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Contrast agents

exogenous 
contrast

endogenous 
contrast

imaging probes,
nanoparticles

oxygenated and 
deoxygenated 

hemoglobin, melanin

three 
images

one anatomical image

one functional image resolving oxy- and deoxy-hemoglobin concentrations

a third image resolving additional target photoabsorber (contrast agents)



Imaging range

Macroscopic regime

mesoscopic range

microscopic range

resolution = 100-500 microns 
penetration depth >10 mm

resolution = 1-50 microns 
penetration depth < 10 mm

resolution = submicron 
penetration depth < 1 mm



Applications



biological 
applications

cardiovascular disease research

neuroimaging

cancer research

real-time hand-held 
imaging systems

Breast imaging

Vasculature imaging

lymph nodes imaging

Skin imaging

Thyroid imaging

prostate imaging

…

Rheumatoid arthritis

Imaging of pharmacokinetic



Modes of 
operation

Anatomical imaging vasculature, kidney, heart, liver, brain and muscle

functional/dynamic 
imaging

video rates to reveal changes in tissue contrast 
caused by hemodynamics, motion such as 

vessel pulsation, and uptake of drugs

biological / molecular 
imaging

tissue oxygenation, reporter genes, fluorescent 
proteins and various exogenous agents (e.g. 

fluorescent dyes, nanoparticles, target-specific 
agents)
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The comments of Radiologists about Photoacoustic

Opto-acoustic Imaging: A new 
modality changing the future of 
breast imaging 
(radiologybusiness.com)



The comments of Radiologists about Photoacoustic



The comments of Radiologists about Photoacoustic



Breast Cancer Imaging

• The number of breast cancer cases was largest among
the different types of cancers.

• leading cause of cancer-induced deaths among women.
• It is about 30% (or 1 in 3) of all new female cancers each year.
• In the year 2015 alone, worldwide, 523,000 women died

because of breast cancer.
• In 2020, an estimated 684,996 women across the world

died from breast cancer.
• In the previous 17 years (2005–2015) breast cancer cases

had increased by 43%.
• We have to do something to make the world with fewer

deaths

Photoacoustic Breast Imaging System can image breast 
cancer cells in early stage.

Low cost system, No pain, No damage



Breast Cancer Imaging

commercial products 



Emerging 
applications

Breast cancer 
imaging

X-ray: poor sensitivity mammography

ultrasound: low specificity 

Photoacoustic: focusing on detecting 
the increased vascular density and 
correspondingly high hemoglobin 

concentration thought to occur in and 
around tumors

L. Wang, nature, 2018





X-ray mammograms Photoacoustic image Tumor detectionMIP



Tumor detection with breathing



Tumor detection:
1- Malignant
2- benign





CD-31 immunohistochemistry 
(IHC) in histopathology, showed 
good correspondence between 
density and distribution of 
vascularity, and PA image patterns



Example of photoacoustic mass-like appearance seen in 44 year old patient
(P38, Case 1) with infiltrating ductal carcinoma (IDC). (a) The cranio-caudal x-
ray mammogram of the right breast does not show any abnormalities and is
judged as BI-RADS 1. The white box indicates the field-of-view (FOV) of the
PA image. (b) Ultrasound image of palpable mass, reveals 22mm highly
suspect mass. (For MR image see Fig. 1(a)) (c) A volume rendering of part of
the PA data reveals confined high intensity area, which we define as mass
appearance.



Example of photoacoustic ring-like appearance observed in 69 year old (P47, Case 2) with IDC (a) The CC x-ray mammogram 
of the left breast shows a highly suspect mass measuring about 24mm in diameter. The white box indicates the FOV of PA 
image. (b) Ultrasound image of the palpable mass reveals highly suspect mass measuring 29mm. (c) MIP in CC view of PA 
volume presents as a collection of high intensity zones surrounding an area of low intensity. (d) A volume rendering of PA 
data reveals the ring appearance.





Preventing unnecessary 
Biopsies

Predicting the Breast Tomur grade



Emerging 
applications

Vascular
imaging

MSOT i-Thera



Emerging 
applications

skin
imaging



Emerging 
applications

Thyroid imaging

Cylindre PACT thyroid focus ,Vasilis 2013





Emerging 
applications

Rheumatoid arthritis



fPAT, Functional PA brain imaging, 2022 
magnetic resonance angiography (MRA)



Other 
Applications

Photoacoustic-guided surgery from head to toe 



All in one



From the literature it was found that PA imaging can be used to monitor the efficacy of anti-
cancer treatments, such as chemotherapy or molecular targeting therapies, through the
changes in the PA images of tumor-related blood vessels.

Breast Cancer Treatment Monitoring 

Ultrasound: low specificity 
X-ray: poor sensitivity mammography, damage
Enhanced-MRI: high-cost, contrast-agent, may damage
Photoacoustic: low-cost, NO contrast-agent, NO pain, NO damage

Conclusion







There is a sharp increase from 2018, due to 
the clinical approved products that should be 
launched on the market during 2017. 

Components and R&D market forecast. 

Global Photoacoustic Market Size



PAI system

LASER
OPTICAL 

FIBER

TRIG

PROBE SOFTWAREDAQ

IMAGE

TISSUE

Transmitter Receiver



LASER

• Nd:YAG – Pulsed
• PRF: 10 Hz
• Energy: 0.1 – 1 J
• Wavelength: 532 nm, 1064 nm
• Setup type: Hand-held
• Weight: ~ 3 KG
• Optical fiber



DAQ

• 32, 64 DAQ channels (future: 128 - 192)
• SNR level: ~ 45 dB
• Supports up to 192 channels
• Supports up to 64 channel US transmission
• Adaptive with USCT setups



Probe

• Number of elements: 192
• Frequency: 4-12 MHz
• Pitch: 0.2 mm
• Radius of curvature: 0
• Elevation aperture: 3.5 mm
• Elevation focus: 13 mm
• Aperture 35 mm
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More than 20 publications
Selected journals:
IEEE, TMI
Photoacoustics
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US Patent

SOFTWARE (Beamforming algorithms)



Some selected worksSome 2021-2022 selected works



Photoacoustic Microscopy (1)

IEEE, TMI, 2021

Rat liver



IEEE, TMI, 2021

Rat Ear



Photoacoustic Microscopy (2)

IEEE, TMI, 2021



Photoacoustic Tomography (1)

Photoacoustics, 2022



Complex leaf phantom





Photoacoustic Tomography (2)



Photoacoustic Tomography (3)



PA image of Wire phantom

PA image of Human forearmBOE, 2022

Photoacoustic Tomography (4)





Photoacoustic Tomography (5)



1 Introduction

(66/7
0)

Matching PAI Systems with Applications

Imaging depth                                                       Imaging speed or temporal resolution

Imaging contrast  

1

3

2

Major
Implementations

PAM PACT

Lateral Resolution AR-PAM ≅ 30 µm

OR-PAM ≅ 3 µm
100 - 500 µm

Axial Resolution < 30 µm 100 - 500 µm

Penetration Depth AR-PAM < 10 mm

OR-PAM < 1 mm
> 10 mm

Energy per pulse
AR-PAM < 1 mJ

OR-PAM < 1 µJ
> 10 mJ

PRF > 1 KHz Tens of Hertz



1

2

3

4

5

Introduction

Optical-Resolution 
PAM

Single-Pixel 
PAM

Acoustic-Resolution
PAM

Photoacoustic 
TomographyAim of Photoacoustic

Agenda
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Optical Resolution PAM (OR-PAM)
a

2

Introduction

Optical-
Resolution 

PAM

Lateral Resolution:

Penetration depth is restricted to the mean 

optical path length:

-

+

- The scattering anisotropy     � =  0.9
- The scattering coefficient    ��=  100 ����

- The absorption coefficient   ��=  0.1 ����
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DOF Improvement
a

2

Introduction

Optical-
Resolution 

PAM

solution: Instead the focused Gaussian beam, we produced needle-like Bessel beam (BB), and
extended depth-of-focus beam (EDFB).

+

-

A reflective phase-only 
SLM with polarizer and 
half-wave plate.
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Limitations of OR-PAM
a

2

Introduction

Optical-
Resolution 

PAM

- Problem: Anisotropic imaging:
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Isotropic Imager
a

2

Introduction

Optical-
Resolution 

PAM

1st solution: Higher frequency ultrasonic transducers and deconvolution algorithms have

been utilized to achieve higher acoustically defined axial resolution.

+

Problems: at the cost of the signal-to-noise ratio (SNR) and imaging depth.-

2nd solution: Grueneisen Relaxation Photoacoustic Microscopy (GR-PAM).+

Phenomenon: The temperature-dependent property of the Grueneisen parameter has been

employed in photoacoustic imaging mainly to measure tissue temperature..
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GR-PAM
a

2

Introduction

Optical-
Resolution 

PAM

GR-PAM sequentially delivers two identical laser pulses
with a microsecond-scale time delay.

When the second laser pulse excites the tagged
absorbers within the thermal relaxation time, a
photoacoustic signal stronger than the first one is
produced, owing to the temperature dependence of
the Grueneisen parameter.

The first laser pulse generates a photoacoustic signal
and thermally tags the in-focus absorbers.

1

2
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a

2

Introduction

Optical-
Resolution 

PAM

Multiview Structure

+ benefit: Remove limited view.



-
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Limitations of OR-PAM

Problem: Need a mechanical scanner with high speed and stability along with the high
resolution.

Problem: Noise caused by the movement of the ultrasound transducer to scan the imaging
medium.

+

-

--

Key Idea: Single-Pixel Photoacoustic Microscope.

Conventional PAM

a

a

3

Introduction

Optical-
Resolution 

PAM

Single-Pixel 
PAM
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Single-Pixel Photoacoustic Microscope (SIR-PAM)

Conventional PAM Single-Pixel PAM

Position 
of scanner

a

a

3

Introduction

Optical-
Resolution 

PAM

Single-Pixel 
PAM
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Single-Pixel Photoacoustic Microscope

Orthonormal basis of two-dimensional Fourier transform:

Complex exponential pattern ;  �� �, �, � = exp [−�(���
� + ���

� + �)]

K-Space
Phase 

@ Spatial Domain
Sinusoidal fringe
@ Spatial Domain

a

a

3

Introduction

Optical-
Resolution 
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Sinusoidal pattern generation using DMD
a

a

3

Introduction

Optical-
Resolution 

PAM

Single-Pixel 
PAM
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Region-of-Interest (ROI)

Problem: Trade-off between ROI and resolution; due to limitation of number of DMD pixel 

(dependent on scaling factor in 4f structure):

--

a

a

3

Introduction

Optical-
Resolution 

PAM

Single-Pixel 
PAM
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Setup

Proposed Structure:

a

a

3

Introduction

Optical-
Resolution 

PAM

Single-Pixel 
PAM
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Introduction

Optical-Resolution 
PAM

Single-Pixel 
PAM

Acoustic-Resolution
PAM

Structured-
Illumination PAMAim of Photoacoustic

Agenda



(81/70)

Dark-Field and Bright-field Illumination

Optical focal diameter of 2 mm Imaging depth of up to 3 mm

(Axicon lens)

a

a

a

4

Introduction

Optical-
Resolution 

PAM

Single-Pixel 
PAM

Acoustic-
Resolution 

PAM
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Synthetic Aperture Focusing Technique (SAFT)

Profits: In order to obtain an appropriate lateral resolution, the AR-PAM
method takes advantage of a Large NA (for resolution improvement in the
focal zone), High frequency, High sensitive, single-element focused UST.

-

-+

Problem: Large NA of this focused transducer although improves the lateral
resolution in the focal-zone limits the DOF. Moreover, it deteriorates the
lateral resolution and thus image quality in out-of-focus regions.

-

a

a

a

4

Introduction

Optical-
Resolution 

PAM

Single-Pixel 
PAM

Acoustic-
Resolution 

PAM
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SAFT based on Virtual Detector (VD) Concept

Key Idea: The focal point of the US transducer is 
considered as the VD.

Problem: During conventional delay-and-sum reconstruction, large-aperture detectors
are considered as a point detector, typically at the center of the transducer surface.

�������� ���������� ∶  �� = 30 ��, 

������ �������� �� ���������� ∶  �� = 6 ��

--

+

a

a

a
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Numerical Simulations
a

a

a

4
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Acoustic-
Resolution 

PAM
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Acoustic Diffraction Limit
a

a

a

a

5

Introduction

Optical-
Resolution 

PAM

Single-Pixel 
PAM

Acoustic-
Resolution 

PAM

Structured-
Illumination 

PAM

Problem: It has been assumed that a VD acts as a point detector. Still, the finite diameter and �� of
the focused ultrasound transducer makes the point detector assumption of VDs to be inexact. The

lateral resolution in focal-zone is limited to ��� = 0.71
��

���
due to the acoustic diffraction limit.

--

1st Solution: Deconvolution with the PSF of the acoustic system+
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Richardson-Lucy Deconvolution Algorithm 
a

a

a

a

5

Introduction

Optical-
Resolution 

PAM

Single-Pixel 
PAM

Acoustic-
Resolution 

PAM

Structured-
Illumination 

PAM

PSF of 
Imager

One is the normalized adjacent mean square error
(AMSE) of two successively restored images in
adjacent iterations:
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Limitation
a

a

a

a

5

Introduction

Optical-
Resolution 

PAM

Single-Pixel 
PAM

Acoustic-
Resolution 

PAM

Structured-
Illumination 

PAMSolution: Structured Illumination.+

Problem: Limitation in dynamic range.--
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Aim of Structured-Illumination PAM
a

a

a

a

5

Introduction

Optical-
Resolution 

PAM

Single-Pixel 
PAM

Acoustic-
Resolution 

PAM

Structured-
Illumination 

PAM

Finally, combining the low-frequency image with the high-frequency parts in four
regular orientations in the spatial frequency domain is equivalent to imaging the
targeted object with an imaging system of two-fold bandwidth and thus half
lateral resolution.

Purpose: The structured-illumination will be introduced in order to surpass the
diffraction limit in an AR-PAM structure.

+

Through optical excitation of the targeted object with a sinusoidal spatial fringe
pattern, the object’s frequency spectrum is forced to shift in the spatial
frequency domain.

The shifting in the desired direction leads to the passage of the high-frequency
contents of the object through the passband of the acoustic diffraction
frequency response.

1

3

2
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a
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Spatial frequencies of the SSF Pattern:

Spatial Amplitude and Phase Modulation Using a
DMD for Fringe Illumination
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Structured-Illumination PAM
a

a

a

a
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Phase Compounding Method
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Experimental Setup
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Ex-vivo Experiment
a

a

a

a
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In-vivo Experiment
a

a

a

a
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