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ABSTRACT:  

Photoacoustic tomography (PAT) is a groundbreaking imaging technique that combines optical and 

ultrasound technologies to produce high-resolution images of biological tissues. This method takes 

advantage of the photoacoustic effect, where light absorbed by tissues causes them to expand slightly, 

generating ultrasound waves that are then used to create detailed images. PAT has shown great 

promise in both medical and research settings due to its ability to offer clear images at various depths. 

This review provides an in-depth look at how PAT works, including its key processes: light 

absorption, ultrasound wave generation, and signal detection. It also covers recent advancements, such 

as multispectral optical tomography (MSOT), which uses different light wavelengths for more 

detailed imaging, and photoacoustic endoscopy, which allows for minimally invasive internal 

imaging. The integration of deep learning techniques has further improved image quality and speed. 

PAT's applications range from detecting cancer and assessing cardiovascular conditions to studying 

neurological disorders and exploring biological research in animals and plants. However, challenges 

remain, including technical complexities, the need for standardized protocols, and regulatory issues.  

 

1. Introduction 

Photoacoustic tomography (PAT) is a groundbreaking 

advancement in biomedical imaging sciences, combining 

optical and ultrasonic technologies in order to create 

high-resolution images of biological tissues. Unlike 

traditional imaging methods that rely only on optical or 

acoustic waves, PAT leverages photoacoustic effect, 

where pulsed laser light absorbed by tissue 

chromophores causes localized thermal expansion and 

intern generates ultrasound waves. These waves are then 

detected and transformed into images, offering high 

contrast of optical imaging along with deep tissue 

penetration capabilities of ultrasound [1]. PAT stands out 

for its ability to perform multi-scale imaging, while 

maintaining superior spatial resolution at various tissue 

depths. This makes it an important tool for clinical 

diagnostics, enabling precise visualization of 

pathological changes. Additionally, PAT's functional 

imaging capabilities also provide critical insights into 

physiological parameters such as blood oxygenation and 

tissue metabolism, further enhancing its role in clinical 

research settings. [2][3] 

Recent technological improvements have expanded 

PAT's applicability. Notably, multispectral optical 

tomography (MSOT) improves tissue differentiation by 

using multiple wavelengths of light, thereby enhancing 

diagnostic accuracy.[4] The integration of artificial 

intelligence has also significantly improved image 

reconstruction quality.[5] However, widespread 

adoption of PAT faces challenges, including the 

complexity of imaging systems. This review provides an 

overview of PAT, discussing its principles, technological 

advancements, and diverse applications while addressing 

current challenges and future research directions to 

underscore its potential in transforming medical 

diagnostics and advancing biological research.[6] 
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2. PRINCIPLES OF PHOTOACOUSTIC 

TOMOGRAPHY 

2.1. Fundamental Mechanisms  

The underlying principle of Photoacoustic tomography 

hinges on the photoacoustic effect, where absorbed light 

is converted into ultrasound waves, allowing for the 

capture of both structural and functional information 

from tissues. The following sections detail the core 

principles involved in PAT, from light absorption to 

ultrasound wave generation and image reconstruction, 

with references to key studies in the field. The 

photoacoustic effect, which underpins PAT, involves 

three critical processes: 

Light Absorption: Short laser pulses are delivered to the 

tissue of interest. These laser pulses typically fall within 

the near-infrared (NIR) spectrum, chosen for its ability to 

penetrate deep into biological tissues with minimal 

scattering.[7] Different chromophores within the tissue, 

such as hemoglobin, and melanin, absorb this light to 

varying extents. The energy from the absorbed light is 

then rapidly converted into heat, leading to a rapid 

increase in the local temperature.[2] This localized 

heating is crucial as it triggers the subsequent steps in the 

photoacoustic process. 

Ultrasound Wave Generation: The rapid temperature 

rise induced by light absorption leads to a thermoelastic 

expansion within the tissue, which causes mechanical 

stress due to expansion that propagates as ultrasound 

waves through the tissue.[8] The generation of 

ultrasound waves enables the conversion of optical 

energy into mechanical energy, which can then be 

detected and used for imaging. The efficiency of this 

conversion process is influenced by factors such as the 

tissue's optical absorption properties and also the laser's 

wavelength. [9] 

Signal Detection and Image Reconstruction: The 

ultrasound waves generated within the tissue are detected 

by ultrasonic transducers placed on the surface of the 

tissue or around it. These transducers convert the 

mechanical ultrasound waves into electrical signals that 

can be processed to reconstruct images.[10] The time it 

takes for the ultrasound waves to travel from their point 

of origin within the tissue to the transducer, known as the 

time of flight, along with the amplitude of the signals, is 

used to create detailed images of the tissue’s internal 

structures.[10] Advanced algorithms are employed to 

reconstruct these images, often integrating data from 

multiple angles to enhance resolution and accuracy 

which was discussed in Wang & Hu, 2012.[1] 

2.2. In Multi-Scale Imaging and Functional 

Imaging 

A significant advantage of PAT is its capability to 

perform multi-scale imaging, enabling it to capture both 

microscopic and macroscopic details depending on the 

specific modality used. For instance, photoacoustic 

microscopy (PAM) offers high-resolution images at 

shallow depths, which is particularly useful for 

visualizing small structures like microvasculature.[9] On 

the other hand, photoacoustic computed tomography 

(PACT) provides imaging at greater depths, making it 

suitable for visualizing entire organs.[7]  

 

Figure 1: Imaging Principles of photoacoustic 

tomography (PAT). (Image courtesy Lihong V Wang & 

Junjie Yao) [7] 

3. Imaging Modalities in Photoacoustic 

Tomography 

Photoacoustic tomography (PAT) encompasses a range 

of imaging modalities, each tailored to specific research 

and clinical applications. The diversity of these 

modalities is one of the strengths of PAT, allowing for 

flexibility in imaging depth, resolution, and functional 

capability. The primary modalities include Photoacoustic 

Microscopy (PAM), Photoacoustic Computed 

Tomography (PACT), and Multispectral Optoacoustic 

Tomography (MSOT). Each of these modalities offers 

unique advantages and is suited to types of biological and 

medical imaging. 

3.1. Photoacoustic Microscopy (PAM) 

Photoacoustic Microscopy is designed for high-

resolution imaging at relatively shallow depths, typically 

less than a few millimeters. PAM excels in capturing fine 
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details of microstructures, such as capillaries, single 

cells, and subcellular components, making it ideal for 

applications in dermatology, ophthalmology, and small 

animal research.[11] PAM operates in two primary 

modes: Optical-Resolution PAM (OR-PAM) and 

Acoustic-Resolution PAM (AR-PAM). OR-PAM 

achieves high lateral resolution by focusing the laser 

beam to a tight spot, making it possible to resolve 

structures as small as individual RBC.[12] AR-PAM, on 

the other hand, uses a focused ultrasound transducer for 

higher penetration depths but with a compromise in 

lateral resolution. This trade-off between resolution and 

penetration depth allows PAM to be versatile.[1]  

3.2. Photoacoustic Computed Tomography 

(PACT) 

Photoacoustic Computed Tomography is the modality of 

choice for deeper tissue imaging. Unlike PAM, PACT 

does not rely on scanning a focused laser beam across the 

tissue. Instead, it employs an array of unfocused 

ultrasound detectors that surround the tissue. These 

detectors capture the generated ultrasound signals from 

multiple angles, allowing for the reconstruction of cross-

sectional and volumetric images using complex 

algorithms.[10] PACT is particularly advantageous in 

imaging larger organs and tissues, such as the brain, 

breast, or whole-body imaging in small animals. It offers 

a good balance between spatial resolution and imaging 

depth, typically penetrating several centimeters into 

tissue while maintaining millimeter-scale resolution.[1] 

PACT has been extensively used in clinical research for 

cancer detection, cardiovascular imaging, and 

neuroimaging, demonstrating its potential as a non-

invasive and versatile diagnostic tool.[13]  

3.3. Multispectral Optoacoustic Tomography 

(MSOT) 

Multispectral Optoacoustic Tomography extends the 

capabilities of PACT by incorporating multi-wavelength 

laser pulses to probe tissues at different optical 

absorption spectra. This multispectral approach allows 

MSOT to differentiate between various chromophores 

within tissue, such as oxygenated and deoxygenated 

hemoglobin, and lipids, enabling detailed functional and 

molecular imaging.[14] MSOT is particularly powerful 

for functional imaging, as it can provide real-time 

information about physiological processes and molecular 

interactions.[15] The ability to capture dynamic changes 

in these parameters makes MSOT valuable in studying 

cancer biology, therapeutic responses monitoring, and 

tissue pathophysiology. Moreover, MSOT's capability to 

visualize molecular markers and contrast agents at 

different wavelengths allows for the development of 

targeted imaging strategies, which enhances its clinical 

and research applications.[16]  

3.4. Integration with Other Imaging Modalities 

One of the promising developments in photoacoustic 

imaging is the integration of PAT with other imaging 

modalities, such as Magnetic Resonance Imaging (MRI), 

Computed Tomography (CT), and Ultrasound. 

Combining PAT with these modalities can provide 

complementary information, enhancing diagnostic 

accuracy and enabling more comprehensive 

imaging.[17] For instance, MRI provides excellent soft 

tissue contrast and anatomical details, while PAT can add 

functional information such as blood oxygenation and 

vascularization. The integration of these modalities can 

offer a more complete picture of the underlying 

pathology, particularly in complex diseases like 

cancer.[18] Similarly, the combination of PAT with CT, 

which provides high-resolution images of bone and 

dense tissues, allows for precise localization of tumors 

and other abnormalities in relation.  

 

Figure 2: In vivo PACT image of a human hand, 

showing its comprehensive vasculature. Image courtesy 

of Canon (Japan) (http:// 

www.canon.com/technology/future/index.html). [23] 
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4. METHODOLOGICAL ADVANCES 

4.1. Advancements in Photoacoustic 

Tomography (PAT) Imaging Techniques 

4.1.a. Multispectral Optoacoustic Tomography (MSOT) 

Recent advancements in photoacoustic tomography 

(PAT) have led to the development of Multispectral 

Optoacoustic Tomography (MSOT), a powerful imaging 

technique that utilizes multiple wavelengths of light to 

capture detailed information about the optical properties 

of tissues. This capability enhances the accuracy and 

depth of biological and medical imaging, particularly in 

applications involving the characterization of tumors, the 

monitoring of tissue oxygenation, and the assessment of 

metabolic processes.[14] [15] The multispectral 

approach not only improves image contrast but also 

allows for the simultaneous acquisition of structural, 

functional, and molecular information, making MSOT an 

invaluable tool in both research and clinical settings.[20]  

4.1.b. Photoacoustic Endoscopy 

To expand the utility of PAT for imaging internal organs, 

particularly those within the gastrointestinal tract, 

researchers have innovated by developing photoacoustic 

endoscopy. Photoacoustic endoscopy is particularly 

promising for the early detection and monitoring of 

diseases within the gastrointestinal system. Its ability to 

visualize the microvascular architecture and tissue 

composition in real time provides a significant advantage 

over conventional endoscopic techniques, which are 

limited in their capacity to offer functional 

information.[9] As this technology continues to evolve, 

it is expected to become a critical tool in diagnostic 

endoscopy, enhancing the detection and characterization 

of lesions that are not easily identified through standard 

imaging modalities.[21] 

4.1.c. Deep Learning Integration in PAT 

The incorporation of deep learning and artificial 

intelligence (AI) into the image reconstruction process of 

PAT represents a significant leap forward in enhancing 

the technology's clinical applicability. Traditional PAT 

imaging often suffers from limitations such as noise, 

artifacts, and long reconstruction times, which can 

impede its utility in real-time diagnostic settings. These 

advancements not only improve the clarity and 

diagnostic value of the images but also make PAT more 

efficient and practical for widespread clinical use.[5] 

Moreover, the application of AI in PAT is paving the way 

for more sophisticated imaging analyses, including the 

automated detection and quantification of pathological 

features, which could lead to earlier and more accurate 

diagnoses in a variety of medical conditions.[22]  

5. APPLICATIONS IN HEALTHCARE AND 

BIOLOGICAL RESEARCH 

5.1. Healthcare Applications of Photoacoustic 

Tomography 

Cancer Detection and Monitoring: PAT has emerged as 

a powerful tool in oncology, particularly for the early 

detection and ongoing monitoring of cancer. The ability 

of PAT to non-invasively visualize the vascularization 

and oxygenation within tumors provides crucial insights 

into tumor biology, which are essential for understanding 

tumor growth and metastasis. For instance, in breast 

cancer and melanoma, PAT can detect abnormal blood 

vessel formation, a hallmark of cancer progression, and 

assess oxygen levels within the tumor tissue, which is a 

key indicator of tumor aggressiveness and treatment 

response.[24]   

Cardiovascular Imaging: PAT has shown significant 

potential due to its ability to provide detailed images of 

vascular structures and assess the health of blood vessels. 

One of the key applications of PAT in this domain is the 

detection of atherosclerosis, a condition characterized by 

the buildup of plaques within the arteries, which can lead 

to life-threatening events such as myocardial infarctions 

(heart attacks) and strokes. For example, unstable 

plaques that are prone to rupture can be identified 

through PAT's ability to detect the presence of lipid-rich 

cores and thin fibrous caps, which are markers of plaque 

vulnerability.[25] This capability enables more accurate 

risk stratification in patients, allowing for timely and 

targeted interventions that can prevent serious 

cardiovascular events. 

Neurological Disorders: PAT's ability to visualize the 

microvasculature of the brain and monitor cerebral blood 

flow makes it particularly useful in the context of stroke 

and brain tumors. For instance, in stroke patients, PAT 

can be used to assess the extent of ischemic damage by 

mapping blood flow deficits in real time, which is critical 

for determining the appropriate therapeutic approach and 

improving patient outcomes. Additionally, in the case of 
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brain tumors, PAT can also help in identifying tumor 

boundaries and assessing the effectiveness of treatments 

by monitoring changes in blood flow and oxygenation 

within the tumor tissue.[17] 

5.2. Advanced Biological Research Applications 

of Photoacoustic Tomography 

Zoological Studies: In the field of zoology, PAT has 

become an invaluable tool for studying vascularization in 

various animal tissues. This non-invasive imaging 

technique provides detailed insights into the 

development and function of blood vessels in living 

organisms, which is crucial for understanding species-

specific biology. For example, PAT has been used to 

track blood flow in real-time within developing embryos, 

offering new perspectives on how vascular systems form 

and change over time. Such insights are not only 

important for developmental biology but also for 

comparative anatomy, as they allow researchers to 

examine the differences and similarities in vascular 

structures across different species.[26] 

Botanical Research: Traditionally, examining the 

internal structures of plants, such as vascular tissues and 

root systems, required destructive methods that could 

alter the very processes being studied. This capability is 

particularly valuable for agricultural research. For 

instance, by using PAT we can monitor how water moves 

through a plant’s root system under different soil 

conditions, researchers can identify traits that could be 

selected for in crop breeding programs, ultimately 

leading to more robust and productive plant varieties. 

[25]  

Molecular Imaging: The potential of PAT in molecular 

imaging represents a frontier in biomedical research, 

particularly in the study of disease mechanisms at the 

cellular and molecular levels. PAT enables the 

visualization of molecular interactions and the 

distribution of specific molecules within tissues, 

providing insights that are critical for understanding 

complex biological processes. This is especially relevant 

in cancer research. For example, we can be used to track 

the distribution of specific biomarkers within a tumor, 

offering real-time feedback on how a tumor is responding 

to treatment at the molecular level. Such capabilities not 

only enhance our understanding of disease progression 

but also have the potential to improve the precision and 

effectiveness of therapeutic interventions. [27]  

 

Figure 3: Representative PA imaging of skin vasculature 

using endogenous contrast. (a) PA microvasculature 

imaging of a mouse ear bearing an implanted B16 

melanoma tumor. Depth is coded by colors: blue 

(superficial) to red (deep). Bar ¼ 1 mm. (Image courtesy 

D Li et al.) 

6. DISCUSSION 

6.1. Advantages and Challenges of Photoacoustic 

Tomography in Healthcare and Advanced 

Biological Research 

6.1.a. Advantages of Photoacoustic Tomography 

(PAT) 

High Spatial Resolution: One of the most significant 

advantages of PAT is its exceptional spatial resolution. 

This capability allows for the detailed visualization of 

small structures within tissues, which is crucial for 

accurate diagnosis and research. For instance, in 

oncology, the ability to visualize fine vascular structures 

within tumors enables more precise characterization of 

tumor angiogenesis, aiding in both diagnosis and 

treatment planning. In research settings, high-resolution 

imaging is essential for studying intricate biological 

processes, such as cellular interactions and tissue 

morphology, at a microscopic level. [25] 

Deep Tissue Penetration: Unlike traditional optical 

imaging methods, which are often limited by the 

scattering of light in biological tissues, PAT can achieve 

greater depths of penetration. This advantage is 

particularly valuable for imaging internal organs and 

detecting pathologies that lie deep within the body. For 

example, in cardiovascular imaging, PAT can be used to 

assess the condition of blood vessels located deep within 

the body, such as the coronary arteries, providing critical 

information for the prevention and management of 
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cardiovascular diseases.[25] Similarly, in neurological 

applications, the ability to penetrate deep brain tissues 

allows for the monitoring of cerebral blood flow and 

oxygenation, which is essential for the diagnosis and 

management of conditions like stroke and brain tumors. 

[17]  

Functional Imaging Capabilities: PAT is not limited to 

structural imaging; it also offers functional imaging 

capabilities, providing insights into physiological and 

metabolic processes within tissues. By measuring 

parameters such as blood oxygenation levels, PAT can 

assess tissue viability and metabolic activity, which are 

key indicators of disease states. For example, in 

oncology, PAT can be used to monitor tumor 

oxygenation, offering a non-invasive method to assess 

the tumor's response to therapies such as radiation or 

chemotherapy. This functional imaging capability 

extends to research applications as well, where it can be 

used to study metabolic processes in real-time, providing 

a deeper understanding of cellular behavior under 

various physiological conditions. [25]  

6.1.b. Challenges in Photoacoustic Tomography 

Implementation 

Despite its many advantages, the implementation of PAT 

in clinical and research settings is not without challenges. 

These challenges must be addressed to realize the full 

potential of PAT in healthcare and biological sciences. 

Technical Complexity: The sophisticated nature of PAT 

imaging systems presents a significant barrier to their 

widespread adoption. The development of advanced 

algorithms for image reconstruction is critical for 

generating high-quality images, but these algorithms 

often require substantial computational resources and 

expertise. [6]  

Standardization and Reproducibility: A major hurdle in 

the broader application of PAT is the lack of standardized 

protocols. The absence of universally accepted 

guidelines for image acquisition, processing, and 

interpretation can lead to significant variability in 

imaging results, making it difficult to compare data 

across different studies or clinical applications. This 

variability undermines the reliability of PAT as a 

diagnostic tool and hinders its integration into routine 

clinical practice.[28] 

Regulatory Hurdles: The path to clinical adoption of 

PAT also faces significant regulatory challenges. The 

approval process for new contrast agents and imaging 

systems used in PAT is rigorous, as these must meet 

stringent safety and efficacy standards. Overcoming 

these regulatory hurdles will require close collaboration 

between researchers, clinicians, and regulatory bodies to 

ensure that PAT can be safely and effectively integrated 

into routine medical practice.[6] 

7. FUTURE DIRECTIONS 

7.1. Nanotechnology Integration: The ongoing 

exploration of nanotechnology in PAT aims to enhance 

the specificity and sensitivity of imaging. 

Multifunctional nanoparticles that offer both diagnostic 

and therapeutic capabilities are particularly promising. 

These agents could revolutionize PAT by enabling 

targeted imaging and localized treatment.[6] 

7.2. Multimodal Imaging: Integrating PAT with 

other imaging modalities, such as magnetic resonance 

imaging (MRI) or computed tomography (CT), could 

provide complementary information that enhances 

diagnostic accuracy. Such combinations could lead to 

more comprehensive diagnostic assessments and 

improved treatment planning.[30]  

7.3. Clinical Trials and Guidelines’: To fully realize 

the potential of PAT in clinical settings, extensive 

clinical trials are required to validate its efficacy and 

safety across various medical and advanced biological 

research applications.  

7.4. Expanding Applications in Biological 

Research: As PAT technology continues to advance, its 

applications in biological research, particularly in 

zoology and botany, are expected to expand. Future 

research may focus on using PAT to study ecological 

interactions, plant responses to environmental stressors, 

and animal behavior in natural habitats. Such studies 

could provide valuable insights into the complex 

dynamics of living systems. 

 

CONCLUSION  

Photoacoustic tomography represents a paradigm shift in 

medical imaging, offering unique advantages in terms of 

resolution, depth penetration, and functional imaging 

capabilities. While significant challenges remain, 

particularly in terms of technical implementation and 

standardization, ongoing research in nanotechnology and 
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multimodal imaging promises to enhance the clinical 

applicability of Photoacoustic tomography. As this 

technology continues to evolve, it has the potential to 

transform diagnostic practices, improve patient 

outcomes, and contribute to significant advancements in 

biological research. 
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