law[78]. The biological 

tissue was segmented into the skin layer and subcutaneous layer separately, each layer 

employing separate parameters for optical fluence compensation based on the depth map along 
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the normal direction of the skin. The schematic diagram of imaging process of segmenting 

skin tissue, subcutaneous tissue and generating the separate mask and depth map is shown in 

Fig2.13 (c)-(f), separative. The optical properties of the human skin and subcutaneous adipose 

tissue were obtained from reference[82], as described in Table2.2. 

Table 2.2 The absorption coefficient and reduced scattering coefficient of skin layer and 

subcutaneous tissue layer. The ñsubò stands for the subcutaneous tissue. 

Wavelength (nm) Absorption coefficient (cm-1) Reduced scattering coefficient (cm-1) 

750 
‘ ίὯὭὲπȢφπψ ‘ ίὯὭὲρψȢτ 

‘ ίόὦ πȢ40 ‘ ίόὦ ρτȢχψ 

850 
‘ ίὯὭὲπȢφτχ ‘ ίὯὭὲρυȢφφ 

‘ ίόὦ πȢσφ ‘ ίόὦ ρσȢπσ 

The optical fluence compensation of the skin and subcutaneous tissue is based on: 

Ὂ‗ȟὶ Ὂ ‗Ὡ ȟ ȿȿ ȟ ȿȿȟ ςȢσ 

where Ὂ  is wavelength-dependent incident optical fluence (mJ/cm2), ὶ  is the distance 

between skin surface and the location in skin layer, ὶ is the distance between skin surface 

and the location of interest in subcutaneous layer. ‘   and ‘   are the effective 

attenuation coefficient in skin layer and subcutaneous tissue layer, respectively.‘

σ‘ ‘ ‘ , in which both absorption coefficient and transport scattering coefficient are 

wavelength and tissue properties dependent. 

The series of PA signals after optical fluence compensation are illustrated in Fig2.13 (g). 
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To enhance the SNR of the PA images, background noise signals within the tissue were 

reduced by implementing a threshold on the PA images. This threshold was determined based 

on a noise level value derived from each depth profile signal. 

 

Figure 2.13 Schematic diagram of image processing for optical fluence compensation in 

tissues. (a) US B-mode and (b) PA images of the dorsum of a human hand. (c) Segmented 

skin tissue and (d) subcutaneous tissue. (e) Mask of skin layer and subcutaneous tissue 

layer. (f) Depth map of tissue. (g) The PA signals after compensation. All scale bars, 2mm. 

2.2.4  Oxygen saturation calculation and vascular segmentation 

With the foundation of PA signals following optical fluence compensation at two distinct 
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wavelengths, more precise calculation of sO2 results could be achieved. sO2 is the fraction of 

the molar concentration of oxyhemoglobin to the total hemoglobin concentration: 

ίὕ ὼȟώȟᾀ
ὅ ὼȟώȟᾀ

ὅ ὼȟώȟᾀ ὅ ὼȟώȟᾀ
ȟ ςȢτ 

where ὅ  and ὅ  are the molar concentration of oxyhemoglobin and deoxyhemoglobin, 

respectively. And x, y, and z denote the spatial coordinates, separately. 

After normalizing the energy fluctuation of different pulses and calibrating energy 

difference of OPO laser under different wavelengths, a linear unmixing method was employed 

to calculate PA sO2 value[83]: 

ὖ
ὴ‗

ὴ‗

‐ ‗     ‐ ‗

‐ ‗     ‐ ‗

ὅ

ὅ
ὓὅȟ ςȢυ 

where ὴ‗  and ὴ‗  are the PA amplitude after fluence-normalization and calibration at 

wavelength ‗  and ‗ , respectively. ‐ ‗   and ‐ ‗   are the molar extinction 

coefficients of Ὄὦὕ  and Ὄὦ  respectively. For multi-wavelengths unmixing, the PA 

amplitudes and molar extinction coefficients under multi-wavelengths can be added by 

increasing the number of rows in the matrix, Eq. (2.5) still works for solving the PA sO2 value. 

By applying the pseudo-inverse matrix of M on both sides of the equation, and 

substituting the corresponding molar extinction coefficients under two wavelengths into the 

equation, the relative concentration matrix can be calculated as: 

ὅ ὓ ὓ ὓ ὖȟ ςȢφ 

where ὓ  is the transpose matrix of M. Then the sO2 results can be obtained from Eq. (2.4). 
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As some background PA signals can introduce noise and abnormal value to sO2 results, 

this study implemented two threshold values for noise elimination. Firstly, the value below 0.1 

times the maximum value of the whole image was identified as noise signals and set to 0. 

Secondly, the sO2 values below 0 or above 1 were regarded as abnormal value and set to 0. 

To better visualize the 2D sO2 results from 3D data, firstly, the depth coordinates were 

obtained from the calculation of the MAP results of 850 nm PA data, which were also the depth 

coordinates used to represent sO2 in 2D. Secondly, the depth coordinates were put into the 3D 

sO2 data and 2D sO2 results can be obtained. However, this initial 2D sO2 result was very noisy, 

making it difficult to discern the morphology of blood vessels due to background noise during 

sO2 calculation. Thirdly, Frangi filtering was employed to segment blood vessels and generate 

a binary blood vessels mask from the MAP results of 850 nm PA data. In Frangi filtering, four 

key parameters need to be considered, including FrangiScaleRange, FrangiScaleRatio, 

FrangiBetaOne and FrangiBetaTwo. The meaning and functions of these parameters are: 

1. FrangiScaleRange: This parameter defines the range of scales or sized of structures 

that Frangi filtering put into calculation. It shows that the filter is sensitive to 

structures of different sized within this range. 

2. FrangiScaleRatio: This parameter represents the ratio between consecutive scales. A 

higher ratio would mean a larger gap between the scales being considered. A ratio of 

1 indicates that the scales are evenly spaced. 
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3. FrangiBetaOne: This parameter influences the sensitivity of the filter to blob-like 

structures. A lower value makes the filter more sensitive to small and bright structures. 

4. FrangiBetaTwo: This parameter is related to the sensitivity of the filter to linear 

structures. A higher value increases the filter's response to linear structures, such as 

vessels in medical imaging. 

Through adjusting these parameters precisely according to the characteristics of PA 

images, the blood vessels can be segmented. Subsequently, the visualization of sO2 results in 

2D was able to be achieved by multiplying the blood vessel mask with the calculated sO2 

obtained in the second step. 

2.3  Results 

2.3.1  The lateral and axial resolution measurement of PAI 

To evaluate the lateral and axial resolution of the PAI within the system, a tungsten wire 

with a diameter of 15 ɛm was employed as a point source for testing. The measured results for 

the lateral and axial resolution of PAI were approximately 160 ɛm and 80 ɛm respectively at 

the optimal imaging depth of 10 mm for the probe. The cross-section PA images of the tungsten 

wire and the measured resolution at 10 mm depth are illustrated in Fig2.14 (a). Additionally, 

the lateral and axial resolution at the depth near the optimal imaging depth were also evaluated, 

as shown in Fig2.14 (b) and (c). The resolution curves were plotted by fitting the raw data with 

Gaussian function. The lateral resolution results increase with the escalation of depth, which 
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may mainly contribute from the reconstruction algorithm which applies all the transducer 

elements for reconstruction, leading to the corresponding increasement of F-number with 

depth. The axial resolution results remain the similar value at different depth because it is 

mainly determined by the center frequency and bandwidth of US transducer. 

 

Figure 2.14 (a) The results of resolution measurement using a 15 ɛm tungsten wire at 10 

mm imaging depth. The (b) lateral and (c) axial resolution measurement results of PAI 

at different imaging depth. 

2.3.2  3D high-resolution PA/US imaging of microvessels 

Imaging was performed at different sites on the human hand, including the dorsum of the 

hand, fingernail, and fingers. The US, PA, and merged imaging slice results of the dorsum of 

a human hand are shown in the left column of Fig2.15.  
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Figure 2.15 US/PA morphological slide and 3D imaging results of microvessels on the 

dorsum of a human hand. The comparative PA MAP results before and after skin signals 

removal demonstrate high-resolution microvascular imaging after skin signals removal. 

W and w/o represent ñwithò and ñwithoutò respectively. All scale bars, 2 mm. 

In US slice, the high-resolution structures of skin, subcutaneous tissue including the 

subcutaneous fat, fascia, collagen and elastin fibers, and bones and so on are depicted in detail. 

The US B-mode result primarily depicts big vessels shown as dark circular regions within the 

images. In contrast, the PA slice provides more detailed information of blood microvessels, 

demonstrating high SNR and enhanced contrast. While the larger blood vessels in both US 

and PA images are well-aligned spatially, the PA images predominantly reveal the upper and 

lower boundaries of these vessels. This phenomenon may be attributed to two primary factors. 
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Firstly, the US transducer used features a high center frequency of 21 MHz but has a limited 

bandwidth (13-24 MHz), making it mainly responsive to imaging targets within the size range 

of 62.5 ɛm to 115 ɛm. Secondly, the linear array US transducer has a restricted receiving view, 

making it particularly sensitive to PA signals propagating perpendicularly toward the 

transducer, as documented in the reference[65]. So the PA signals emanating from the side of 

vessels may not be well received. 

The comparison results of MAP before and after the removal of skin surface PA signals 

show a significant improvement in the visualization of the blood microvessel network after 

skin signals removal. Before the removal of skin surface signals, the MAP results 

predominantly exhibit strong melanin absorption in the PA signals on the skin surface. Some 

artifacts can be observed in the PA MAP results, which may be attributed to the unintentional 

body movement during scanning. Moreover, a 3D volumetric PA image presented in the 

second column of Fig2.15, offers a comprehensive representation of the blood microvessel 

network in three dimensions. While the imaging depth for PA can extend beyond 10 mm, the 

optimal PA imaging depth for the human hand is typically within 5 mm, due to strong acoustic 

reflection at the bone-tissue boundary and relatively low laser energy intensity. Additionally, 

the 3D volumetric US rendering imaging results depict the visualization of the skin surface 

contours and two large blood vessels corresponding to PA images. 

In addition to the dorsum of the hands, this study expanded the imaging scope to 

encompass the fingernails and fingers of human hands. These two anatomical regions, 
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positioned closer to the extremities of the human limbs, hold particular significance in the 

context of diseases such as critical limb amputation. In Fig2.16, the US and PA imaging results 

of human fingernail are presented.  

 

Figure 2.16 US/PA morphological slide and 3D imaging results of fingernail. PA MAP 

results without skin signals reveal the microvessels on nails and fingers. The white box 

with dashed lines shows the proximal nailfold. W and w/o represent ñwithò and ñwithoutò 

respectively. All scale bars, 2 mm. 

The US imaging results offer a clear depiction of the morphological shape of the 

fingernail. In the PAI results, the PA signal originating from microvessels in the nailfold and 

the finger becomes apparent after the removal of skin surface signals. Notably, the nailfold is 

one of the best windows to observe microcirculation. The microvessels in the nailfold exhibit 
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a distinctive pattern of growth towards the fingertip, consistent with microscopic imaging 

results obtained through microscopy in the literature[84]. The results of nailfold acquired by a 

stereo microscope and the photo of ring finger are displayed in Fig2.17, further validating PA 

imaging results. The 3D PA volumetric results provide more comprehensive understanding of 

subcutaneous microvessels on nails and fingers. And 3D US imaging results depict finger 

morphology in high-resolution. 

 

Figure 2.17 The results of nailfold microvessels acquired by a stereo microscope (left) 

and photo of the ring finger (right). 

Furthermore, the US imaging and spectral PA imaging at two distinct wavelengths of 750 

nm and 850 nm were performed on human fingers, and the results are shown in Fig2.18. PA 

images revealed a wealth of detailed information about the microvascular network. 

Specifically, images captured at 750 nm offer a clear depiction of microvessels within the 

shallower tissue layers, while those obtained at 830 nm showcase microvessels in the deeper 

layers of tissue.  

Microvessels

4mm
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Figure 2.18 US/PA morphological imaging results of human fingers under two 

wavelengths 750 nm and 830 nm, respectively. All scale bars, 2 mm. 

 

Figure 2.19 US/PA functional imaging and 3D imaging results of human fingers. (a) 

Binary microvessels mask. (b) sO2 of microvessels. (c) 3D US imaging results of human 

fingers. (d) 3D PA imaging results of microvessels. Scale bar, 2 mm. 
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Implementing fluence compensation for both wavelengths and utilizing the linear 

spectrum unmixing algorithm, the results of sO2 offered functional insights into the 

microvascular network, as shown in Fig2.19 (b). It is noteworthy that the observation of two 

blood vessels situated on the side of the fingers demonstrated sO2 levels close to 100%, 

aligning with the anatomical position of the dorsal digital arteries. Furthermore, as illustrated 

in Fig2.19 (c) and (d), corresponding arteries are discernible in the 3D US imaging outcomes. 

3D PA imaging results provide volumetric visualization of microvessels. 

2.3.3  Quantitative PAI of hemodynamics in vascular occlusion experiments 

For the quantitative assessment of 3D functional information about blood microvessels 

from PA images, five essential parameters are calculated. These parameters include average 

PA intensity at two distinct wavelengths, the concentrations of Hb and HbO2, and sO2 level. 

The evaluation is conducted under three diverse conditions, encompassing normal perfusion 

(150 s), venous occlusion (450 s), and reperfusion (150 s), as depicted in Fig2.20. The 

comparative analysis of MAP results indicates that, during the vascular occlusion, there is a 

notable elevation in the average PA intensity across two wavelengths. Additionally, heightened 

levels of both Hb and HbO2 are also observed. The phenomenon can be attributed to venous 

occlusion, which hinders venous blood from returning back to the heart, inducing the pooling 

of venous blood. While the arteries can still deliver nutrients and oxygen to the tissues. As a 

result, an acculturation of blood in the tissues occurs, leading to an increased intensity of the 

PA signal. Nevertheless, a slight decrease in the sO2 level is observed during vascular 
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occlusion, likely attributed to an increased rate of oxygen consumption induced by the blood 

accumulation. Throughout the reperfusion process, sO2 levels experienced an initial brief 

increase, followed by a return to close to baseline levels observed during normal perfusion. 

This effect can be associated with the abrupt surge in venous blood flow upon cuff release, 

potentially linked to reactive hyperemia[85]. 

 

Figure 2.20 MAP of 3D hemodynamic change of five parameters including average PA 

intensity under 750 nm and 830 nm wavelengths, Hb, HbO2, and sO2 during normal 

perfusion, venous occlusion, and reperfusion process. Scale bars for all the images, 2 mm. 

 The quantitative results of the dynamic change in one fixed frame further validate the 

aforementioned findings and provide more detailed variation trends with higher temporal 

resolution, as presented in Fig2.21.  
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Figure 2.21 Quantitative 2D dynamic change results of PA intensity under (a) 750 nm, (b) 

850 nm, (c) Hb, (d) HbO2 and (f) sO2 during normal perfusion, venous occlusion, and 

reperfusion process. The Left and right green line represent the beginning and the end 

of occlusion, respectively. (e) The representative vein and artery in human fingers 

utilized to calculate Hb and HbO2. Scale bar: 2 mm. 

The trend of the curves aligns consistently with the results of the 3D vascular occlusion 

experiment. To observe changes in Hb and HbO2 levels, signal analysis is selectively 
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performed on a major vein and artery that exhibited strong PA signals from Fig2.21 (e). All 

PA amplitudes at 750 nm, 850 nm, Hb, and HbO2 demonstrated significant increases during 

the venous occlusion stage. sO2 levels decreased during venous occlusion, followed by a slight 

rise post-release, and subsequently returned to the baseline observed during normal perfusion. 

During reperfusion, the PA amplitude slightly exceeded that of normal perfusion, which may 

be attributed to the necessity of maintaining a consistent hand gesture for over 10 minutes, 

subtly impeding the blood flow process. 

2.4  Discussion and conclusion 

In this chapter, this study achieved the visualization of the 3D, high-resolution volumetric 

peripheral subcutaneous microvascular network (with diameters of <100 ɛm) noninvasively 

and non-contrastingly using a US/PA dual-modality imaging system with a high-frequency 

handheld probe. Additionally, quantitative functional information about these microvessels 

was extracted through spectral PA imaging. Due to the small size and widespread distribution 

of arterioles and venules in human tissues, microvascular diseases can manifest before 

noticeable tissue dysfunction, such as PVD, diabetic foot ulcers, and critical limb ischemia. 

Studying microvessels has the potential to provide valuable clinical insights for early diagnosis 

of diseases and monitoring of therapeutic interventions of vascular-related diseases. In the 

venous occlusion experiment, hemodynamic changes were assessed using multiple parameters, 

including averaged PA amplitudes under dual wavelengths, levels of Hb, HbO2, and sO2. The 

evident difference observed before and after venous occlusion further validates the systemôs 
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potential to distinguish between normal and pathological blood microvessels. This capability 

may provide crucial information for determining limb salvage strategies. The observed 

hemodynamic changes align with near-infrared spectroscopy (NIRS) technology[85, 86], a 

standard method for tissue oximetry, and findings from other previous relevant PA imaging 

results[87, 88]. 

High-resolution 3D US/PA dual-modality morphological and functional imaging 

information of microvessels was detailed visualized in this study. However, several limitations 

still exist, and some improvements could be implemented. Firstly, body movement can 

introduce image misalignment and artifacts during long-time scanning, particularly in multi-

wavelengths PA spectral imaging. This problem can be alleviated by implementing advanced 

movement correction algorithms or by employing OPO lasers with faster wavelength 

conversion speed and higher pulse repetition rate to improve overall imaging speed. As this 

system requires four laser pulses to form a PA image, the imaging speed could be further 

improved by increasing the number of US acquisition channels. In addition, only a limited 

number of volumetric PA results can be acquired during venous occlusion experiments. Higher 

imaging speed could also help to better monitor the 3D details of hemodynamic change 

process. Secondly, the imaging depth of the system is presently confined to approximately 5 

mm in tissues. This limitation could potentially be addressed by employing a laser with a 

higher energy density while satisfying laser safety standards, thereby extending the achievable 

imaging depth. Thirdly, experiments were only performed on human hands. Considering that 
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conditions like PVD and diabetic foot ulcers predominantly affect the lower limbs, future 

improvements would extend the scope to include investigations on the arterioles and venules 

at lower extremities for a more comprehensive understanding. Future work will concentrate 

on conducting a comparative analysis of the 3D quantitative PA and US imaging results 

between healthy volunteers and patients with PVD and diabetes mellitus. This endeavor aims 

to further validate the efficacy of our methods in clinical applications. 
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Chapter 3  Photoacoustic microscopy imaging of small animal 

microvessels based on broadband TUT 

Preclinical small animal studies play a crucial role in biomedical research. Preclinical 

animal testing provides valuable information and understanding prior to early feasible testing 

in humans and human clinical trials, aiming to validate the safety and efficacy of novel 

technologies and therapies. In order to perform PA microvascular imaging on small animals, 

the difference of structure and size of bodies between humans and small animals needs to be 

considered. Due to the larger blood vessels in human bodies compared to small animalôs bodies, 

PA/US dual-modality imaging systems with linear arrays introduced in Chapter 2 often have 

relatively large pitch size, which may not provide enough lateral spatial resolution to 

effectively distinguish and image small animalsô microvasculature. In addition, human has an 

averaged skin thickness of 2 mm[89] while mouse only has an averaged thickness of 0.5 mm. 

The thin skin thickness of mouses allow the light beams to be focused onto the subcutaneous 

microvessels. OR-PAM as one of the major implementations in PAI, it can provide high lateral 

resolution down to several ɛm by focusing the light beams, making it one of the most used 

techniques for small animal subcutaneous microvascular PAI. 

In traditional OR-PAM systems, the piezoelectric-based US transducers are usually 

opaque. The conventional opaque US transducers may impede the transmission of excitation 

light and constrain the performance of OR-PAM systems. In response, TUTs with piezoelectric 

elements and indium tin oxide (ITO) electrodes have been developed. These TUTs enable 
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direct light transmission through the transducer, facilitating the illumination of the sample and 

the compactness and simplicity of the system. However, the bandwidth of these TUTs was 

typically limited due to the absence of matching materials with suitable properties. 

In this chapter, this study proposed the use of polymethyl methacrylate (PMMA) as the 

matching layer material to enhance the bandwidth of LN-based TUTs. The effects of PMMA 

matching layer on the performance of TUTs have been systematically studied. Through 

optimization of the PMMA matching layer, the bandwidth was enhanced greatly of TUTs. In 

addition, the imaging performance of the developed TUT prototype was evaluated in a OR-

PAM system. The efficacy of the system was demonstrated through both phantom and in vivo 

small animal imaging experiments. This work involved collaboration. The manufacturing of 

TUTs was completed by collaborators, and this study performed US transducer acoustic and 

optical performance testing and OR-PAM imaging experiments based on it. 

3.1  Background 

Due to the opaqueness of conventional US transducers, the PAI systems typically resort 

to illuminate the sample from the sides of the transducer or employ complex optical designs 

to align laser and acoustic beams, leading to bulky and inefficient system designs. In an 

attempt to address this issue, a proposed solution involves the use of a ring-shaped or hollow 

US transducer, allowing the laser beam to pass through directly[90-93]. However, the central 

orifice in the transducer may have adverse effects on electrical properties and acoustic 

energy[94], potentially leading to a degradation in image quality[95]. In recent years, despite 
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significant progress has been made in pure-optical US detection methods[96-98], the challenge 

remains in efficiently assembling those pure optical sensors into a parallel array and achieving 

parallel acquisition. This limitation substantially limits their practical implementation. 

The alternative solution is to develop transparent piezoelectric transducers to enable the 

laser beam pass through them and illuminate the imaging sample directly. Given its transparent 

nature and high electromechanical coupling capability, LN was initially employed for the 

development of a piezoelectric-based TUT. This TUT featured sputtered transparent ITO 

electrodes, serving as a substitution for conventional chrome/gold electrodes[99-101]. However, 

the high sheet resistance of ITO and the single matching layer scheme can limit the sensitivity 

and bandwidth of TUTs. Various methods have been explored to improve the sensitivity of 

TUTs, such as employing a larger aperture size to achieve suitable electrical impedance 

matching[102], making use of acoustic lens-focused design[103, 104], utilizing silver nanowires as 

electrodes[105], and using novel transparent AC-poled lead magnesium niobate-lead titanate 

(PMN-PT) single crystals as an active layer[106]. Nevertheless, those TUTs still exhibited 

narrow bandwidth. Additionally, both LN and AC-poled PMN-PT materials possess high 

acoustic impedance (>30 MRayl), posing challenges in achieving acoustic matching to 

biological tissue (~1.5 MRayl) due to the restricted availability of transparent materials 

suitable for use as matching layers. While ITO-coated polyvinylidene difluoride (PVDF), with 

much lower acoustic impedance, emerges as a promising candidate, particularly for its high 

receiving sensitivity[107], the substantial challenge lies in its very low clamped dielectric 
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constant. This characteristic leads to a large aperture size for electrical impedance matching, 

rendering it unsuitable for compact PAM applications[108]. On the other hand, the relatively 

small aperture size of PVDF would result in the degradation of transducer performance[109, 110]. 

As a result, endeavors have been undertaken to devise transparent matching layers for LN-

based TUTs.  

The traditional method of casting matching layers, typically comprising metal powders 

and epoxy, presents challenges in simultaneously achieving transparency and maintaining 

appropriate acoustic impedances due to the inherent heterogeneity of materials. An innovative 

transparent matching layer design, composed of glass beads and epoxy, has been introduced 

with tunable acoustic impedance. However, the presence of glass beads introduces light 

scattering, which is undesirable in high-resolution PAM applications[111]. Another design 

involved the use of a quarter-wavelength (ɚ/4)-thick glass and Parylene C as two matching 

layers. However, this configuration resulted in the TUT adopting a dual-frequency mode, 

characterized by a narrow bandwidth at its original resonant frequency and dispersed energy 

at additional resonances[105]. While it is possible to optimize the performance of TUTs by 

adjusting the thicknesses of the two matching layers, this approach may not be universally 

applicable, particularly when the transducer frequency deviates from the initially designated 

value[112]. Furthermore, in certain instances of TUT design, the measured center frequency 

deviated significantly from the simulated results[113]. The center frequency and bandwidth of 

several representative TUTs are presented in Table3.1. Therefore, achieving broadband TUTs 
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based on the reported acoustic matching methods remains challenging, especially in the 

context of PAI applications requiring high-frequency TUTs (>20 MHz)[114]. 

Table 3.1 The center frequency and bandwidth of reported TUTs. 

Matching layer Center Frequency (MHz) Bandwidth (%) 

Parylene C[101] 36.9 33.9 

EPO-TEK 301-2[102] 10 16.46 

Parylene C[115] 13 36 

15% volume fraction glass 

beads/epoxy[116] 
11.93 22.43 

Acoustic lens[104] 34 18 

Despite the widespread use of transparent Parylene C as matching and protective layers 

for LN-based TUTs, its acoustic impedance (2.7 MRayl) remains considerably below the 

theoretical value required for adopting the single matching layer scheme (4.25 MRayl)[117]. As 

a widely used transparent polymer material, PMMA possesses a relatively high acoustic 

impedance (3.2 MRayl) and low density[118, 119], which is closer to the desired value for the 

LN-based TUT with a single matching layer and may help alleviate the mass-load effect. So 

in this study, the viability of using PMMA as the matching layer for the TUT design was 

explored. As a thick layer attached to the transducer surface can induce a dual-frequency 

phenomenon[120, 121], this study also investigated into the effects of different thickness of 

PMMA on the performance of TUT. Furthermore, both PAI of phantom and in vivo small 

animal models were performed to evaluate the performance of LN-based TUT with the PMMA 

matching layer. 
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3.2  Transducer design and fabrication 

A double-side polished 36Á rotated Y-cut LN was purchased from Shanghai Institute of 

Optics and Fine Mechanics. Transparent epoxy (Epotek 301, Epoxy Technology Inc., USA) 

served both as a backing layer and a bonding agent. The acoustic properties of the transparent 

PMMA layer, including longitudinal sound velocity, density, and acoustic impedance, were 

measured. All material parameters are detailed in Table3.2. 

Table 3.2 Properties of active and passive materials. 

 Sound velocity (m/s) Density (kg/m3) Acoustic impedance (MRayl) 

LN 7340 3300 34.0 

Epotek-301 2650 1132 3.0 

PMMA 2750 1175 3.2 

ITO was deposited using DC sputtering from an ITO target (In2O3/SnO2 90/10 wt%, 

Kurt J. Lesker Company, USA) onto one side of the LN. The sputtering process was conducted 

at a power of 45 W with an Argon flow of 30 sccm for a duration of 80 minutes, utilizing the 

Explorer 14 system from Denton Vacuum, USA. Subsequently, the LN wafer was cut into the 

desired square shape and affixed to a glass slide with the electrode side facing upward. 

Following the placement of the LN wafer within a 10 mm-diameter brass housing, a coaxial 

cable was connected to the bottom electrode and brass housing using conductive silver epoxy 

(E-Solder 3022, Von Roll Isola Inc., USA). After cured at 60ÁC for 3 hours, the degassed 

transparent epoxy backing layer was filled into the brass housing. Subsequently, the transducer 

was detached from the glass slide after curing at 65ÁC for 2 hours. The ITO electrode was 
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deposited on the transducer surface through the previously described sputtering process to 

establish a ground connection. The PMMA layer was lapped and polished to the desired 

thickness before being bonded to the transducer surface using degassed transparent epoxy. 

External pressure was applied to minimize the thickness of the bonding layer. Figure3.1 (a) 

and (b) depict the photograph and cross-sectional schematic view of the developed TUT 

prototype, respectively. 

 

Figure 3.1 (a) Photograph and (b) cross-sectional schematic view of the prototype of TUT. 

A 20-MHz center frequency TUT was fabricated alongside conventional US transducer 

technology[122], employing a 150 ɛm-thick LN with an aperture size of 9 mm Ĭ 9 mm. To 

investigate the impact of acoustic matching on TUT performance, PMMA layers with different 

thicknesses including 34 ɛm (= ɚ/4), 24 ɛm, and 17 ɛm, were affixed as matching layers to 

the TUT. The optimized matching layer design was also implemented on a 30-MHz TUT to 

further validate the proposed scheme. 

3.3  Transducer characterizations 

To measure the pulse-echo response, the fabricated TUT was mounted on a holder and 

(a) (b)
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submerged in distilled water. The TUT was excited by a pulser-receiver (DPR500, JSR 

Ultrasonics, USA) with an energy of 12.4 ɛJ and a pulse repetition frequency of 200 Hz. The 

echo signal was acquired by a data acquisition (DAQ) card and analyzed using fast Fourier 

transform (FFT) to ascertain the center frequency (Ὢ) and -6 dB bandwidth as follows: 

Ὢ
Ὢ Ὢ

ς
ȟ σȢρ 

ὄὡ
Ὢ Ὢ

Ὢ
ȟ σȢς 

where f1 and f2 are lower and upper -6 dB frequencies, respectively. The TUT was then 

connected to an impedance analyzer (Agilent 4294A, Agilent Technologies, USA) for 

electrical impedance analysis, allowing the determination of resonant frequency (Ὢ) and anti-

resonant frequency (Ὢ ). The effective electromechanical coupling coefficient (Ὧ  ) was 

calculated using the formula: 

Ὧ ρ
Ὢ

Ὢ
Ȣ σȢσ 

Two-way insertion loss (IL) was measured using a function generator to generate a burst 

of 10-cycle sine wave with a specific peak-to-peak amplitude (ὠ ). The peak-to-peak 

amplitude of the echo signal (ὠ) was acquired using a digital oscilloscope with 1 Mɋ coupling. 

IL was calculated as: 

ὍὒςπὰέὫ
ὠ

ὠ
Ȣ σȢτ 

The optical transmission efficiency of TUT was measured by a spectrometer (USB4000, 
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Ocean optics Inc.). The transmission efficiency was determined by calculating the ratio of light 

intensity before and after passing through the TUT. 

3.4  OR-PAM system based on TUT 

To demonstrate the PAI application of the 20-MHz TUT with the optimized PMMA 

matching layer, refection-mode OR-PAM system was customized and developed for 

evaluating the performance of TUT via imaging both phantoms and in vivo rodents. The 

mechanical scanning based OR-PAM system mainly includes hardware design, synchronous 

control and acquisition program, and image processing and reconstruction three parts. 

3.4.1  Hardware design 

Figure3.2 shows the schematic diagram of OR-PAM system based on the developed 

TUTs, which mainly includes the following components:  

 

Figure 3.2 Schematic of OR-PAM system based on the TUTs. BS: beam sampler; PD: 

photodiode; L1, L2, and L3: plane convex lenses with focal lengths of 25.4 mm, 150 mm, 

and 30 mm, respectively. 
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(1) Laser source: 

A Laser Diode (LD) pumped all-solid-state acousto-optic Q-switched pulsed laser (AO-

S-532, Changchun New Industries Optoelectronics Technology Co., Ltd., China) with 532 nm 

wavelength, 4 ns pulse duration and tunable pulse repetition rate between 1 Hz and 50 kHz 

was employed to excite PA signal. The laser was operated under internal triggering mode with 

1 kHz repetition rate in the experiments. 

(2) Light path: 

The output light beam from the excitation laser was reflected by two steering mirror to 

adjust the height and direction of the laser beam. A beam sampler (glass slide) was employed 

to reflect a small portion of the laser beam to a photodiode (DET10A/M, Thorlabs, USA) to 

synchronize signal acquisition. Then the laser beam transmitted through a beam expander 

system comprising two convex lenses before being focused by a convex lens with a focal 

length of 30 mm. The focused beam subsequently passed through the TUT and was emitted 

onto the target sample. The gap between the TUT and the imaging sample was filled with a 

drop of distilled water, serving as an ultrasound coupling medium. 

(3) Scanning system: 

The imaging sample was scanned along the x-y plane using a two-axis motor translation 

stage (MS-2000, Applied Scientific Instrumentation, USA). The high-precision translation 

stage can achieve resolutions of 22 nm along both the x and y axes. During the scanning, the 
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sample was moving with the motor stage by raster scanning. 

(4) Pre-amplifier: 

The acquired PA signal was amplified by a home-made low-noise pre-amplifier (Gain: 

40 dB, Bandwidth: 35 MHz, Noise level: 5 nV/Ѝ(Ú )). The pre-amplifier was directly 

connected to the TUT without the use of any external cable to reduce the loss of initial weak 

PA signal during long cable transmission. 

(5) Data acquisition card: 

After signal amplification, the amplified signal was recorded by a DAQ card 

(CompuScope 14200, Gage, Canada) with a sampling rate of 200 MHz and a resolution of 14 

bit. The data was saved as txt format documents. 

(6) Animal bed: 

It was composed of an animal mask with a gas tube connected to gas anesthesia machine, 

a board for animals to lie flat on, and a heating pad to maintain animal body temperature. The 

height and angle of the animal bed can be adjusted to accommodate the requirement during 

OR-PAM imaging. 

3.4.2  Synchronous control and acquisition program 

The synchronous control flow graph of the OR-PAM system based on developed TUT is 

shown in Fig3.3. The photodiode receives small part of light beam from the excitation pulsed 
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laser to synchronously trigger the DAQ. After initialization and basic parameters setting, the 

DAQ begins data acquisition upon receiving the synchronous triggering signal. At the same 

time, after initialization and setting the basic parameters and scanning path, the motor 

translation stage initiates movement once it receives the synchronous trigger signal within the 

Laboratory Virtual Instrument Engineering Workbench (LABVIEW) control program. 

 

Figure 3.3 Synchronous control flow graph of the OR-PAM system based on developed 

TUT. 

The synchronous control and data acquisition process was programed and controlled by 

LABVIEW software. The operation interface of LABVIEW program is illustrated in Fig3.4, 

which mainly includes: 

(1) Parameters setting: 

Set the basic parameters of DAQ and motor translation stage, including sampling rate, 

trigger delay, sampling points, number of channels, triggering mode of DAQ, and the VISA 
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resource name, the initial position, scanning speed in the x and y axis (speed of x and y), 

scanning distance in x axis (line length), scanning points in x axis (points num), scanning step 

in y axis (line step) and scanning points in y axis (line num) of the translation stage.  

The initial position of the translation stage is determined by the scanning region of 

interest, located at the bottom-left corner of the entire scanning area. States of initial 

adjustment (ADJ) and scanning (ACQ) of the motor stage can be switched by the vertical 

toggle switch. The scanning speed along the x axis is determined by the pulse repetition rate 

of excitation laser, which is calculated as the scanning length in x axis divided by the quotient 

of the number of points and the pulse repetition rate. The scanning length in y axis is 

determined by the multiply of line step and line num. 

 

Figure 3.4 Control interface of OR-PAM system based on TUT by LABVIEW. 
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(2) Oscilloscope:  

The A-line signal was displayed in real time on the oscilloscope. The display parameters 

such as signal display time range and amplitude could be adjusted according to the size and 

absorption intensity of the sample. 

(3) Image display module: 

The scanning points (points) and line numbers (lines) could be shown in real time to 

observe the scanning process in detail. B-scan result was shown in this module as grayscale 

diagram after finishing the scanning of each line. The data of the B-scan would be saved as txt 

format document. In addition, the MAP at each line would be shown on the MAP module after 

scanning of each B-scan, providing brief information about the experimental results without 

extra image processing like noise filtering.  

(4) Translation stage control: 

 The translation stage completes the scanning of the entire image through rapid raster 

scanning. The scanning path is displayed in Fig3.5. The scanning is performed along with two 

axes, in which x axis is the fast axis and y axis is the slow axis. Firstly, the x axis scans to the 

set length distance (line length), during which the DAQ simultaneously collects data. After 

each scan, the x axis returned to the original point, and the program confirmed whether this 

axis had already returned back by getting the position of x axis and comparing it with original 

point. Secondly, the y axis scans to the set length step (line step). The DAQ did not record any 
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data during this scan. Thirdly, the x axis repeated the first step until all the line number had 

finished scanning. 

 

Figure 3.5 Raster scanning path of two axes translation stage. 

(5) Others: 

Motor serial port selection, the status of DAQ, acquisition progress bar and saving folder 

selection, etc. 

3.5  Acoustic and optical properties of TUTs 

3.5.1  Simulation study 

PiezoCAD software (Sonic Concepts, WA, USA), based on the Krimholtz, Leedom, and 

Matthaei (KLM) model, was utilized to simulate the performance of the transducer. The 

simulations involved modeling LN-based TUTs with a thickness of 150 ɛm and an aperture 

size of 9 mm Ĭ 9 mm to evaluate the pulse-echo performance with respect to various matching 

layer configurations. Figure3.6 shows the simulated pulse-echo responses of TUTs without 
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matching layers, with ɚ/4-thick Parylene, and ɚ/4-thick PMMA as matching layers, 

respectively. In comparison with the TUT using the Parylene matching layer, the one 

employing the PMMA matching layer exhibited a wider bandwidth and higher sensitivity. 

These simulated results suggest that PMMA as the matching layer could substantially enhance 

the performance of the TUT compared to Parylene. 

 

Figure 3.6 Simulated pulse-echo responses of LN-based TUTs (a) without matching layer, 

(b) with ɚ/4-thick Parylene matching layer, and (c) ɚ/4-thick PMMA matching layer. 

3.5.2  Thickness design and acoustic responses of TUTs 

Thickness design of matching layer is very critical for TUTs. The pulse-echo performance 

of TUTs with different thickness was stimulated and measured. As shown in Fig3.7, 

experimental and stimulation results of several representative thickness design were displayed. 

Fig3.7 (a) displays the experimental results of the pulse-echo response of a TUT with an 

aperture size of 9 mm Ĭ 9 mm and without a matching layer, revealing a bandwidth of 

approximately 17% and a peak-to-peak received voltage of 0.8 V. Fig3.7 (b) - (d) illustrate the 

measured pulse-echo responses of TUTs with 34 ɛm (= ɚ/4), 24 ɛm, and 17 ɛm-thick PMMA 

matching layers, respectively. The vertical coordinate unit mV/V represents the number of mV 
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of signal that can be generated as a return signal for every 1V of excitation voltage. 

As depicted in Fig3.7 (b), the TUT with the theoretically ɚ/4-thick PMMA matching layer 

demonstrated the most significant improvement in pulse-echo sensitivity compared to other 

thicknesses of the PMMA layer. However, an additional peak emerged at around 13 MHz, 

suggesting that the TUT with the ɚ/4-thick matching layer operated as a dual-frequency 

transducer. The phenomenon may be attributed to the mass-load effect of the bonding layer, 

as reported in the literature[105, 106]. Although the bandwidth at the lower frequency reached 

71.4%, the bandwidth at the designed center frequency was still limited to 19.2%. For the TUT 

with the 24 ɛm-thick PMMA matching layer (Fig3.7 (c)), the bandwidth significantly 

expanded to 50.4% with a center frequency of 20.9 MHz, while the sensitivity of the TUT 

remained almost unchanged compared to that of the TUT without a matching layer. 

Considering the similar acoustic impedances of PMMA and degassed transparent epoxy, both 

the matching and bonding layers are likely to combine to form a ɚ/4 matching layer. Further 

reduction of the PMMA thickness (17 ɛm) resulted in lower sensitivity (Fig3.7 (d)) compared 

to the TUT with the 24 ɛm-thick PMMA layer, although the bandwidth was still superior to 

that of the TUT without a matching layer. Consequently, the discrepancy in thickness between 

the theoretical ɚ/4-thick matching layer and the optimized PMMA matching layer was 

considered because of the thickness of the bonding layer. 
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Figure 3.7 Measured pulse-echo responses of 20-MHz TUTs.  (a) without matching layer 

and with the (b) 34 ɛm (= ɚ/4), (c) 24 ɛm, and (d) 17 ɛm-thick PMMA matching layers, 

respectively. Simulated pulse-echo responses of 20-MHz TUT with (e) 34 ɛm (= ɚ/4) and 

(f) 24 ɛm-thick PMMA matching layers. 

Fig3.7 (e) and (f) depict the simulated pulse-echo responses of TUTs with 34 ɛm and 24 

ɛm-thick PMMA matching layers, respectively, where the bonding layer was set as 10 ɛm. 

The simulation results indicate that the TUT with the 24 ɛm-thick PMMA layer exhibited 
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optimized performance in terms of both bandwidth and sensitivity. Similar to Fig3.7 (b), an 

additional peak was observed at 15 MHz in the simulated FFT waveform of the TUT with the 

34 ɛm-thick PMMA layer, resulting in lower sensitivity due to the allocation of energy to 

vibrations at two different frequencies. The steeper decline in Fig3.7 (b) may be because of 

the existence of the thickness of the adhesive layer and the influence of the actual transducer 

manufacturing process. The thick matching layer leads to mass-load effect, altering the mass 

distribution within the system and affecting mechanical properties such as vibration response, 

resulting in the occurrence of the double peak phenomenon. Table3.3 summarizes the 

measured results.  

Table 3.3 Acoustic performance of TUTs with different thicknesses of PMMA matching 

layer. 

Aperture size 

(mm Ĭ mm) 

PMMA 

thickness (ɛm) 
fc (MHz) 

Bandwidth 

(%) 

Echo 

amplitude (V) 

9.0 Ĭ 9.0 34 12.75/22.9 71.4/19.2 1.04 

9.0 Ĭ 9.0 24 20.8 50.2 0.80 

9.0 Ĭ 9.0 17 20.4 27.2 0.64 

6.3Ĭ 6.3 13 27.8 56.1 0.55 

To explore the potential of PMMA matching layer thickness design in the development 

of TUTs, the study was extended to TUTs with higher frequencies. Building on the 

investigations of the 20-MHz TUTs, the difference in thickness between the ɚ/4-thick 

matching layer and the optimized PMMA matching layer was regarded as the thickness of the 

bonding layer. Consequently, a 13 ɛm-thick PMMA matching layer was applied to a 30-MHz 
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LN-based TUT. Fig3.8 (a) and (b) illustrate the measured pulse-echo responses of 30-MHz 

TUTs without and with the PMMA matching layer, respectively. 

 

Figure 3.8 Measured pulse-echo responses of 30-MHz TUTs (a) without matching layer 

and (b) with the 13 ɛm-thick PMMA matching layer. 

Following the attachment of the 13 ɛm-thick PMMA layer, the bandwidth of the TUT 

substantially increased from 21.4% to 56.1%, while the center frequency slightly decreased 

from 31.8 MHz to 27.8 MHz. The bandwidth achieved a remarkable increase, representing 

approximately a 65% increment even when compared to the maximum bandwidth of high-

frequency TUTs with a single matching layer reported in the literature[101]. These results verify 

that the proposed scheme of thickness design remained valid even for the development of 

TUTs with higher center frequencies. The thickness design strategy of matching layer can be 

an effective, straightforward and universal method when using the bonded matching layer 

process to manufacture TUTs.  

3.5.3  Electrical properties 

Figure 3.9 (a) and (b) display the electrical impedance/phase spectra of the 20-MHz TUT 
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with the 24 ɛm-thick PMMA matching layer and those of the 30-MHz TUT with the 13 ɛm-

thick PMMA matching layer, respectively. Both transducers exhibited a pure and strong 

resonance without any spurious mode. The electrical impedances of these transducers closely 

approximated the optimized value of approximately 50 ɋ at the corresponding center 

frequencies, underscoring their efficient energy transfer characteristics. Moreover, their Ὧ  

were reasonably high, calculated as 0.60 and 0.59, respectively. 

 

Figure 3.9 Measured impedance/phase spectra of (a) a 20-MHz TUT with the 24 ɛm-

thick matching layer, and (b) a 30-MHz TUT with the 13 ɛm-thick matching layer. 

The IL of the 20-MHz TUT with the 24 ɛm-thick PMMA matching layer was measured 

as 18.4 dB. The acoustic receiving sensitivity was measured using a calibrated commercial 

20-MHz US transducer (V317-SM, Olympus NDT Inc.), driven by a pulser-receiver (5072PR, 

Olympus) to generate the acoustic wave, and the signal was detected by the TUT. The SNR 

was approximately 30 dB without averaging, and the noise equivalent pressure (NEP) was 

calculated to be approximately 66 Pa at 20 MHz. 
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3.5.4  Optical property and bandwidth determination 

To test the optical property of the 20-MHz TUT with 24 ɛm-thick PMMA matching layer, 

the optical transmission efficiency was measured. Figure3.10 illustrates that the value 

exceeded 70% in the wavelength range of 500-900 nm. While the optical transmission 

efficiency at 532 nm decreased to approximately 75% due to the presence of the attached 

PMMA layer, the laser beam could still reach the target with sufficient energy for imaging[113]. 

Furthermore, the peak transmittance approached close to 85% between 700 nm and 800 nm, 

which is optimal for deep tissue PAI applications. 

 

Figure 3.10 Measured optical transmission efficiency of the TUT. 

To assess the PA signal response and bandwidth of the developed TUT, a broadband PA 

signal was generated by utilizing a short pulsed laser to excite a thin layer of oil marker painted 

on a thick glass block. The use of a thick glass block was served to reduce the reflection inside 

the glass block itself before the PA signals of black oil marker were received by the TUT. 
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Fig3.11 (a) illustrates the detected time-domain PA signal without averaging and the 

corresponding frequency spectrum after normalization at the peak value at 20 MHz. It reveals 

a center frequency of 20.8 MHz and a bandwidth of 49.3%, which align well with the 

simulated one-way receive response of the TUT shown in Fig3.11 (b). Although the reported 

work also achieved a similar PA bandwidth with the TUT employing a transparent matching 

layer consisting of epoxy and glass beads (40% volume fraction)[116], the TUT with the PMMA 

matching layer possesses higher optical transmission efficiency without light scattering. As 

OR-PAM requires tight light focusing to achieve higher resolution, the TUT with the PMMA 

layer is more suitable for OR-PAM imaging application. 

 

Figure 3.11 (a) Time-domain response of TUT to PA signal and corresponding frequency-

domain response of a 20-MHz TUT with 24 ɛm-thick PMMA matching layer. (b) 

Simulated one-way receive response of the TUT. 

3.5.5  Axial and lateral resolution measurements 

Figure3.12 shows the results after performing the Hilbert transform on the time-domain 

response of the TUT to the broad bandwidth PA signal. The axial resolution of the system was 
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determined to be 111 ɛm, obtained from the full-width half-maximum (FWHM) of the 

envelope curve multiplying acoustic speed. The theoretical value of axial resolution was 

calculated from the formula 0.88v/bandwidth, which depends on the bandwidth of TUT and 

the acoustic speed (v)[123]. The measured axial resolution is close to the theoretical value (126 

ɛm). The broadband TUT resulted in improved axial resolution compared to reported TUT-

based works, even when the reported TUTs operated at higher center frequencies[104].  

 

Figure 3.12 Axial resolution of an OR-PAM system with TUT, where the black line is the 

time-domain signal, and the red dashed line is the Hilbert enveloped curve. 

The lateral resolution of the system was measured by imaging the cutting edge of a sharp 

razor blade with a scanning step size of 0.5 ɛm. The PA MAP image of the blade is depicted 

in Fig3.13 (a), which was averaged over 10 times. The edge spread function (ESF) is presented 

in Fig3.13 (b), and the line spread function (LSF) is obtained from the first derivative of the 

ESF. The lateral resolution of the system was calculated to be 8 ɛm based on the FWHM of 

the LSF, which is determined by the size of the focused light spot. 

0.074ɛs
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Figure 3.13 (a) PA MAP image of a sharp razor blade. (b) Lateral resolution of an OR-

PAM system with TUT, where blue dots are the experimental data, a black line is the 

fitted ESF, and a red line is the derived LSF. 

3.6  OR-PAM imaging results with TUT 

The OR-PAM imaging performance of the 20-MHz TUT with the 24 ɛm-thick PMMA 

matching layer was evaluated via phantom and in vivo small animal models. The photograph 

of performing OR-PAM with the developed TUT is shown in Fig3.14. 

 

Figure 3.14 The photograph of performing OR-PAM with the developed TUT. 
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3.6.1  Phantom experiments 

To image a cross of hairs, a step size of 2 ɛm in the x direction and 5 ɛm in the y direction 

was used to perform a 2 mm Ĭ 3 mm scanning area. The repetition rate of the 532 nm pulsed 

laser was 1 kHz, and the sampling rate of the DAQ was set at 200 MHz. Figure3.15 displays 

the reconstructed MAP PA image without averaging. The structure of crossed human hair was 

shown clearly. To image the ink-stained leaf skeleton phantom, a step size of 5 ɛm was utilized 

in both the x and y directions.  

 

Figure 3.15 OR-PAM imaging of crossed human hairs phantom. 

 

Figure 3.16 (a) Light field microscope photograph and (b) OR-PAM imaging of the ink-

stained leaf skeleton phantom. 
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Even with a more complex structure, the OR-PAM imaging results of the ink-stained 

leaf skeleton corresponded well with the photograph captured under the light field microscope, 

as depicted in Fig3.16 (a) and (b). Both phantom studies exhibited the high contrast and 

resolution capabilities of the system employing the developed TUT. 

3.6.2  In vivo small animal experiments 

For the in vivo imaging experiment, a BALB/c nude mouse was used, as illustrated in 

Fig3.17 (a) and (b). All research conducted in the laboratory followed to protocols approved 

by the Institutional Animal Care and Use Committee of Peking University. The mouse was 

first anesthetized via inhalation of isoflurane gas and was subsequently fixed on the translation 

stage. Then an animal depilatory cream was uses to remove the surface hair from the ear skin 

gently. The distance between the mouseôs ear and TUT was approximately 1.2 mm, with a 

drop of distilled water serving as the US coupling medium. The PA signal was acquired using 

a step size of 1 ɛm in the x axis direction and 5 ɛm in the y axis direction for scanning, with 

data averaging performed 10 times. The scanning area was 1.5 mm Ĭ 4.2 mm. The laser energy 

incident on the surface of the mouse ear skin was measured to be approximately 1 ɛJ, slightly 

exceeding the maximum recommended value by ANSI for the safe use of lasers[81]. An infrared 

lamp was utilized to maintain the body temperature of the mouse during the experiment. The 

health condition of the mouse was monitored all the time during the experiment. The PA MAP 

image of the mouse ear is depicted in Fig3.17 (c), showcasing a comprehensive reconstruction 

of the subcutaneous microvasculature of mouse ear. Numerous capillaries are distinctly 
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visualized, alongside the prominent presence of two major large accompanying arteries and 

veins. The image effectively displayed the intricate network of microvessels with remarkable 

clarity, enhancing the overall visualization of the microvascular structure within the mouse ear. 

 

Figure 3.17 Photographs of (a) the setup of mouse ear, and (b) in vivo imaging area. (c) 

OR-PAM MAP image of in vivo microvascular networks in the area indicated by the box 

in (b). (d) Reconstructed depth-resolved slides at the location marked with a white dash 

line of (c). 
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