Ultrasound-modulated

optical tomography of absorbing objects
buried in dense tissue-simulating turbid media

Lihong Wang and Xuemei Zhao

Continuous-wave ultrasonic modulation of scattered laser light was used to image objects buried in
tissue-simulating turbid media. The buried object had an absorption coefficient greater than the back-
ground turbid medium. The ultrasonic wave that was focused into the turbid media modulated the laser
light that passed through the ultrasonic field. The modulated laser light that was collected by a
photomultiplier tube reflected the local mechanical and optical properties in the zone of ultrasonic
modulation. Objects buried in the middle plane of 5-cm-thick dense turbid media were imaged with
millimeter resolution through the scanning and detecting alterations of the ultrasound-modulated optical
signal. The optical properties of the dense turbid media included an absorption coefficient of 0.1 cm™*
and a reduced scattering coefficient of 10 cm~* and were comparable with those of biological tissues in
the visible and near-IR ranges. The dependence of the ultrasound-modulated optical signal on the
off-axis distance of the detector from the optic axis and the area of the detector was studied as well.
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1. Introduction

Nonionizing optical tomography of biological tissues,
including breast tissues, has been an active research
field.r The contrast mechanism of optical imaging is
based on the difference in optical properties between
diseased and surrounding normal biological tissues.
Several techniques that are being investigated in-
clude time-gated optical imaging, time-resolved opti-
cal imaging, frequency-domain optical imaging, and
optical coherence tomography. The time-resolved
and frequency-domain techniques are mathemati-
cally linked by Fourier transform and have achieved
comparable results, namely, a resolution of several
millimeters for approximately 5-cm-thick tissues or
tissue phantoms. Optical coherence tomography
has achieved 10-pwm resolution in both axial and lat-
eral dimensions but is limited to a penetration depth
of several millimeters into biological tissues.

The authors are with the Optical Imaging Laboratory, Bioengi-
neering Program, Texas A&M University, College Station, Texas
77843-3120.

Received 10 January 1997; revised manuscript received 19 May
1997.

0003-6935/97/287277-06$10.00/0

© 1997 Optical Society of America

Ultrasonic modulation, acousto-optics, optical imaging, optical tomography, turbid me-

Because biological tissues are optically turbid me-
dia, light is quickly diffused inside tissues as a result
of strong scattering. Light transmitted through tis-
sues is classified into three categories: ballistic
light, quasi-ballistic light, and diffuse light. Ballis-
tic light experiences no scattering by tissue and trav-
els straight through the tissue and hence carries
direct imaging information. Quasi-ballistic light ex-
periences minimal forward-directed scattering and
carries some imaging information. Diffuse light fol-
lows tortuous paths and carries little direct imaging
information and overshadows ballistic or quasi-
ballistic light.

For breast tissue of a clinically useful thickness
(5-10 cm), scattered light must be used to image
breast cancers. We have demonstrated that for a
5-cm-thick breast tissue with the assumed absorption
coefficient w, = 0.1 cm~* and reduced scattering co-
efficient g’ = 10 cm™2, only the transmitted light
that has experienced at least 1100 scattering events
in tissue is able to yield enough signal.2 Therefore
ballistic light or even quasi-ballistic light does not
exist for practical purposes. However, if a 10-mW
visible or near-IR laser beam is incident upon a 5-
cm-thick breast tissue, we estimate with diffusion
theory that the diffuse transmittance is of the order of
10 nW/cm? or 10*° photons/(s cm?), which is easy to
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detect with a photomultiplier tube (PMT) capable of
single-photon counting. The diffuse transmittance
through a 10-cm-thick breast tissue would be simi-
larly of the order of 1 pwW/cm? or 10° photons/(s cm?).

To use the diffuse light for its abundance and to
overcome its lack of direct imaging information, sev-
eral researchers have studied ultrasound-modulated
optical tomography of turbid media. Marks et al.
investigated the combination of pulsed ultrasound
and laser light and detected ultrasound-modulated
optical signal in a homogeneous turbid medium with-
out buried objects.3 Wang et al. developed ultra-
sound-modulated optical tomography that combined
continuous-wave ultrasound and laser irradiation
and successfully imaged buried objects in tissue-
simulating turbid media.# The major advantage of
continuous-wave ultrasonic modulation over pulsed
ultrasonic modulation was the significant increase in
signal-to-noise ratio. Leutz and Maret reported the
observation of ultrasonic modulation of multiply scat-
tered light with an unfocused ultrasonic wave.s
Kempe et al. investigated the modulation of the op-
tical field transmitted through a turbid medium by a
quasi-continuous-wave ultrasound beam.s

We report the experimental results of our recent
studies. The optical detector was moved away from
the optic axis and the ultrasound-modulated optical
signal was recorded to verify that ultrasound-
modulated optical tomography depends on diffuse
light as opposed to ballistic light. The ultrasound-
modulated optical signal was compared with the un-
modulated signal as the aperture in front of the
optical detector varied insize. Two two-dimensional
(2-D)-images of an object buried in a dense turbid me-
dium were obtained with the ultrasound-modulated
and unmodulated optical signals, respectively. The
thickness of the dense media in transport mean free
path was much greater than those previously re-
ported.

2. Methods

We prepared liquid tissue phantoms (turbid media)
to simulate the optical properties of tissues by dis-
solving dominantly absorbing Trypan blue dye and
dominantly scattering Intralipid in water. We pre-
pared gel tissue phantoms similarly by dissolving
Trypan blue dye and Intralipid in 5% (by weight)
gelatin solutions. We controlled the optical proper-
ties by varying the amounts of absorbers and scatter-
ers independently. The scattering anisotropy of
Intralipid at 632.8-nm wavelength was ~0.8 (Ref. 7).
The phantom was contained in a 5-cm-thick cuvette.
An ultrasonic absorber was placed at the bottom of
the cuvette to avoid ultrasonic reflection.

To make a gel phantom that contains a buried
object, a gelatin solution mixed with various amounts
of dye and Intralipid was prepared in the cuvette
before it was coagulated in a refrigerator. Another
small gel phantom cube was placed inside the back-
ground gel in the midplane to simulate a buried tu-
mor. The facets of the cube were parallel with those
of the cuvette. A liquid phantom that had concen-
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trations of absorbers and scatterers identical to the
background gel was poured into the cuvette to couple
ultrasonic waves and to allow the scanning of ultra-
sonic transducers.

A block diagram of the experimental setup is
shown in Fig. 1. The glass cuvette that contains
turbid medium was seated on a 2-D translation stage.
While the cuvette was translated to image the buried
object, the rest of the system, including the optical
and ultrasonic systems, was fixed.

A He—Ne laser with an output power of 10 mW and
a wavelength of 632.8 nm delivered a single-mode
Gaussian beam perpendicular to the front surface of
the cuvette. The spot size of the laser beam on the
incident surface of the medium was approximately 1
mm. The lower end of the ultrasonic transducer was
buried in the liquid phantom to allow a good coupling
of the ultrasonic wave. An aperture was placed in
front of the PMT to control the amount of light that
entered the PMT.

A function generator produced a sinusoidal wave at
a fixed frequency of 1 MHz. This signal drove the
ultrasonic transducer after it was amplified to 45-V
amplitude by a power amplifier and a transformer.

The operating bandwidth of the ultrasonic trans-
ducer 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
3.68cm. The diameter of the ultrasonic focal spot in
water was 0.29 cm. The acoustic wavelength in wa-
ter was 0.15 cm.

After light passed through the aperture and
reached the PMT, the optical signal was converted
into an electrical signal while the ambient lights were
turned off to reduce the ambient noise collected by the
PMT. The electrical signal was separated into dc
and ac components 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 filtered signal was
collected and averaged over multiple sweeps by the
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Fig. 2. Typical ac signal representing ultrasound-modulated op-
tical signal.

digital oscilloscope, which was triggered by a refer-
ence signal from the function generator. Both the
frequency filtering and the signal averaging en-
hanced the signal-to-noise ratio. The averaged
time-domain signal was then transferred to a com-
puter for data processing through a general-purpose
interface bus connection. The peak-to-peak voltage
of the ac signal represented the ultrasound-
modulated optical signal, whereas the dc signal rep-
resented the unmodulated optical signal.

To study the dependence of the ac signal on the
off-axis position of the PMT from the optic axis, we
gradually translated the PMT detector away from the
center and recorded the ac signal at each detector
position. To investigate the dependence of the ac
signal on the area of detection, we varied the size of
the aperture in front of the PMT and recorded the ac
signal along with the dc signal at each aperture size.
To obtain a cross-sectional image of the turbid me-
dium, the cuvette was translated in two dimensions
and the ac and the dc signals were recorded at each
position. Once the signals of all the scanned posi-
tions were obtained, images of the turbid medium
that contained a buried object were constructed.

A Cartesian coordinate system was set up for con-
venience. The x axis was a horizontal axis perpen-
dicular 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 ultrasonic
wave.

3. Results

A typical ac signal that represents an ultrasound-
modulated optical signal obtained with a gel turbid
medium is shown in Fig. 2. The optical properties of
the 5-cm-thick homogeneous gel turbid medium in-
cluded an absorption coefficient w, = 0.1 cm *and a
reduced scattering coefficient uy’ = 10 cm™*. The
period of the sinusoidal function was 1 ps, corre-
sponding to the 1-MHz frequency of the ultrasonic
wave.

The ac voltage was recorded for various PMT posi-
tions along the horizontal x axis (Fig. 3). The optical
properties of the 5-cm-thick homogeneous liquid tur-
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Fig. 3. Peak-to-peak ac voltage as a function of the horizontal
position (x coordinate) of the PMT.

bid medium included an absorption coefficient p, =
0.1 cm™* and a reduced scattering coefficient wy =
6.2 cm~t.  The aperture in front of the PMT was 2.1
cm in diameter. The PMT was first centered on the
optic axis (y axis) and was then translated away from
the optic axis with a 1-mm step size. We obtained
the ac voltage at each PMT position by measuring its
peak-to-peak voltage on the oscilloscope.

The aperture in front of the PMT was varied in
diameter while the PMT was centered on the optic
axis. Both the dc and the peak-to-peak ac voltages
were recorded at each diameter. The optical prop-
erties of the 5-cm-thick homogeneous liquid turbid
medium included an absorption coefficient n, = 0.1
cm ™! and a reduced scattering coefficient p,' = 6.2
cm~t. The normalized ac and dc signals were plot-
ted as a function of the area of the aperture [Fig. 4(a)].
The ac signal was plotted as a function of the dc
signal and was fitted with a square-root relationship
with the dc signal [Fig. 4(b)].

We calculated the diffuse transmittance of a nor-
mal incident laser beam through a 5-cm-thick slab
using diffusion theory for various values of detection
area (Fig. 5).8° The optical properties of the homo-
geneous slab included an absorption coefficient p, =
0.1 cm™* and a reduced scattering coefficient ' =
6.2cm~ L. Theincident laser beam had a diameter of
0.1 cm.

We obtained a 2-D image of an object buried in the
middle plane of a turbid medium by raster scanning
the turbid medium and recording the ac signal [Fig.
6(a)]. Both the buried object and the background
medium were made of gels. The buried object was
an approximately 5-mm-wide cube. The optical
properties of the 5-cm-thick background turbid me-
dium included an absorption coefficient p, = 0.1
cm~ ! and a reduced scattering coefficient p,’ = 10
cm~ Y. The thickness of the background turbid me-
dium corresponded to ~50 transport mean free paths.
The optical properties of the buried object included an
absorption coefficient w, = 1.1 cm~* and a reduced
scattering coefficient w,’ = 10cm™*. In other words,
the absorption coefficient of the buried object was 10
times greater than that of the background medium
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Fig. 4. (a) Normalized ac and dc voltages as a function of the area
of the aperture in front of the PMT; (b) normalized ac signal rep-
resenting ultrasound-modulated optical signal as a function of the
normalized dc signal representing unmodulated optical signal. A
square-root fit was shown to model the experimental data.

while the reduced scattering coefficient of the buried
object was the same as that of the background me-
dium. The turbid medium was translated along the
x and z axes with a 1-mm step size. The ultrasound-
modulated optical signal (ac signal) was recorded at
each position. A 2-D density plot was then gener-

1 /e
0s /
J

=)
< 06 wd
E '
Ry
“ 0.4 ,)
6]
3 /
0.2 s ® Simulated -
/ — Fitted
0 : T
0 1 2 3 4 5

Area of Detection [sz]

Fig. 5. Simulated relative dc signal as a function of the area of
detection, based on diffusion theory. A linear fit was shown to
model the experimental data.

7280 APPLIED OPTICS / Vol. 36, No. 28 / 1 October 1997

Vertical Axis 7 [mm]
o
L

TT T T 7T 11
-6 4 2 0 2 46
Howizontal Axs 1 [Fim]

—
300 G0 B0 1200
AC Voinage [mi]

LE ]

Westical Axis z [mm|
o

5420 2 4 B
Herizontal Auds ¥ [mim)

15 20 25
DG Signal [V]
ih)

Fig. 6. (a) 2-D ac image of an absorbing object buried in a 5-cm-
thick dense turbid medium, using the ultrasound-modulated opti-
cal signal (ac signal); (b) 2-D attempted dc image of an absorbing
object buried in a 5-cm-thick dense turbid medium, using the un-
modulated optical signal (dc signal).

ated. The edge resolution of the 2-D image of the
buried object was approximately 2 mm.

For comparison, a 2-D plot of the dc signal was
generated as well [Fig. 6(b)]. The dc signal was re-
corded simultaneously with the ac signal while the
turbid medium was translated. The buried object
was not observable in the dc plot.

4. Conclusions and Discussion

Figure 2 showed the existence of ultrasonic modula-
tion of transmitted light. When the ultrasonic wave
was turned off, the ac signal was reduced to a noise
level that was caused by the shot noise and the am-
bient noise. When the laser light was blocked and
the ultrasonic wave was kept on, the ac signal was
reduced to a noise level that was caused by the am-
bient noise. Therefore the AC signal must have
been generated by the interactions between the ul-
trasonic wave and the laser light.

A typical value of the dc signal was measured at



approximately 30 V while the ac amplitude was mea-
sured at approximately 1000 mV. On the basis of
the gains of the ac and the dc branches, the ratio
between the ac and the dc powers of the light imping-
ing on the PMT photocathode was estimated to be of
the order of 10 5-10"°, which was the modulation
depth of the overall signal m. The modulation was
weak for several reasons. The compressibility of the
medium was of the order of 4.6 X 10~ ° bars %, and
the peak pressure at the ultrasonic focus was approx-
imately 2 bars. Hence, the volume compression was
of the order of 107%. Some transmitted light by-
passed the ultrasonic field with no modulation. The
incoherent addition of multiple coherence areas on
the detector was another factor that caused the low
modulation depth.¢

The diameter of each coherence area can be calcu-
lated with the expression ¢, = Az/d,, where X was the
wavelength, z was the distance between the exit sur-
face of the medium for scattered light and the detec-
tor, and ¢4 was the effective diameter of the exit
surface limited by the aperture placed in front of the
PMT. The number of coherence areas covered by
the PMT photocathode was N = (d4/d.)%, where dbg
was the effective diameter of the PMT cathode. Us-
ing the experimental values in our setup, we esti-
mated that there were of the order of 10° coherence
areas detected, i.e., N ~ 108. Because N was pro-
portional to the area of detection, the detected dc
signal was proportional to N (Fig. 5), and the detected
ac signal was proportional to the square root of N, i.e.,
VN (Fig. 4). The modulation depth of the overall
detected signal m was related to the modulation
depth of a single coherence area m; by m = m,;/V/N.
Because m was 10 °-107°, the modulation depth of a
single coherence area m; was estimated to be 0.01—
0.1.

Figure 3 demonstrated that the ultrasound-
modulated optical signal depended on diffuse light
instead of ballistic light. If the ultrasound-
modulated optical signal had depended on ballistic
light, the signal would have disappeared when the
PMT was moved away from the optic axis. The
gradual decrease of the ac signal indicated that the
ultrasound-modulated optical signal originated from
the interactions between diffuse light and ultra-
sound.

Figure 4(a) showed that the dc signal increased
nonlinearly with the aperture in front of the PMT.
However, diffusion theory revealed that the dc signal
was supposed to be proportional to the area of detec-
tion within limits (Fig. 5). The experimental non-
linearity was caused by the geometric coupling of
light from the exit surface of the turbid medium to the
photocathode of the PMT. The aperture had a dis-
tance from both the exit surface of the turbid medium
and the photocathode of the PMT. The PMT hous-
ing may block some light, especially at large aperture
sizes. Therefore the area of the aperture was not
equal to or proportional to the area of detection of the
PMT.

On the basis of the results in Fig. 5, the measured

dc signal was expected to be proportional to the area
of detection. The ac signal was plotted against the
dc signal [Fig. 4(b)]. A square root relationship be-
tween the ac and dc signals fitted very well.

Note that the dc signal should be proportional to
the area of the detection only within limits. Because
of conservation of energy, the dc signal was expected
to reach a plateau when the area of detection reached
acertain value. The transmittance decayed approx-
imately exponentially as a function of the radial po-
sition, which ensured that the integration over the
full plane of transmission converged.

The diffusion theory that was used to obtain the
results in Fig. 5 did not account for coherence of light.
The coherent light source in our experimental setup
generated speckles on the detector surface, which
was not modeled in the diffusion theory. However,
the mean intensity of the speckles (dc signal) was
expected to be identical with the simulated intensity,
based on the diffusion theory.1°

The possible mechanisms of ultrasonic modulation
of light can be classified into three approaches: (1)
direct intensity modulation, (2) scatterer-displacement
modulation, and (3) photon—phonon interactions.!?
The direct intensity modulation was caused by the
ultrasonic modulation of the optical properties of the
turbid medium and did not require coherence of the
light source. The ultrasonic wave caused a pressure
variation in the medium. The pressure variation in-
duced a density change in the medium as a result of
the compressibility of the medium. The optical ab-
sorption and scattering coefficients were proportional
to the number density of absorbers and scatterers, re-
spectively. The index of refraction varied with the
density as well. Therefore the density variation mod-
ulated the optical properties of the medium at the ul-
trasonic frequency. The variation of optical
properties modulated the intensity of the light that
passed through the ultrasonic field.

The scatterer-displacement modulation was a co-
herent speckle effect. The transmitted light had
suffered multiple scattering events. The phase of
the transmitted light depended on its path length.
The ultrasonic field caused the scatterers to oscillate
at the ultrasonic frequency and hence modulated the
path length. The path-length variation modulated
the speckle pattern, which led to an intensity varia-
tion on the PMT .56

In the photon—phonon interactions approach, the
light was considered as photons while the ultrasonic
field was considered as phonons. The photon—
phonon interactions caused the frequency of the light
to shift by multiples of the ultrasonic frequency,
which was Doppler shift in the classical sense.12
The frequency-shifted light and unshifted light inter-
fered on the PMT and yielded a component of the
difference between the frequencies. The frequency
shift was therefore converted into an intensity vari-
ation at the multiples of the ultrasonic frequency.
The intensity variation at the fundamental frequency
would be the strongest although the second harmonic
component was experimentally observed previously.5
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The question of which approach was dominant in
our experiments is most important. Incoherent
broadband light was used in place of laser light to
examine the intensity modulation approach. No
ultrasound-modulated optical signal was observed
experimentally with the incoherence light source.
This preliminary experiment discarded the direct in-
tensity modulation approach because the direct in-
tensity modulation approach did not require
coherence of the light source and should have allowed
us to observe an ultrasound-modulated optical signal
if it was in play.

The photon—phonon interactions approach and the
scatterer-displacement modulation approach may be
merged into one approach if the ultrasonic modula-
tion of the index of refraction is taken into account in
the calculation of the optical path length. However,
for clarity we considered the two approaches sepa-
rately, and we hope to evaluate the relative contri-
butions from each approach in the future. Both
approaches involved observations of speckles and
therefore required coherence of the light source.
The ultrasound-modulated optical signal was ex-
pected to grow with the square root of the area of
detection, assuming the coherence areas (speckle
spots) were uncorrelated, which was experimentally
confirmed as shown in Fig. 4(b). Further studies
would reveal the relative importance of the two co-
herent approaches.

The buried object was clearly visible in the 2-D ac
image [Fig. 6(a)]. The edge resolution in both the x
and the z directions was approximately 2 mm. The
lateral resolution in the x direction was due to the
tight focus of the ultrasonic wave and the decrease of
light fluence near and inside the absorbing object.
No good explanation for the resolution in the z direc-
tion is yet available.

5. Summary

Ultrasonic modulation of scattered laser light was
used to image absorbing objects buried in tissue-
simulating turbid media. The buried object had 10
times greater absorption coefficient than the back-
ground turbid medium, whose optical properties in-
cluded an absorption coefficient 0.1 cm™* and a
reduced scattering coefficient 10 cm~%.  We imaged
buried objects in 5-cm-thick tissue phantoms with
millimeter resolution by scanning and detecting al-
terations of the ultrasound-modulated optical signal.
It was experimentally proved that ultrasound-
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modulated optical tomography depended on diffuse
light instead of ballistic light. Coherent approaches
were the dominant mechanisms of ultrasonic modu-
lation of light in our experiments on dense turbid
media.
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