Biomedical
Photoacoustic
Imaging

Fashbir
April 1, 2009




Outline

1 Introduction

1 PA In Tissues

1 Types of PA Imaging Systems
1 Safety Issue

1 PA Imaging Using an Ultrasonic FZP
Transducer in brief




Introduction 43

. Medical imaging " very important for medical
diagnostics and research

1 Some imaging techniques have
X-ray CT : harmful accumulated radiation.

Ultrasound : poor contrast (mainly depends on
acoustic heterogeneity).

Pure optical : shallow penetration by scattering.
The existing high-resolution optical imaging
technologies rely on ballistic photons for imaging"

limited imaging depths due to the strong
backscattering that related to tissue morphology.



Imaging modality Primary contrast | Imaging depth | Resolution
Confocal microscopy | Fluorescence/scattering ~0.2 mm ~1-2 microns
qu-p Moty Fluorescence ~0.5 mm ~1-2 microns
microscopy
SIpfca S0 iekonce Optical scattering ~1-2 mm ~10 microns
tomography
Ultrasonography : : ~300
(5 MHz) Ultrasonic scattering 60 mm e
Photoacoustic . : ;
micioacomy (5 MH:) Optical absorption ~3 mm ~15 microns
Photoacoustic . . ~700
Somtography (3.5 My | VPucel absorpbon Y et Hitons
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A new technique for non-invasive as well as non-
destructive imaging : photoacoustic (PA)
Imaging.

PA effect : the absorbed energy from the light is
transformed into kinetic energy, results in local
heating and thus a pressure wave or sound.

It is the generation of acoustic waves by the
absorption of electromagnetic (EM) energy such
as optical or radio-frequency (RF) waves.

Observation of sound generated by light was first
reported in 1880 by Alexander Graham Bell.



PA In Tissues
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Ultrasound imaging has weak contrasts " unablg
reveal early stage tumors and either oxygen
saturation or the concentration of Hb.

Optical absorption is sensitive to both parameters.

Pure RF imaging cannot provide good spatial
resolution " resolution: 1 cm for 500-900 MHz
operating frequencies.

In soft tissues, optical scattering degrades spatial
resolution with depth, while ultrasonic waves have 2-
3 orders of magnitude weaker than optical waves
scattering " ultrasound provide a better resolution
than optical imaging in depths greater than ~ 1 mm.
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PA imaging combines ultrasonic resolution with high
contrast due to light, or RF, absorption.

EM energy used for PA excitation in soft tissues is
from visible (400—700 nm) to near-IR (700-1100 nm))
and RF regions. They are non-ionizing (safe), can
provide high contrast and enough penetration depths.

No ionizing radiation = no health hazard.

The resolution and imaging depth of PA imaging are
scalable, depending on the frequency of the
ultrasound transducer used.

The ultrasonic attenuation in tissues linearly increases
" High increase of ultrasonic frequency results in a
small penetration depth (for human skin, itis 0.7-3 dB
cm~! MHz™1).
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Types of PA Imaging system s soe
1. PA Microscopy (PAM)

Uses spherically focused ultrasonic transducers with 2D paint-
by-point scanning to localize the PA sources in linear or sector
scans, then reconstruct the image directly from the measured
data set. Its imaging depth is limited by the ultrasonic
attenuation.

Detects changes in oxygenated / deoxygenated Hb in small
vessels, images skin melanoma.

. Photoacoustic / Thermoacoustic / Optoacoustic Tomography

(PAT/TAT/OAT)

Images complicated structures by using a pulse laser as a
pumping source to irradiate a medium. PAT makes use of PA
signals measured at various locations around the subject under
study. A typical PAT system uses an unfocused (wideband)
ultrasound detector, usually in a circular or spherical fashion.

Detects brain lesion, monitors hemodynamics, diagnoses breast
cancer.

PA depth profiling (1D PAT) " determined the depth structure and
properties (the absorption coefficient in a non-scattering medium).
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Safety Issue T

EM radiation for human must be limited.

Maximum Permissible Exposure (MPE) " the level of EM
radiation to which a person may be exposed without hazardous
effects, tissue damage, or biological changes. Its levels are a
function of EM frequency, exposure time, and pulse repetition.

The MPE unit : in terms of either radiant exposure (J /cm?), or
irradiance (W/cm?2),

In general, the longer the wavelength, the higher the MPE; and
the longer the exposure time, the lower the MPE.

The IEEE Standard " For a RF radiation in 0.3—3 GHz, MPE =
1300 mW/cm? (f = frequency in MHZz).

The American National Standard " skin exposure to a laser
beam in the visible and NIR range (400-1400 nm), MPE=20C,
mdJ/cm? for a single short pulse with a duration of 1-100 ns.
(C,=1in 400-700 nm, 102" 2.7 in 700-1050 nm, and 5 in
1050-1400 nm). A = wavelength (microns).




PA Imaging Using Ultrasonic Fresnel Zone oo
Plate (FZP) Transducer

Hui Wang, Da Xing and Liangzhong Xiang at South
China Normal University, Guangzhou, have developed
a PA imaging system based on an ultrasonic FZP
transducer to image biological tissue.

A zone plate is used to focus light (here : ultrasonic
wave). Zone plate uses diffraction instead of refraction.
It consists of a set of radially symmetric rings (Fresnel
zones) which alternate between opaque and
transparent.

Ultrasonic wave hitting the zone plate will diffract
around the opaque zones. Transparent part will
transmit the ultrasonic wave while the opaque part will
block it. The spaced zones enables the diffracted
waves constructively interfere at the desired focus to
create an image.




Experimental Setup,,
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. To generate PA signals, a Q-switched Nd : YAG | e¢
laser with A = 1064 nm, a pulse width of 6 ns at 4
mdJ pulse™! and a repetition rate of 15 Hz was used.
The light was coupled to an optical fiber (core
diameter 600um) placed in the centre of the
transducer to send pulses to the sample. The
transducer was mounted in an X-Y—-Z scanning
system to scan over the sample. A dual-channel
digital oscilloscope collected PA signals at a
sampling rate of 250 Msamples s™7.

. PA signal comes from a point source near the
sample is measured by focusing the incident laser
on an absorber surface to form a point source. To
get the projections of optical absorption distribution,
the recorded PA signal is deconvolved and the
absorption distribution can be reconstructed.



Mormalized acoustic pressure (a.u)

Theoretical and experimental on-axis
acoustic pressure profiles for the two-
zone FZP transducer (the acoustic
field is focused at a distance of 10
mm on the axis of the transducer with
a depth of focus of 3 mm).
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The theoretical and
experimental focal plane profiles
for the two-zone FZP transducer
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Z/mm

The imaging resolution of the designed system (by imaging | ®

five graphite lines ( = 0.1 mm), fixed in turbid phantom made

of 14.5% gelatin, and 85.5% water).

1 The reconstructed PA image
(the low limit of the grayscale

was 15% of the maximum
value).

x/mm

Reconstruction profile (a.u)

B 4

The line profile of the
reconstructed image with z =
10.2 mm. The lateral resolution
(FWHM) = 0.65 £ 0.015 mm.
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2D PA imaging

1.
(the depth position of the vessels = 2.5 mm from
chicken breast tissue surface).

the

The reconstruction PA imaging The photograph of the scanned area
(horizontal axis = scan direction) (dashed lines = the vessels course)
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2D PA imaging oo

2.
(CAM).
The maximum amplitude projection (MAP) along the z axis to the imaging plane
(x—y plane) is used to generate the MAP image. A 2D scan was done with a
step of 0.2 mm by the FZP transducer (distance =10.5 mm to the vessels).
Some microvessels are invisible because of the limited frequency band
response of the transducer.

The imaged area The MAP PA image of CAM in vitro
(The vessels’ main structure is high-contrast imaged)
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Conclusion o

PAM offers high optical-absorption contrast as well as high
ultrasonic resolution due to the low scattering of ultrasound. PAM
can clearly image structures with high optical absorption coefficients
(e.g. blood vessels).

Combining good acoustic resolution with optical or RF absorption
contrast, PAT is suitable for biological tissues with inhomogeneous
optical or RF absorption but homogeneous acoustical properties
(breast, brain etc) where the angiogenesis networks can be
measured. For hard tissues (human skull etc), PAT has limitations
since they generate strong ultrasonic wave-front aberrations, hence
application of PAT to (e.g.) image human brain would be obstructed.

The blood vessels of chicken embryo CAM can be imaged by the
PA imaging system using ultrasonic FZP transducer with the MAP.
PA images of two joining artificial blood vessels embedded in
chicken breast can be well reconstructed by combining limited-field
back-projection deconvolution algorithm and appropriate signal
processing technique. This system can be used to supervise tumor
angiogenesis. Nevertheless, its lateral resolution must be enhanced.

There have as yet been no large clinical trials of PA imaging. Seeing
their impressive clinical applications in the near future is a big hope.
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