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PAT Introduction

* Photoacoustic (PA) tomography (PAT)

* PA effect

ALEXANDER GRAHAM BELL 1847-1922

Also referred to as optoacoustic tomography

Emerging biomedical imaging method based on the PA
effect

» Rapid theoretical and technological development in
the 1990s

Advantages

+ Image deeper into tissue because multiple scattered
photons are utilized

+ Suitable for functional and molecular imaging
Disadvantages
* Requires sensitive excitation and emission equipment
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PAT Theory

* PAT Theory

* Excitation: Short EM pulses » Initial pressure after illumination:

« Short duration = thermal confinement (i.e.
ignore thermal diffusion)

-

d:

T

TE Ty =

* where
* Ty is the thermal confinement threshold

* d. is the characteristic dimension size
(targeted spatial resolution)

« D, is thermal diffusivity (~0.14 mm?/s for soft
tissue)

* Acoustic stress confinement > The expansion of
the object is negligible compared to the size

C

T Ta =
Vs
* where
¢ Ty is the acoustic stress confinement threshold
* v, is the acoustic velocity

Heating function

W, (r)D(r,r) (for optical illumination)

- G(r)i:EQ(r.I):} (for RF wave illumination)

« @ is the optical fluence rate in \WW/m?
» 0o is the electrical conductivity in S/m
« E s the electrical field

* <->represents short-time averaging

polr) =T Alr)

* where
« [ is a dimensionless parameter (Grueneisen
parameter)
2
r=vB
LP

* A(r) is the total energy converted into heat at
location r

Hr,t) = Alr) &(t)

c P iztbe isobaric volume expansion coefficient
in K~
* Cpis the isobaric specific heat in J/K-kg
Soiution
« After simplifications
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PA computed tomography (PAT)
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* [lluminate with laser
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Aerophore i

Water

« Scan a single-element

ultrasonic transducer over the

tissue surface or use ultrasound

array

* The weak PA signal generally

has a wide spectrum - The
ultrasonic detector must have
high sensitivity and wide band
detection
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» Reconstruction of the initial PA
absorption distribution -2
inverse spherical Radon
transformation

- Exact, approximate, and o
numerical reconstruction
algorithms




PA computed tomography (PAT)

- Applications
» Breast imaging

Breast Array of transducers

Pulsed laser

Sync
v l W
Amplifier ADC Microprocessor PC

X-ray mammography of a dense breast does not show signs of a tumor; Doppler ultrasonography shows an
increased blood flow; PAT clearly shows a tumor (JBO, 14, 024007 (2009))



PA Microscopy A‘"'A[

Coupling medium

Piezo-film \ e
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 Basics

» Detects signals with a
positively focused ultrasonic

GRIN

transducer J
: . Optical fiber 2
* Focusing ultrasound in the 4] Tissue
tissue is much easier than Acoustic backing e

Acoustic lens

focusing light at depths
 Direct imaging (no
reconstruction)

« Scanning the transducer in 2
or 3 dimensions

 Transmission or reflection
mode (more convenient for
tissue)

=
* Limitations Tl ;’3"
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 Less penetration than PACT s &/‘

kin surface
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Nature Biotechnology 24, 848 - 851 (2006)



PA Microscopy

* Acoustic-resolution @y, eplealfiber, dye . [NGYLF
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« Limitations |

* Resolutions degrades b _ o j
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focus ]
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PA Microscopy

» Optical-resolution
photoacoustic
microscopy (OR-PAM)

 Light focusing =
Determines the lateral
resolution

* More like an optical
microscope measuring
absorption

» Better lateral resolution
(10 pm)
* Limitations
» Less penetrations than

AR-PAM - very
superficial imaging
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Opt. Lett. 36, 134—-1136 (2011) 8



All optical PA

» Optical ultrasound detection

Overcoming the limitations of
piezoelectric-based detection for
planar geometries

* Low, non-uniform sensitivity
* Limited bandwidth

Transparent Fabry—Perot (FP)
polymer film etalon

» Polymer film spacer sandwiched

between a pair of mirrors

* Acoustically induced changes in the
optical thickness of the spacer >
modulate the reflectivity of the etalon

PMMA
backing

/ stub

Dichroic
mirrors

115 mm Il:.t'( .

Parylene C
spacer

excitation laser
pulses

(c)

- detected by measuring the changes

in the reflected power of an incident

laser beam

» Raster scanning a focused laser beam
across the surface of the sensor
—>Incident PA wavefront spatially

mapped in 2D.

Advantages

* No aperture limatations
» Broadband response
+ Fine sampling

Phys. Med. Biol. 54, 1035-1046 (2009)

" scanning system
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PA Spectroscopy and Functional Imaging A“f’ﬁ

* Absorption
 Wavelength and environment sensitive

« Spectrally dependent absorption of blood
« Functional imaging of SO,

Left whisker stimulation Right whisker stimulation

DIFFER
I The regions of high differential absorption indicate regions of oxygen utilization. (X.

Min Max Wang et al., Nat. Biotechnol. 21, 803 (2003))
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PA Contrast Agents and Molecular
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« Contrast agents
* Exogenous
« Enhance the image quality and specificity
* Dyes
* E.g. indocyanine green (ICG)
+ FDA approved by FDA
* High absorption in the NIR spectral region
* Increase contrast in blood vessels
* Nanoparticles

« Absorption peak is tunable by changing the
shape and size of the particle

« Without bio-conjugation >accumulate in
tumor sites due to the enhanced vascular
permeability and retention

* PA molecular imaging mechanisms

1. Changes at the molecular level - optical or
RF absorption properties of contrast agents
change

2. Contrast agents (with specific absorption
spectra) bio-conjugated with certain
proteins (such as antibodies) - targeting
specific molecules

Pre-injection
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SWNT-ICG-HAD SWNT-ICG-RGD
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Photograph

Tumor targeting in living mice with RGD-functionalized carbon
nanotubes. Ultrasound image (gray) with photoacoustic overlay
(green) at one transverse slice through the tumor (dotted black line).
(Nano Lett 2010, 10:2168-217)
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Comparison

Imaging modality Primary contrast | Imaging depth | Resolution
Confocal microscopy | Fluorescence/scattering ~0.2 mm ~1-2 microns
qu-photon Fluorescence ~0.5 mm ~1-2 microns
microscopy

Opti:oalmt:)oghrear::;e Optical scattering ~1-2 mm ~10 microns
Um?;o;ﬁ'z.;‘ phy Ultrasonic scattering ~60 mm ﬂrunBiS?ons
mic::zo:;c(';;‘;iﬂz) Optical absorption ~3 mm ~15 microns
mm:’gl::;o:;(;r Sh :;.[HZ) Optical absorption ~50 mm ;ngons
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UOT Introduction

 Ultrasound-Modulated Optical Tomography (UOT)
« Why combine light with ultrasound?

(~5-10 mm)

scalable

Diffuse optical | Ultrasonic Ultrasound-
tomography imaging modulated
optical
Properties tomography
Contrast Excellent Poor in early Excellent
(functional) cancers (= DOT)
Resolution Poor Excellent & Excellent

(=US)

Imaging depth | Good Good & scalable | Good
(=5 cm)

Speckle None Strong None

artifacts

Scattering Strong Weak

coefficient (=100 /cm) (~0.3 /cm)
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UOT Introduction

» Tissues are highly scattering media

* DOT unable to provide good-quality Focused US
images. beam ~ Speckle
attern
* Use ultrasonic waves, which scatter much A : e il P
less than light waves, to provide better light Bl i
localization — T W
- Ultrasound-Modulated Optical G éﬁiﬁ?ﬁﬁf’/
Tomography (UOT)

« Part of the light is modulated by an
ultrasonic beam focused inside the

A
biological tissue l
« Modulated photons can be discriminated I e 2
from background-unmodulated photons
—> their origin can be directly derived from :
the position of the focused ultrasonic Bloaa ' _
beam Excitation

» Three-dimensional (3D) images can be
built up by moving the focused ultrasonic
beam.

« Strong optical contrast with high
ultrasonic spatial resolution
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UOT Introduction

« UOT Advantages

* Image contrast based on optical
properties = morphological and
functional information of
biological

« UOT Challenges

* A major challenge in UOT is the
low signal-to-noise ratio (SNR)
* From low modulation efficiency
and uncorrelated phases
between speckle grains.
» Detection techniques

» Parallel detection with CCD
cameras,

» Speckle contrast detection with
CCD cameras,

» Interferometric techniques
* |ntense ultrasound bursts

instead of continuous-wave or
pulsed ultrasound

A
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Coherent
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UOT Theory

« UOT Mechanisms of Contrast

1.

Incoherent intensity modulation of
light due to variations of the optical
properties of a medium caused by
ultrasound
« Too weak to be detected
experimentally
Changes in the optical phase due to
ultrasound-induced displacements
of optical scatterers
« Multiply scattered light accumulates
modulation

* The intensity of the speckles
formed by the multiply scattered
light fluctuates with the ultrasonic
wave

Changes in the optical phase due to
ultrasonic modulation of the optical
refractive index of the medium

* As in number 2
2 and 3 require coherent light
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UOT Theory

* The spectral intensity at frequency nw, can be calculated by

Ta
I, = Ti jcns{nmaft}(}l{t}dt:
"0

* where
+ T, is the acoustic period
* W, is the acoustic angular frequency
* nis aninteger
* G,(1) is the autocorrelation function of the scalar electric field, E(t)

(Lif}sinh({ﬁ[l - cns(maﬂ]}ixg)

_ ( * . Gi(t)= - — e =6(8, + 84)(nok,A)*
Gy(1) EI[P(S} < E, *(t + 1) E{(f) > ds. 1 sinh({LH}{E[l - CDS{ma’E}]}m) 0

2
\ ; ‘Sn = {G':nl + Oy :ﬂ]

* where 8q =2
* n, is the background refractive index -1
: . : Kl tan™ (k,[)
* Kk, is the optical wave vector in vacuo Oy =——————=
« As the acoustic amplitude, proportional to the acoustic pressure - o
nl

+ Kk, is the acoustic wave vector

Olpz = _
« |is the optical transport mean free path [(ka“”"m l(ka“_l]
* nis the elasto-optical coefficient
« L is the thickness of the slab
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UOT Theory

* Under the weak-modulation
approximation (i.e., (L/l) €'/2 =
< 1)

a

Gi(t) =1 —%{%) E[l—cns(mat)]

* Thus, the modulation depth
can be obtained as follows
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Detection Techniques in UOT

 Photorefractive Interferometer—-Based Detection

« The signal beam and the reference interfere at the photodetector - ultrasonic phase
modulation in the signal beam converted to an intensity modulation

* Measuring ultrasound-modulated light intensity during the time of ultrasound flight > A-

lines
« Scanning the sample along the X direction and acquiring each correspondlnq A I|ne >
B-scan images can be obtained 0
-0.5 (1)
Computer _lo 10 20 30 40 50 60 70 80 90 100

T T T T T T T T T
0 ———
st \ {\ / @)
71-- i i i i
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=
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Detection Techniques in UOT A‘"'A[

» Confocal Fabry—Perot Interferometer—Based Detection
The cavity is tuned to the frequency of one sideband of the ultrasound-modulated light

II\_/Ieasuring ultrasound-modulated light intensity during the time of ultrasound flight > A-
ines

Scanning the sample along the Z direction and acquiring each corresponding A-line =
B-scan images can be obtained.
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Detection Techniques in UOT

» Spectral-Hole-Burning-Based Detection
« SHB crystal tuned to a frequency f,
« Ultrasound modulation at f, with sidebands at f, and f,
« Only f, arrives at the detector

|

AOM controller

MBRI110
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FIGURE 21.18 Normalized spectral absorption profile of an SHB
crystal with a spectral hole burned at f;. AT}: inhomogeneous band- S
width. Al;: homogeneous linewidth. (Reproduced from Li, Y. et al., 3 10 12

Opt. Express, 16, 14862, 2008b. With permission.) T ¥ I{b:] Lateral E }I
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Detection Techniques in UOT A‘"’x‘"ﬁ

 Parallel detection using a CCD camera
* Dramatic increase in the SNR
* The intensity of the speckle pattern is modulated at the US frequency

» The amplitude of the speckle modulation is directly related to the optical properties
of the medium inside the US focal zone.

* The US focus is scan to create image

Synchronizing system

< >

Ultrasonic

CCD camera transducer

(backscattering)
. /

Single mode
laser diode

CCD camera
256 x 256 pixels

Scattering sample (transmission)

Acoustic absorber




Detection Techniques in UOT A‘"’x‘"ﬁ

* Frequency Sweeping (Chirping)
* Frequency encoding along the ultrasonic axis (z)
» Location encoded in frequency (analogous to MRI)

Snapshot of
frequency v
Ultrasonic f %’
* |Transducer S 2 ©
Q
£ g
Q
"
o]
=
Laser fi < =
Ultrasonic Absorber

Lateral dimension x
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