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Outline

• Motivation and challenges

• Laser-induced photoacoustic tomography (PAT)

• RF-induced thermoacoustic tomography (TAT)

• Ultrasound modulated optical tomography (UOT)
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• Ultrasound-modulated optical tomography (UOT)

• Summary
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Motivation for Optical Imaging

• Safety — Non-ionizing radiation: photon energy is ~2 eV.
• Physics — Related to the molecular conformation of tissue.  
• Optics — High intrinsic contrast: 

Optical absorption: oxyhemoglobin, deoxyhemoglobin, melanin, and 
exogenous contrast agents.
Optical scattering: Size of cell nuclei.
Optical polarization: Collagen and muscle fibers.

• Physiology — Functional imaging of physiological parameters: 
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Oxygen saturation of hemoglobin (related to hyper-metabolism)
Total hemoglobin concentration (related to angiogenesis)
Blood flow (Doppler)
Enlargement of cell nuclei
Orientation of collagen
Denaturation of collagen

• Physiology — Molecular imaging
Integrin, VEGF, etc
Reporter genes

• ….
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Challenges in Optical Imaging

DOT

OM, SNOM

OCTSoft limit
= ~lt’

CFM, 2PM, SHM, etc.
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OM: Optical microscopy
SNOM: Scanning near-field optical microscopy
CFM: Confocal microscopy
2PM: Two-photon microscopy
SHM: Second harmonic microscopy
OCT: Optical coherence tomography
DOT: Diffuse optical tomography
UOT: Ultrasound-modulated optical tomography
PAT: Photoacoustic tomography

DOT, 
UOT, PAT

Simulation software MCML 
available from
http://oilab.seas.wustl.edu

Hard limit = ~10 δ = ~5 cm
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• Ultrasound-modulated optical tomography (UOT)

• Summary
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Reconstruction-based (Computed)
Photoacoustic Tomography

(1) Laser pulse (<ANSI limit:
e.g., 20 mJ/cm2)

(2) Local heating
(~ mK)
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(4) Ultrasonic 
detection
(optical scatter/100)

(3) Ultrasonic 
emission 
(~ mbar)

Physical Review E 71, 016706 (2005).
Phys. Rev. Letters 92, 033902 (2004).
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Photoacoustic Forward Solution
in an Infinite Medium: Plane Wave
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Spherical Radon Transform and Spherical Back-projection
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Physical Review E
71, 016706 (2005).

Physical Review Letters
92, 033902 (2004).
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Transcranial Functional Photoacoustic Imaging of Rat
Whisker Stimulation In Vivo: Hemodynamics
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Nature Biotech. 21, 803 (2003).

© 2008, LV WANG

60%

80%

cm n 
ox

yg
en

 
on

 (S
O

2)

Functional and Molecular Photoacoustic Imaging:
Nude Mouse with a U87 Glioblastoma Xenograft in the Brain

(b) Molecular imaging:
Tumor over-expression of integrin
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(a) Functional imaging:
Tumor hypoxia
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Proc. of IEEE (accepted, 2008).
* Contrast agent provided by Chun Li’s Group (MD Anderson)

Resolution: 60 μm
Speckle free

Resolution: 312 μm
Sensitivity: 4 fmol/voxel (40 nM)
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Real-time Imaging of Nude Mouse Heart Beating:
50 Frames/s at 30 MHz
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Reflection-mode Photoacoustic Microscopy: Illustration

Target
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Reflection-mode Dark-field Confocal
Photoacoustic Microscopy: System

yz

x

Motor driver
Translation 
stages

Photodiode

Amplifier

Tunable laser

Conical lens

Ultrasonic 
transducer

Optical illumination

Nd:YAG pump laser
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Sample holder

Base

Heater & 
temperature 
controller

AD

Computer

Conical lens

Mirror

Dual foci

Sample

Annular 
illumination with a 

dark center 
Optics Letters 30, 625 (2005).
Nature Biotech. 24, 848 (2006).
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Photoacoustic Imaging Depth and Resolution: 
50 MHz System

• Imaging depth: ~3 mm
• Axial resolution: ~15 microns
• Depth/resolution: ~200 pixels3 

m
m
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B-scan of a black 
double-stranded 
cotton thread embedded 
in rat

• Lateral resolution: ~45 microns
• Acquisition time: 2 μs/A-scan
• No signal averaging

Optics Letters 30, 625 (2005).
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Photoacoustic Imaging of Skin Burn in Pigs

1 mm
Hyperemic bowl

Coagulated 
tissue

Healthy 
tissue

Acute thermal (175 oC, 20 s) burn in pig skin in vivo. 
Postmortem imaging at 584-nm optical wavelength.

Photograph Photoacoustic 
image

B-scan image
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J Biomed Optics 11, 054033 (2006).
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Photoacoustic Imaging of Hemodynamics
in a Small Animal In Vivo

Total hemoglobin Oxygen saturation Arteries and veins
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Appl. Phys. Lett.
90, 053901 (2007).
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Photoacoustic Imaging of Melanoma
in a Small Animal In Vivo

Melanoma

Composite photoacoustic image 
acquired at 584 and 764 nm 

1 mm

Melanoma

Melanoma

Melanoma

Photograph

B-scan image at 764 nm

Histology
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3 mm

Skin surfacez
x
y

8 mm8 mm

1 mm Surface renderingMovie

Nature Biotech.
24, 848 (2006).

Contrasts:
Vessel:       13±1
Melanoma: 69±5
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Photoacoustic Imaging of Extravasated Nanoshells
around a Tumor in a Small Animal In Vivo

Tumor
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Nanoshells provided by Nanospectra

Nanoshells
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In Vivo Photoacoustic Molecular (Genetic) Imaging:
Gene Expression in Gliosarcoma Tumor in Rat

Image of blood 
vessels at 584-nm 
wavelength

Image of expression of 
LacZ reporter gene at 635-
nm wavelength

1. LacZ (gene)
2. Beta-galactosidase (enzyme )
3. X-gal (colorless substrate)
4. Blue product

Composite image

1 mm
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wavelength nm wavelength 1 mm

J Biomed Optics 12(2), 020504 (2007).
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Photoacoustic Imaging of Human Palm In Vivo
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Skin surface Stratum
corneum

1 mm1 5
2 3 4 6 7

Optical absorption

B-scan image

Nature Biotech. 24, 848 (2006).
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Non-invasive In Vivo Transcranial
Photoacoustic Imaging of Mouse

(c) Photo: Skin removed intact skull
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(c) Photo: Skin removed, intact skull

(d) Photo: Skin and skull removed

1 mm

(b) PAM image: Intact skin and skull

(a) Photo: Intact skin and skull
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Deep-Penetrating Photoacoustic Imaging System

• 804 nm optical wavelength
• Exposure: <31 mJ/cm2 (ANSI)
• 5 MHz transducer
• 30 times average
• SAFT
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• Axial resolution: 144 µm
• Transverse resolution: 560 µm
• SNR:

37 dB (17 mm)
24 dB (30 mm)

rubber

Horse
hair

2330
m

Rubber

Horse
hairs



Page 9

© 2008, LV WANG

Optical Resolution Photoacoustic Imaging
of Nude Mouse In Vivo: 5 Micron Lateral Resolution

PAM: 
Projection

Transmission 
optical microscopy

PAM:
3D

SG

CL

SG
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SG: sebaceous glands
CL: capillary (diameter of ~5 µm)

50 µm
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Photoacoustic Doppler Sensing in Scattering Media
Ultrasonic 
Transducer

Modulated 
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Physical Review Letters 99, 184501 (2007). 
Editor’s suggestion.

θ
λ

cosPAD
A

Vf =
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Modern High-resolution Optical Microscopy
(Depth / Resolution > 100)

Modality Year Depth Contrast

Confocal microscopy 1970s ~0.5 mm Scattering, 
fluorescence

Two-photon microscopy 1990s ~0.5 mm Fluorescence
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Optical coherence tomography 1990s ~1 mm Scattering,
polarization

Dark-field confocal 
photoacoustic microscopy

2005* ~3-30 mm, 
scalable

Absorption

* Optics Letters 30, 625 (2005).
Nature Biotech. 24, 848 (2006).
Nature Protocols 2, 797 (2007).
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Outline

• Motivation and challenges
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• Ultrasound-modulated optical tomography (UOT)

• Summary
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Microwave-induced Thermoacoustic Tomography (TAT):
Experimental System and Image of Mastectomy Specimen

Tank
Ultrasonic 
transducers Step motor

1 cm 
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Waveguide

Microwave 
generator

Amplifiers Oscilloscope

• Invasive lobular 
carcinoma

• 11 cm diam. 
X 9 cm thick

• ~5:1 contrast 

Tech. in Cancer Res. & Treatment 4, 559 (2005).
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• Laser-induced photoacoustic tomography (PAT)
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• Ultrasound-modulated optical tomography (UOT)

• Summary
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Ultrasound-modulated Optical Tomography (UOT):
Ultrasonic Frequency Encoding of Diffuse Photons

along Ultrasonic Axis (z)
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Summary

• Physically combining ultrasonic and electromagnetic waves (light 
& RF) provides 

improved spatial resolution compared with optical/RF imaging,
new contrast mechanisms compared with ultrasound imaging.

• Spatial resolution is determined by the ultrasonic parameters.
• Spatial resolution is scalable with the ultrasonic parameters.

Contrast is provided by the electromagnetic properties
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• Contrast is provided by the electromagnetic properties.
• Deep (~cm) tissue imaging can be achieved.
• Speckle artifacts do not exist.
• Functional imaging can be accomplished with endogenous 

contrast.
• Molecular imaging can be accomplished with exogenous contrast 

agents or reporter genes.
• Non-ionizing radiation is used.
• Costs are comparable with those of ultrasound systems.
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Chapters

1. Introduction to biomedical optics
2. Single scattering: Rayleigh theory and 

Mie theory 
3. Monte Carlo modeling of photon 

transport
4. Convolution for broad-beam responses
5. Radiative transfer equation and diffusion 

theory
6. Hybrid model of Monte Carlo method 

and diffusion theory
7. Sensing of optical properties and
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7. Sensing of optical properties and 
spectroscopy

8. Ballistic imaging and microscopy
9. Optical coherence tomography
10. Mueller optical coherence tomography
11. Diffuse optical tomography
12. Photoacoustic tomography
13. Ultrasound-modulated optical 

tomography

Homework solutions available to instructors.

Taped presentations available on our web.


