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ABSTRACT

Ultrasonic modulation of scattered laser light was used
to image objects buried in tissue-simulating turbid me-
dia. The ultrasonic wave focused into the turbid media
modulated the laser light passing through the ultrasonic
field. The modulated laser light collected by a photomul-
tiplier tube reflected primarily the local mechanical and
optical properties in the zone of ultrasonic modulation.
A raster scanning over a heterogeneous turbid medium
yielded an image of the medium based on the ultrasound-
modulated optical signal. The detectability of modulated
signal was estimated using diffusion theory. The depen-
dence of the modulated signal on the off-axis distance of
the detector from the optic axis and on the amplitude of
ultrasound was studied. The mechanisms of ultrasonic
modulation of scattered light are discussed. A theory
based on the field autocorrelation function is reviewed as
well.

INTRODUCTION
Nonoptical imaging

Medical imaging has been one of the most exciting areas for
engineering application in medicine in this century. Al-
though medical imaging has many diagnostic applications,
breast cancer detection will be used as an example in this
paper to illustrate the significance of optical imaging. Breast
cancer is the most common malignant neoplasm and the
leading cause of cancer deaths in women in the United
States. A means for prevention of breast cancer has not been
found, and early detection and treatment are the best way to
improve cure rate. At present, mammography and ultraso-
nography are clinically used for breast cancer detection.
Mammography is currently the only reliable means of de-
tecting nonpalpable breast cancers. As a supplementary tool,
ultrasound is used to evaluate the internal matrices of cir-
cumscribed masses found at mammography or of palpable
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masses that are obscured by radiographically dense paren-
chyma at mammography (1-3). However, X-ray mammog-
raphy consists of ionizing radiation, and imaging of radio-
graphically dense breasts is difficult. Ultrasonography cannot
detect many of the nonpalpable cancers that are not visible
on mammograms of good guality (2). Most of the studies
claiming that ultrasonography is useful in this regard com-
pare it to poor-quality mammography or fail to compare it
to mammography.

Several other techniques are under investigation for breast
cancer imaging. Magnetic resonance imaging (MRI){ offers
great promise for imaging of the radiographically dense
breast (4,5). Breast MRI is superior to mammography in
differentiating solid from cystic lesions and is equivalent to
mammography in providing information regarding different
parenchymal patterns. Injection of intravenous contrast ma-
terial with MRI increases cancer detectability in spite of the
fact that breast cancer and glandular tissues have similar
magnetic resonance tissue characteristics. However, breast
MRI is expensive, has inferior spatial resolution to mam-
mography, and cannot image microcalcifications (2,6).

The ability of Breast computed tomography (CT) to dif-
ferentiate benign from malignant solid masses has been in-
vestigated. Breast CT involves the use of intravenous injec-
tion of iodinated contrast material and has limited spatial
resolution and high cost; hence, it is not suited for routine
breast cancer screening (2).

Optical imaging

Nonionizing laser light imaging of breast cancer is a new
and active research field although incoherent light imaging
was investigated as early as 1929 (7,8). The optical prop-
erties (see Appendix) of normal and diseased breast tissues
are usually different despite the large variation of values in
optical properties (9-11). Therefore, it is possible to detect
some breast cancers based on measurements of optical prop-
erties.

The optical difference is not surprising because cancerous
tissues manifest significant architectural changes at the cel-

tAbbreviations: CT, computed tomography; mfp, mean free path;
MRI, magnetic resonance imaging; NIR, near-infrared; PMT, pho-
tomultiplier tube.
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lular and subcellular levels, and the cellular components that
cause elastic scattering have dimensions typically on the or-
der of visible to near-infrared (NIR) wavelengths. Some tu-
mors are associated with vascularization, where blood causes
increased light absorption. Optical contrast agents may also
be exploited to enhance the optical contrast between normal
and abnormal tissues (12). Because the optical information
is determined by the molecular conformations of biological
tissues, optical imaging is expected to provide sensitive sig-
natures for early breast cancer detection and monitoring.

Because tissues are optically turbid media that are highly
scattering, light is quickly diffused inside tissues as a result
of frequent scattering. A typical scattering coefficient for vis-
ible light in biological tissues is 100 cm~', compared to 0.2
cm™! for X-ray used in medical diagnostics. Light transmit-
ted through tissues is classified into three categories: ballistic
light, quasi-ballistic light and diffuse light. Ballistic light ex-
periences no scattering by tissue and thus travels straight
through the tissue. Ballistic light carries direct imaging in-
formation as X-ray does. Quasi-ballistic light experiences
minimal scattering and carries some imaging information.
Multiply scattered diffuse light carries little direct imaging
information and overshadows ballistic or quasi-ballistic
light.

One of the techniques is called ‘‘early-photon imaging”’
(13). If diffuse light is rejected and ballistic or quasi-ballistic
light is collected, buried objects can be detected. This tech-
nique uses a short-pulse laser (<1 ps pulse width) to illu-
minate the breast tissue. Only the initial portion of trans-
mitted light is allowed to pass to a light detector, and the
late-arriving light is gated off by a fast optical gate. If only
ballistic light is detected the technique is called ballistic im-
aging. It has been shown that ballistic imaging is feasible
only for breast tissue of thickness less than 1.4 mm or 42
mean free paths (mfp) (14,15). Most ballistic imaging tech-
niques reported in the literature have achieved approximately
30 mfp. Therefore, this approach is suitable for thin tissue
samples but suffers loss of signal and resolution for thick
tissues as a result of strong scattering of light by the tissue.

For breast tissue of clinically useful thickness (5-10 cm),
scattered light must be used to image breast cancers. We
have shown that for a 5 cm thick breast tissue with the as-
sumed absorption coefficient p, = 0.1 cm~! and reduced
scattering coefficient p, = 10 cm™!, the detector must collect
transmitted light that has experienced at least 1100 scattering
events in the tissue to yield enough signal (15). Therefore,
ballistic light or even quasi-ballistic light does not exist for
practical purposes. However, if a 10 mW visible or NIR
laser is incident on one side of the 5 cm thick breast tissue,
we have estimated using diffusion theory that the diffuse
transmittance is on the order of 10 nW/cm? or 10'° photons/
(s-cm?), which is detectable using a photomultiplier tube ca-
pable of single-photon counting. Similarly, the diffuse trans-
mittance through a 10 cm thick breast tissue would be on
the order of 1 pW/cm? or 10¢ photons/(s-cm?). The signifi-
cant transmission of light is a result of the low absorption
coefficient despite the high scattering coefficient.

Resolution of pure laser imaging degrades linearly with
increased tissue thickness (16). Hebden er al. (17) detected
the temporal profiles of the scattered light using a streak
camera and then mathematically extrapolated the signal to

the early part of the profiles in which the actual light could
not be detected. The early portion of the profiles was inte-
grated to construct the images of buried objects (8 mm di-
ameter) in a turbid medium (51 mm thick). The spatial res-
olution was found to be 5 mm for a 5 cm thick breast phan-
tom (18), which agreed with the theoretical prediction (16).
This time domain technique requires expensive short-pulse
lasers and fast light detectors.

Another technique for laser light imaging is the frequency
domain technique, also called photon density wave imaging,
which was first introduced into the field by Fishkin and Grat-
ton (19). This technique uses amplitude-modulated laser
light (at approximately 100 MHz) to illuminate the tissue
and detects the diffuse light. The imaging resolution of this
technique is similar to that of the time domain technique but
usually requires complex imaging reconstruction algorithms.

Marks et al. (20) investigated tissue imaging using the
combination of pulsed ultrasound and laser light. They de-
tected the ultrasound-modulated optical signal in a homo-
geneous turbid medium without buried objects. Wang et al.
(21,22) imaged buried objects in tissue-simulating turbid
media using continuous-wave ultrasound-modulated optical
tomography. The major advantage of continuous-wave ultra-
sonic modulation over pulsed ultrasonic modulation was the
significant increase in signal-to-noise ratio, which allowed
one to image buried objects in turbid media. Leutz and Maret
(23) reported the observation and theoretical analysis of ul-
trasonic modulation of multiple-scattering speckles. Kempe
et al. (24) investigated the modulation of the optical field
transmitted through a turbid medium by a quasi-continuous-
wave ultrasound beam.

Ultrasound-modulated optical tomography measures the
mechanical and optical properties of tissues, whereas X-ray
mammography measures radiographical density of tissues
and ultrasonography measures echogenicity of tissues. Ul-
trasound-modulated optical tomography is free of the haz-
ards of ionizing radiation associated with mammography and
separates the resolution and signal problem of light-only im-
aging because the resolution is determined by the size of the
ultrasound focus and the signal depends on any light passing
through the ultrasound focal zone including ballistic, quasi-
ballistic and diffuse light.

This paper reviews the state of the art in ultrasonic mod-
ulation of scattered light and ultrasound-modulated optical
tomography. The theoretical aspects reported in this paper
include the physical mechanisms of ultrasonic modulation of
scattered light in turbid media, modeling of the modulation
and expected signal strength of the modulated signal in bi-
ological tissues. The experimental aspects include the ob-
servation of the modulated signal, its dependence on differ-
ent parameters and tomography of objects buried in turbid
media.

MECHANISMS OF ULTRASONIC
MODULATION

A typical configuration of acousto-optical experiments in
turbid media is shown in Fig. 1. Laser light is incident upon
the turbid medium. An ultrasonic wave that may or may not
be focused propagates into a turbid medium. The ultrasonic
wave modulates light passing through the ultrasonic field. A
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Figure 1. Illustration of the hypothesis of ultrasound-modulated op-
tical tomography.

photodetector such as a photomultiplier tube (PMT) converts
optical signal into electronic signal for detection. The ultra-
sound-modulated signal may be separated from the unmod-
ulated signal.

Discussion of several possible modulation mechanisms
follows (Fig. 2). Approach 1 is caused by pressure variation
in response to the ultrasonic wave. The pressure variation
induces a density change in the medium as a result of the
compressibility of the medium. The optical absorption and
scattering coefficients are proportional to the number density
of absorbers and scatterers, respectively. The index of re-
fraction varies with the density as well. Therefore, the den-
sity variation modulates the optical properties of the medium
at the ultrasonic frequency. The variation of optical proper-
ties modulates the intensity of the light passing through the
ultrasonic field. Approach 1 does not require coherence for
the light source.

Approach 2 is caused by scatterer displacement in re-
sponse to the ultrasonic wave. The scatterer displacement
causes the optical path length of scattered photons to change.
Coherent laser light passing through turbid media generates
speckles. Because speckles depend on the optical path
tength, the speckles vary due to the ultrasonic modulation
of scatterer displacements.

Approach 3 is caused by photon-phonon interactions. An
ultrasonic wave may be considered as phonons and light may
also be considered as photons. The photon-phonon interac-
tions cause Doppler shift (25) in the classical sense to the
frequency of the photons by the ultrasonic frequency and its
harmonics. An optical detector functions as a heterodyning
device between the Doppler-shifted light and unshifted light
and produces an intensity signal at the ultrasonic frequency
and its harmonics. This mechanism is similar to Brillouin
scattering, where the phonons are of thermal origin (25).

Approaches 2 and 3 require coherence for the light source
and both may be considered speckle effect. The modulation
of the speckles in approach 2 is caused by the ultrasonic
modulation of scatterer displacements, while the modulation
of the speckles in approach 3 is caused by the ultrasonic
modulation of refractive index of the medium. The two types
of modulation are separated in this paper for clarity.

The ultrasonic modulation of refractive index appears in
both approaches 1 and 3. In approach 1, the variation of
refractive index causes light that may or may not be coherent
to fluctuate in intensity. In approach 3, the variation of re-
fractive index causes fluctuation in phase of coherent light,
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Figure 2. List of possible mechanisms of ultrasonic modulation of
light in turbid media.
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which is converted to fluctuation in intensity by a square-
law detector.

We replaced the laser with a white light source in the
ultrasound-modulated optical tomography setup but ob-
served no ultrasound-modulated optical signal (26), which
was confirmed more recently using a super-luminescent di-
ode that emitted light of short coherence length. This result
showed that approach 1 can be ruled out and that coherence
is required to observe ultrasonic modulation of multiply scat-
tered light. However, the white light source had a broad
divergent beam, whereas the laser had a narrow collimated
beam. The effect of beam size and collimation has yet to be
investigated.

Both scattering and clear objects were imaged using fo-
cused ultrasound when they were buried in the center of a
background turbid medium (22,26). When the ultrasonic fo-
cus was moved from the background turbid medium into the
scattering object that had an enhanced absorption coefficient,
the ultrasound-modulated optical signal decreased. When the
ultrasonic focus was moved from the background turbid me-
dium into the clear medium, the ultrasound-modulated op-
tical signal was comparable with that from the background
turbid medium. When the ultrasonic focus was in the clear
object, there was little modulation of displacement of scat-
tering particles. If photon—phonon interactions had been in-
significant, a much reduced ultrasound-modulated optical
signal should have been observed. Therefore, photon—pho-
non interaction was a significant mechanism. However, scat-
terer displacement modulation could not be ruled out by this
experiment. Further studies are necessary to compare the rel-
ative importance of approaches 2 and 3 under various ex-
perimental conditions.

MODEL BASED ON ULTRASONIC
MODULATION OF SCATTERER
DISPLACEMENT

Leutz and Maret reported the observation and theoretical
analysis of ultrasonic modulation of multiple-scattering
speckles (23). A 5 mm thick glass cuvette filled with scat-
tering medium was illuminated with a laser beam. An ultra-
sonic wave propagated through the medium perpendicular to
the optical axis. The field autocorrelation function of the
transmitted light was detected using an electronic autocor-
relator by photon counting. A theory was presented to model
the scatterer displacement approach (approach 2) in the mod-
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ulation mechanisms. Weak scattering approximation was as-
sumed, i.e. the scattering mfp of light between successive
scatterers along a scattering path was much greater than the
wavelength of light, and there was no correlation between
the different random paths. The field autocorrelation func-
tion was formulated as

EY

g, = (EOEX®) = J PSHEL(OEF®) ds, (1)

L,

where t is the correlation time, E; is the electrical field com-
ponent of the light scattered along a path of length s, E is
the overall electrical field component, p(s) is the probability
density function of path length s and L, is the transport mfp
of the turbid medium.

For ultrasonic displacements much less than the wave-
length of light,

" 2st
g = f p(s)exp{——, — + (kA)%2(1 — cos[w,t]a
L LT

0

} ds,(2)

where 7, is the single scattering particle relaxation time due
to Brownian motion, which is also called characteristic dif-
fusion time (27); k, is the wave vector of light, i.e. 2m/h,,
where A, is the wavelength of light; A is the amplitude of
ultrasonic displacement and w, is the angular frequency of
ultrasound, i.e. 2wf,, where f, is the frequency of ultrasound.

sin(k,L;)
kL)’

_ 1 sin(kL)  cos(kLy)
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where k, is the wave vector of ultrasound, i.e. 2w/h,, where
\, is the wavelength of ultrasound.

If a plane wave is incident on a slab of thickness L, the
transmitted light at a point detector has the field autocorre-
lation function

Va{bt + c[1 — cos(w,)]}

8® = sinVa{bt + c[1 — cos(w)]}’ @
where
a = 6(L/L})2, ®
b = 1/1q, ©
¢ = (KA)a €))]

An example of the field autocorrelation function was ob-
tained using Eq. 4 (Fig. 3a). The following typical parame-
ters were used for the computation: L = 5§ mm, L, = 1 mm,
Ao = 632.8 nm, 1, = 10 ms (27), f, = 1 MHz, A, = 1.5 mm
and A = 10 nm. The oscillation was caused by ultrasonic
modulation, whereas the decay was caused by Brownian mo-
tion.

The intensity spectrum of light may be obtained using
Fourier transform of the field autocorrelation function based
on the Wiener—Khintchin theorem (Fig. 3b). A strong DC
component was truncated in this figure. A fundamental com-
ponent at the ultrasonic frequency can be clearly seen in the
figure, whereas the second harmonic component was much
weaker than the fundamental component.
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Figure 3. a: A field autocorrelation function of light transmitted
through an ultrasound-modulated turbid medium. b: The intensity
spectrum of light obtained using the Fourier transform of the field
autocorrelation function.

THEORETICAL CONSIDERATION OF SIGNAL
DETECTABILITY

For tomographic imaging purposes, a focused ultrasonic
wave was used to image objects buried in turbid media (Fig.
1) (21,22). The modulated light carried the information of
the optical and mechanical properties near the focal zone,
where the modulation off focus was assumed to be less than
that at the focus. The ultrasound-modulated optical signal
can be separated from the unmodulated light signal by an
electronic filter. Scanning the imaging system relative to the
turbid medium would generate an image of the medium
based on the distribution of optical and mechanical proper-
ties.

Detectability of ultrasonic modulation of diffuse light was
estimated using diffusion theory for an infinite turbid me-
dium. The following Green’s function was used to estimate
photon transport from an isotropic point source of unity
power (1 W) to a point of observation.

eXP(— Merl)

G = 4nDhr

®

where G(r) is the fluence rate at the point of observation that
was r away from the light source (W/cm?), r is the distance
between the point of observation and the light source (cm),
Merr is the effective attenuation coefficient (cm™!) and D is
the diffusion constant (cm).

The diffusion constant and the effective attenuation co-
efficient were calculated based on the optical properties of
the turbid medium:



Table 1. Results of theoretical calculation of ultrasound-modulat-
ed optical power

?

Moy S Nd
(em 'y (em™!) ry (cm) ry (cm) P, (W) (photons*/s)
0.02 10 2.5 2.5 9.6 X 10~V 4.8 X 108
0.02 10 0.5 4.5 2.6 X 10w 1.3 X 10°
0.02 10 5 5 49 X 10-13 2.5 X 108
0.1 10 2.5 2.5 8.3 X 101 42 X 10°
0.1 10 0.5 4.5 23 X 10712 1.2 x 107
0.1 10 5 5 3.4 x 107V 1.7 X 102
*At 1 wm wavelength.
1
VTN ®
3w, + 1)
Peir = V /D, (10)

where p, is the absorption coefficient of the turbid medium
(em~!) and p is the reduced scattering coefficient of the
turbid medium {(cm™').

A collimated laser beam may be modeled using an isotro-
pic point source that was 3D (=1/(u, + w;)) away from the
incidence point along the direction of the laser beam. For
the optical properties and geometry we considered, the dis-
tance 3D was insignificant compared to the distance between
the light source and the point of observation. Therefore, the
collimated laser beam was replaced with an isotropic point
source at the point of incidence for simplicity without losing
the validity of the estimation.

Some of the light from the source was transported to the
ultrasonic focus, modulated by the ultrasound and then trans-
ported to the detector. The modulated signal at the focus was
considered a source and re-emitted and part of it reached the
detector as estimated by

d)ac = PsG(rsf)AmmG(rfd)a (11)

where ¢,  is the fluence rate of modulated light at the de-
tector (W/cm?), P, is the power of the light source (W), r
is the distance between the light source and the ultrasonic
focus (cm), A,, is the surface area of ultrasound modulation
volume (c¢cm?), m is the modulation depth of light intensity
and ry is the distance between the ultrasonic focus and the
detector (cm).

The flux into the detector may be calculated from the flu-
ence rate at the detector as follows.

bu  Ddbu| _ bu
4 2 9z 4

z=rig

I = (1 + 2D(pegrsg + Dirgg], (12)

where J, is the flux (current density) into the detector in the
+z direction (W/cm?) and z is the axis from the light source
to the detector (cm).

The detected power by an ideal detector with a 27 radian
acceptance solid angle may be calculated by

Pd = J+Ads (13)

where P, is the detected power of modulated light (W) and
A, is the detection area of the detector (cm?).

Table 1 lists the calculated results for various parameters.
The surface area of modulation was assumed to be that of a
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| Interface

cylinder 0.2 cm in diameter and 0.2 cm in height. The mod-
ulation depth m was assumed to be 1073 based on the ex-
perimentally observed modulation depth. The source power
P, of the laser was assumed to be 0.01 W. The detection
area of the detector was assumed to be 1 cm?.

The unit W for the detected power Py may be converted
into photons/s (Ny in Table 1) based on the photon energy.
For light of 0.5 pm wavelength, 1 J energy contains 2.5 X
10'® photons. For 1 pm wavelength light, 1 J energy contains
5.0 X 10'8 photons. If 1 pwm wavelength is used, 9.6 X 10-!!
W corresponds to 4.8 X 108 photons/s and 3.4 X 10-7 W
corresponds to 170 photons/s.

EXPERIMENTAL SETUP

A block diagram of the experimental setup is shown in Fig.
4. A glass cuvette containing turbid medium was seated on
a two-dimensional translation stage. While the cuvette was
translated, the rest of the system, including the optical and
ultrasonic systems, was fixed.

A He-Ne laser with 10 mW output power and 632.8 nm
wavelength delivered a Gaussian beam perpendicular to the
front surface of the cuvette. The lower end of the ultrasonic
transducer was buried in the liquid turbid medium to allow
a good coupling of the ultrasonic wave. If gel turbid media
were used, they were covered with liquid turbid media for
the coupling purpose. The room lights were turned off to
reduce the ambient noise collected by the PMT. An aperture
was placed in front of the PMT to control the amount of
light entering the PMT.

A function generator produced a sinusoidal wave at a
fixed frequency of 1 MHz. This signal drove the ultrasonic
transducer after being amplified by a power amplifier and a
transformer.

The operating bandwidth of the ultrasonic transducer was
centered at 1 MHz. The diameter of the active element of
the ultrasonic transducer was 1.9 cm. The focal length of
the transducer in water was 3.68 cm. The diameter of the
ultrasonic focal spot in water was 0.29 cm. The electric pow-
er consumed by the transducer was 210 mW, ~50% of
which was converted into ultrasonic power. The peak pres-



46 Lihong V. Wang

A A

NN N
1 1

200

0

[mV)

-400

\ \

\ \ \

\ \ \

-200 \ \ \
\ \ \
y y \

v

-600

Uttrasound-Modulated Optical Signal

0 1 2 3 4 5
Time [us]

Figure 5. A typical AC electronic signal representing ultrasound-
modulated optical (acousto-optical) signal.

sure at the focus was ~2 bars, which was below the maxi-
mum allowed pressure for ultrasonic diagnostics (28).

After light passed through the aperture and reached the
PMT, the optical signal was converted into electronic signal.
The electronic signal was separated into DC and AC com-
ponents by an interface circuit. The DC voltage was read by
a digital voltmeter, and the AC voltage was amplified and
then effectively filtered by a narrow bandpass filter. The fil-
tered signal was collected and averaged over multiple
sweeps by a digital oscilloscope, which was triggered by a
reference signal from the function generator. Both frequency
filtering and signal averaging enhanced the signal-to-noise
ratio. The averaged time domain signal was then transferred
to a computer for data storage and processing. The peak-to-
peak voltage of the AC signal represented the ultrasound-
modulated optical signal, whereas the DC signal represented
the unmodulated optical signal.

To obtain an image of the turbid medium the cuvette was
translated and the AC signal was recorded at each position.
Once the signals of all the scanned positions were obtained
an image of the turbid medium containing a buried object
was constructed.

For convenience, we set up a Cartesian coordinate system
to represent the position of the turbid medium. The x-axis
was a horizontal axis perpendicular to the optic axis. The y-
axis was the optic axis defined by the laser beam. The z-
axis was the ultrasonic axis that was defined by the ultra-
sonic wave.

ULTRASOUND-MODULATED OPTICAL
SIGNAL

A typical AC signal representing ultrasound-modulated op-
tical signal is shown in Fig. 5. The optical properties of the
5 cm thick homogeneous gel turbid medium were p, = 0.1
cm™! and p; = 10 cm~'. The period of the sinusoidal func-
tion was 1 us, corresponding to the 1 MHz frequency of the
ultrasonic wave.

The signal of ultrasonic modulation of transmitted light
was carefully tested to rule out the possibility of electronic

interference. When the ultrasonic wave was turned off or-

blocked using an ultrasound-absorbing rubber, the AC signal
was reduced to the level of noise, which was the shot noise
caused by the transmitted unmodulated light. When the laser
light was blocked and the ultrasonic wave was kept on, the
AC signal was reduced to a very low level, which was es-
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Figure 6. The peak-to-peak AC voltage as a function of the hori-
zontal position of the PMT on the x-axis.

sentially a measurement of the ambient noise. Therefore, the
AC signal must have been generated by the interactions be-
tween the ultrasonic wave and the laser light.

A typical DC signal was ~50 V while the AC amplitude
was ~700 mV. Based on the gains of the AC and DC
branches, the ratio between the AC and DC currents at the
PMT anode was estimated to be on the order of 107°-107¢.
The modulation was weak because the compressibility of the
medium was on the order of 4.6 X 10> bars~! and the peak
pressure at the ultrasonic focus was ~2 bars. Furthermore,
some transmitted light bypassed the ultrasonic field. The in-
coherent addition of multiple coherence areas on the detector
may be another factor causing the low modulation depth.

The theoretical calculation predicted a modulated signal
of approximately 8.3 X 10-'3 W at the detector for p, = 0.1
cm™}, p; = 10 em~! and 5 cm sample thickness (Table 1).
The observed AC voltage under these conditions was ~700
mV. Based on the gains of the PMT and the AC amplifier
in the experimental setup, the estimated AC power was on
the order of 10-!'* W. This agreement could have been for-
tuitous because the theory did not take into account the ef-
fects of factors such as heterodyning and speckles. Never-
theless, the raw modulated signal was not very strong and
competed with the shot noise. A sensitive detection system
was essential to acquire a good S/N.

The peak-to-peak AC voltage was recorded for various
PMT positions along the horizontal x-axis (Fig. 6). The op-
tical properties of the 5 cm thick homogeneous liquid turbid
medium were p, = 0.1 cm™! and p; = 6.2 cm~!. The PMT
was first centered to the optic axis (y-axis) and was then
translated away from the optic axis with a 1 min step size.
The AC signal was obtained at each PMT position by mea-
suring its peak-to-peak voltage on the oscilloscope. If the
ultrasound-modulated optical signal had depended on ballis-
tic light, the signal should have disappeared when the PMT
was moved away from the optic axis. Furthermore, ballistic
light was not expected to be significant in this dense turbid
medium. The gradual decrease of the AC signal indicated
that the ultrasound-modulated optical signal originated from
the interactions between diffuse light and ultrasound.

An attempt to model the results in Fig. 6 turned out to be
difficult. A preliminary simulation using Eq. 11 showed that
the primary region of modulation was at the ultrasonic focus
when the light source, the ultrasonic focus and the detector
were collinear. However, the contribution from off the ul-
trasonic focus became significant when the system was not
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(solid line).

collinear because the optical path length from the source
through the ultrasonic focus to the detector was not the
shortest path length between the source and the detector.

The peak-to-peak AC voltage was recorded for various
voltage values applied to the ultrasonic transducer (Fig. 7).
The optical properties of the 5 cm thick homogeneous liquid
turbid medium were p, = 0.1 cm~! and p;, = 10 cm~'. The
AC signal was found to be predominantly linear with the
voltage applied to the ultrasonic transducer. The amplitude
of the ultrasonic wave was proportional to the voltage ap-
plied to the transducer. Therefore, the ultrasound-modulated
optical signal was linear with the amplitude of the ultrasonic
wave.

The AC signal was also monitored together with the DC
signal while the aperture in front of the PMT was varied
(22). The AC signal was found to be proportional to the
square root of the DC signal and the DC signal was pro-
portional to the area of detection based on simulation. Since
the number of speckles collected by the detector was pro-
portional to the area of detection, the AC signal was pro-
portional to the square root of the number of detected speck-
les, which meant that there was no correlation between the
speckle spots.

ULTRASOUND-MODULATED OPTICAL
TOMOGRAPHY

A 2D acousto-optical image of an object buried inside a
turbid medium was obtained by raster scanning the turbid
medium (Fig. 8a). Both the buried object and the background
medium were made of gels. The buried object was an ap-
proximately 5 mm wide cube. The optical properties of the
5 cm thick background turbid medium were p, = 0.1 cm™!
and p, = 10 cm~'. The optical properties of the buried object
were p, = 1.1 cm~! and p; = 10 cm~!. In other words, the
absorption coefficient of the buried object was 10 times
greater than that of the background medium, while the re-
duced scattering coefficient of the buried object was the
same as that of the background medium. The turbid medium
was translated along the x- and z-axes with a 1 mm step
size while the detection system was fixed. The ultrasound-
modulated optical (AC) signal was recorded at each position.
A 2D density plot was then generated after the 2D scanning.
For comparison, a 2D DC image of the same object buried
inside the same turbid medium was acquired simultaneously
while the acousto-optical image was obtained (Fig. 8b). The
edge resolution (half maximum) of the AC image of the
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Figure 8. a: A 2D ultrasound-modulated optical (AC) image of an
absorbing object buried in a 5 cm thick dense turbid medium. b: A
2D unmodulated optical (DC) image of the same object buried in
the same turbid medium. c: A plot of the modulated and unmodu-
lated signals as a function of the horizontal axis x af the origin of
the vertical axis z, which were the signals along the horizontal lines
crossing the centers of the images in a and b.



48 Lihong V. Wang

buried object was approximately 2 mm, while the buried
object was not observable in the DC image (Fig. 8c). This
comparison demonstrated how much spatial information the
ultrasonic modulation has brought to the diffuse light. The
edge resolutions in both the x and z directions were approx-
imately the same. The lateral resolution in the x direction
was due to the tight focus of the ultrasound. However, there
was no good explanation for the resolution in the z direction
because the focus along the ultrasonic axis was less tight.

This imaging technique could potentially be used for
breast imaging. The optical properties used in the above tur-
bid medium were comparable to those of real biological tis-
sues. The absorption coefficient may even be reduced if the
wavelength of light is appropriately selected.

SUMMARY

In summary, ultrasonic modulation of scattered laser light
was used to image absorbing objects buried in tissue-simu-
lating turbid media. Buried objects in 5 cm thick tissue phan-
toms were imaged with millimeter edge resolution by scan-
ning and detecting alterations of the ultrasound-modulated
optical signal. It was experimentally proved that ultrasound-
modulated optical tomography depended on diffuse light
rather than ballistic light. It was also shown that the ultra-
sound-modulated optical signal was linearly proportional to
the amplitude of the ultrasonic wave. Coherent approaches
were likely the dominant mechanism of ultrasonic modula-
tion of light in the experiments on dense turbid media.

The underlying physics of ultrasound-modulated optical
tomography is acousto-optics in turbid media. Although
acousto-optics in clear media has been well studied (25,29),
acousto-optics in turbid media is a new field that may find
applications in medicine, underwater detection, atmosphere
optics and other fields involving turbid media.
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Appendix. Nomenclature in tissue optics

Parameters

Definitions Symbols Units Typical
Absorption coefficient The probability of photon absorption per unit infinitesimal [T cm”! 0.1
path length
Anisotropy The average of the cosine value of the deflection angle by g — 0.9
single scattering
Diffusion constant Linking the gradient of light fluence, V¢, and light current, D cm 0.033
F (Fick’s law), i.e. F = ~DV¢
Effective attenuation coef- The decay constant_of light fluence far away from light Mot cm™! 1.74
ficient source; ey = V3u,/D
Interaction coefficient The probability of photon interaction per unit infinitesimal 'R cm™! 100.1
path length, where the interaction includes both absorp-
tion and scattering. p, = p, + p,; sometimes it is also
called total attenuation coefficient
Mean free path The mean path length between interactions; L, = 1/, L, cm 0.0100
Penetration depth 8 = 1/p.p decay constant of the light fluence far from the 3 cm 0.575
source
Reduced scattering coeffi- e = p(1 — g); sometimes it is also called transport scat- [T cm™! 10
cient tering coefficient
Scattering coefficient The probability of photon scattering per unit infinitesimal T cm ! 100
path length
Transport interaction coef- TR I TR TN ™Y cm™! 10.1
ficient
Transport mean free path L = Uy | cm 0.0990




