Signal dependence and noise source in
ultrasound-modulated optical tomography

Gang Yao and Lihong V. Wang

A Monte Carlo modeling technique was used to simulate ultrasound-modulated optical tomography in
inhomogeneous scattering media. The contributions from two different modulation mechanisms were
included in the simulation. Results indicate that ultrasound-modulated optical signals are much more
sensitive to small embedded objects than unmodulated intensity signals. The differences between
embedded absorption and scattering objects in the ultrasound-modulated optical signals were compared.
The effects of neighboring inhomogeneity and background optical properties on the ultrasound-
modulated optical signals were also studied. We analyzed the signal-to-noise ratio in the experiment
and found that the major noise source is the speckle noise caused by small particle movement within the

biological tissue sample.

We studied this effect by incorporating a Brownian motion factor in the

simulation. © 2004 Optical Society of America

OCIS codes:

1. Introduction

Because of its noninvasive, nonionization properties,
optical imaging of biological tissues has been an ac-
tive research area in recent years.2 A number of
different optical imaging techniques have been pro-
posed and studied, such as time-resolved optical im-
aging, frequency-domain optical imaging, and optical
coherence tomography. The contrast of optical im-
aging is primarily generated by the optical absorption
properties and the scattering properties of living tis-
sue. Because biological tissues are highly scattering
media, deep-tissue optical imaging usually employs
sophisticated reconstruction algorithms to achieve a
good imaging depth and reasonable resolution. In
addition to the purely optical imaging techniques,
combinations of optical techniques with ultrasonic
techniques have also been explored, including opto-
acoustic imaging,3-® sonoluminescence tomography,®
and ultrasound-modulated optical tomography.7-14
In these hybrid methods, ultrasonic waves were used
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to furnish localization information because they are
much less scattering in biological tissues.

In ultrasound-modulated optical tomography,
some light is modulated by an ultrasonic wave inside
the biological tissue to carry ultrasonic frequency.
Such tagged photons can be discriminated from the
background unmodulated photons by signal process-
ing, and their originations are directly related to the
position of the ultrasonic column inside the tissue.
Marks et al.” first investigated the possibility of prob-
ing breast cancer using this technique. Wang et
al .89 developed ultrasound-modulated optical tomog-
raphy and obtained images in tissue-simulating
phantoms. Since then, many new technologies such
as parallel speckle detection by Leveque et al.!
frequency-swept ultrasound-modulated optical to-
mography by Wang and Ku,!3 speckle-contrast detec-
tion by Li et al.,*> and other technologies'é:17 have
been developed. To understand the mechanisms in-
volved in acousto-optic interactions in scattering me-
dia, Wang'® developed a theoretical model that
considered two important phase modulation mecha-
nisms: the refractive-index modulation and particle
displacements. The analytical results agreed well
with a Monte Carlo simulation?® for ultrasound mod-
ulation of a volumetric homogeneous scattering me-
dium. Sakadzic and Wang?? further extended the
model to include anisotropic scattering media.

For imaging applications, however, ultrasonic
transducers with small focal size are used to
achieve spatial resolution. In addition, the inho-



mogeneous nature of turbid media adds complexity
to the signal interpretation in ultrasound-
modulated optical tomography. These effects can-
not be studied by the analytical models used for
volumetric modulation.’8-20 In this study, a
Monte Carlo technique was used to simulate the
sensitivity and the contrast of this technique. The
two modulation mechanisms, i.e., refractive-index
modulation and particle displacement, were incor-
porated in the simulation. We also studied the
effects of speckle noise caused by Brownian motion,
which is the most important noise in experiments
involving biological tissue.

2. Method

In ultrasound-modulated optical tomography, the
transmitted light consists of two parts: the ac pho-
tons that are modulated by the ultrasonic wave and
the dc background photons that are not modulated.
Only those photons passing through the ultrasonic
column can be modulated. The modulated depth (ac
and dc) reflects the local optical and ultrasonic prop-
erties within the ultrasonic beam and can be used for
tomographic imaging of the scattering medium.

The intensity of transmitted light can be written as
(Wiener—Khinchin theorem)

1 (7
I, = Tf cos(nw,t)G4(1)drT, (1)
4o

where T, is the period of ultrasonic oscillation, v, is
the ultrasonic frequency, and G,(7) is the autocorre-

lation function of the scattered light:

Gi(1) = fmp(SXEs(t)Es(t +1))ds, (2)

0

where p(s) is the probability density function of path
length s and E, is the electrical field of the light
scattered along path s. The correlation function is
calculated from the contributions from random
Brownian (B) motion and ultrasonic (U) modula-
tion21,

(ESt)E((t + 7)) = (E)E(t + 1)s(E ) E (t + 7))y
3)
The contribution from Brownian motion is deter-

mined by the particle relaxation time 7,, the mean
free path /, and the total path length s:

2s
(ELt)E(t + 7)) = exp( - -r) . 4)
Tol
We can calculate the contribution from ultrasonic
modulation by accumulating the optical phase vari-
ations induced by ultrasound,

(E@)E(t + 1))y = (exp[~i(AD, + AD;)]), (5)

where A®, is the total phase variation caused by
refractive-index modulation of the scattering medium
and A®d, is the total phase variation caused by dis-

placement of the scattering particles. The equations
to calculate these phase variations have been given in
detail by Wang.18:1® The modulation depth at ultra-
sonic frequency can be calculated as M = I,/I, from
Eq. (1).

A Monte Carlo method was used to simulate light
transport in scattering media. The basic simulation
procedures have been described in detail elsewhere.1?
The program was extended to handle multiple objects
to simulate the effects of a heterogeneous back-
ground. In the simulation, the tissue sample was
modeled as a slab containing embedded objects. For
simplicity, the object and the ultrasonic column were
modeled as cylinders with certain heights. The pho-
ton packet was launched perpendicularly into the
tissue. Geometric calculations were performed to
determine if the path of a photon packet crossed one
of the objects. We sampled the scattering angles of
a photon packet using optical properties. The phase
variation of a photon packet was accumulated when-
ever the photon intersected with the ultrasound col-
umn or was scattered within the ultrasound column.
We calculated the correlation function of the trans-
mitted light by accumulating contributions from all
transmitted photons.

Unless indicated specifically, the following optical
properties of the background scattering media were
used in the simulation22: the refractive index n =
1.33, the absorption coefficient w, = 0.1 cm ™%, the
scattering coefficient p, = 20.0 cm ™!, and the anisot-
ropy factor g = 0.9. The thickness of the tissue slab
is 3 cm. Both the object and the ultrasonic column
have a radius of 1 mm and a height of 10 mm, al-
though their dimensions are not required to be iden-
tical in the simulations. The velocity of the
ultrasonic wave is 1480 m/s. The ultrasound am-
plitudeis 0.1 nm. The ultrasound wave vector is 4 X
10® m ™! that corresponds to a wavelength of 1.57 mm
in the scattering media. A light beam with a radius
of 1 cm is incident perpendicularly upon the turbid
medium. Only the transmitted photons within a cir-
cular disk with a 1-cm radius on the exit plane, sim-
ulating the detection area, were scored.

3. Results

A. Sensitivity to Optical Properties

In ultrasound-modulated optical tomography, the
modulated photons carry the optical as well as the
ultrasonic properties of the ultrasonic column. If
the optical properties within the ultrasonic column
are different, the detected signal will be different.
Ultrasonic heterogeneity and Brownian motion were
not considered in this simulation. To study the ef-
fects of these different optical properties, we simu-
lated objects with different absorption coefficients
and scattering coefficients. The simulation results
are shown in Fig. 1. A single cylindrical object is
buried at the center of the tissue slab. The position
of the ultrasonic column is aligned with the object
[Fig. 1(a)]. Therefore every photon passing through
the object will be labeled by the ultrasound. The
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(a) Configuration of the scattering medium and the ultrasound. Modulation depth and total transmittance versus the (b)

absorption coefficient, (c) scattering coefficient, and (d) reduced scattering coefficient.

values in the plots in Figs. 1(b)-1(d) are normalized to
the signal values obtained when the embedded object
has the same optical properties of the background
medium.

From the simulation results, the modulation signal
is much more sensitive to the change of optical prop-
erties than the total output intensity (transmittance).
For example, as the optical absorption coefficient of
the object increases 100 times, the modulation depth
decreases by ~88%, whereas the transmittance only
decreases by ~5%. The modulation depth decreases
as the absorption coefficient of the object increases
because more photons passing through the object
have been absorbed. If only the absorption coeffi-
cient p, of the object is the changed by Ap,, the
modulation signal changes by

AM o« — f M(p)exp(—Aw,p) f(p)dp, (6)

where M(p) is the intensity of modulated photons
having path length p inside the object before the ab-
sorption coefficient is varied and f(p) is the distribu-
tion of p. If Ap,p is much less than unity, the Aac
will be linearly proportional to Ap,. When the ab-
sorption coefficient is changed by 100-fold from 0.1 to
10 cm !, the modulated photons of p values that are
comparable with the 0.2-cm diameter of the embed-
ded object will vary by a factor of exp(—9.9 X 0.2) =
14%, which roughly matches the simulated ~88%
decrease.

The scattering properties (., and g) of the embed-
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ded object have even less of an effect on the total
transmittance than the absorption property (w,).
However, the modulation depth still shows signifi-
cant sensitivities for these changes. In the example,
when the scattering increases from 20 to 100 cm 1,
the modulation depth increases by ~40% whereas
the total transmission decreases only by less than
3%. If the scattering properties of the object are
changed, the paths of the photons will be altered.
Although a simple expression similar to relation (6)
does not exist, the increase of the scattering coeffi-
cient of the embedded object causes the photons to
have more scattering events and longer path lengths
within the ultrasound column. Both effects will lead
to a higher modulation depth. Figure 1(d) shows
that the modulation depth decreases as the anisotro-
pic factor of the embedded object increases. In Fig.
1(d), the scattering coefficient of the object was fixed
at 20 cm ™! in the simulation. Calculation indicated
that the average path length inside the ultrasound
column is higher at a smaller anisotropic factor,
which leads to a higher modulation depth because of
the refractive-index modulation mechanism.

Figure 2 shows the results of modulation depth and
transmittance when the absorbing object is not
aligned with the source—detector axis. The modula-
tion depth decreases slightly as the object moves
away from the central axis. This is caused by the
inhomogeneous distribution of light inside the sam-
ple.’2 However, the fractional change as plotted in
Fig. 1 has little change. In addition, there is no
significant change in the transmittance. Therefore
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Fig. 2. Comparison of the calculated results of (a) the modulation
depth and (b) transmittance when the object center is shifted from
the system optical axis along the x axis.

the modulated signal is still much more sensitive
than the nonmodulated transmittance even if the ob-
ject is not aligned with the source—detector axis.

B. Effect of Inhomogeneity

In ultrasound-modulated optical tomography, we can
usually obtain two-dimensional images by mechani-
cally scanning the ultrasonic transducer over the
sample. A measured modulation depth is directly
assigned as the signal intensity at the corresponding
ultrasound location. Because the local modulated
signal intensity depends on the local optical fluence,
the internal optical fluence affects the obtained im-
ages. Because the light fluence distribution is not
uniform within the scattering medium, the modula-
tion depth is related to the position of the ultrasonic
column even in a homogeneous medium.2

In reality, tissue samples are inhomogeneous in
both absorption and scattering properties. A buried
object will affect the optical fluence in its neighbor-
hood and the modulated signal intensity. Figure
3(a) shows such an example in which two identical
objects are separated by 3 mm along the z axis. The
ultrasonic column is located at object 1, which is at
the center of the slab. Brownian motion is not con-
sidered in the simulation. From the results [Figs.
3(b) and 3(c)], the calculated modulation depth is
affected by the optical properties of the other neigh-
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Fig. 3. (a) Configuration of the two embedded objects in the sim-
ulation of the effects of neighboring objects. The two objects are
separated by 3 mm along the z axis. Modulation depth and total
transmittance versus the (b) absorption coefficient and (c) scatter-
ing coefficient of the second object.

boring object. As the absorption coefficient and the
scattering coefficient of object 2 increase, the signal
values of object 1 decrease because the modulated
light decreases after passing through object 2. In
other words, object 2 casts a shadow on object 1 when
an image of the scattering medium is produced.
Such cross talks depend on the optical properties, the
distance, and the size of neighboring objects.

The absolute signal level is also affected by the
optical properties of the background medium. In
Fig. 4(a), the modulation signal of a single object was
calculated with different background scattering coef-
ficients. The object was positioned at the center of
the turbid medium. Its optical properties are p, = 2
em Y, p, =100.0cm ' andg = 0.9. Itisinteresting
to see that modulation depth increases as the back-
ground scattering coefficient increases because more
photons interact with the ultrasonic column. Both
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M(n), refractive-index modulation; M(d), particle displacement
modulation; M(n + d), modulation by both mechanisms.

modulation mechanisms contribute to this effect.
Detailed calculations show that both the average
scattering events of the modulated photons and their
path lengths within the ultrasound column increase
as the background scattering coefficient increases,
which explains the above observation. Figure 4(b)
shows the effect of the background absorption coeffi-
cient. The object’s optical properties are n, = 2
em Y, p, =20.0cm ', andg = 0.9. The modulation
depth increases slightly as the background absorp-
tion coefficient increases because more unmodulated
photons are absorbed. The increase is mainly due to
the modulation of the refractive index.

The above examples indicate that the signal inten-
sity is indeed related to the background properties
and object distribution in the scattering medium.
Therefore quantitative measurements of the optical
properties of the embedded objects entail sophisti-
cated reconstruction algorithms.

C. Noise and Speckle

In ultrasound-modulated optical tomography, the
signal-to-noise ratio is critical because the modulated
signal is very small. To improve experimental re-
sults, system noise properties should be carefully an-
alyzed and optimized. There are many possible
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noise sources in the experimental system including
contributions from both the optical system and the
ultrasonic system. Among all the noise sources, the
shot noise is the theoretical limit of noise, and the
speckle noise appears to be the most significant noise
source in biological tissue. Speckle noise is caused
by the random movement of small particles within
the biological tissue. These particle movements
change the speckle patterns and induce noise in the
detected optical signals.

To demonstrate speckle noise, we examined the
system performance using ground glass as the sam-
ple without ultrasound modulation. A laser beam
(Melles-Griot, 56IMS667) illuminated the ground
glass, and the generated speckle pattern was re-
corded by a CCD camera (DALSA CA-D1-0256T). A
total of 200 frames of such speckle images was re-
corded in ~3.2 s. The standard deviation of each
pixel in the CCD image was calculated and subse-
quently normalized to the shot noise obtained by the
square root of the average digital count in the pixel.
As shown in Fig. 5(a), the measured noise level was
within two times of the shot noise when ground glass
was used and the light path was in the air. In other
words, it can be assumed that the whole experimen-
tal system was operating quite closely to the shot-
noise-limited level.

However, the noise level increased to more than
five times the shot noise when a water tank was
inserted into the light path between the ground glass
and the CCD [Fig. 5(b)]. This was caused by fluctu-
ations of the water and the movement of small par-
ticles in the water, which disturbed the speckle
pattern. The noise level further increased to more
than ten times the shot noise when chicken breast
tissue was used instead of the ground glass [Fig. 5(c)].
One reason is that chicken breast tissue is a volume
scattering medium in which light has a longer path
length. The movements of small particles within
the tissue disturb the speckle patterns. It is clear
that this dynamic speckle change is the major noise
source in the experiments. Increasing the exposure
time reduces the speckle fluctuation. Unfortu-
nately, this effect is equivalent to speckle averaging
and therefore reduces the modulation depth. A bet-
ter method is to acquire the signal within the speckle
correlation time. The correlation time can be mea-
sured in the experiments when multiple frames of the
images are continuously acquired. A typical mea-
surement of ex vivo chicken breast tissue is shown in
Fig. 6, in which the correlation time was approxi-
mately 100 ms.

The speckle correlation time is related to the par-
ticle relaxation time in the scattering medium.
With a small relaxation time, particles move fast and
cause a short speckle correlation time. We simu-
lated the effect of random movement of small parti-
cles by incorporating Brownian motion [Eq. (4)] into
the Monte Carlo simulation. Photons that are not
interacting with ultrasound are dominant in this ef-
fect because their amount is much larger than mod-
ulated photons. Figure 7 shows an example of
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signal sensitivity dependency on the particle relax-
ation time. Two small absorption objects were used
in the simulation. Their absorption coefficients are
0.2 and 2.0 cm ™! respectively. They axis in Fig. 7 is
plotted as the relative modulation depth that is de-
fined as [M(p, = 2.0) — M(p, = 0.2)]/M(p, = 0.2).
At small particle relaxation time, the modulation
depths obtained at these two objects are indistin-
guishable. The signal difference becomes larger as
the relaxation time increases. The results also show
that modulation depth at a higher ultrasonic fre-
quency has better sensitivity than that at a lower
ultrasonic frequency. This is because the autocorre-
lation signal is calculated within one ultrasonic pe-
riod, which is smaller at high frequency. This result
implies that the speckle decorrelation problem may
have less of an effect when high-frequency ultra-
sound is applied.

4. Conclusions

A Monte Carlo simulation was applied to study the
signal sensitivity of ultrasound-modulated optical to-
mography. The simulation study indicates that this
technology is significantly more sensitive to small
optical objects than unmodulated intensity measure-
ments. In addition, an inhomogeneous tissue back-
ground will alter the signal intensity. Therefore
obtaining accurate optical properties by simple direct
imaging scanning requires use of sophisticated recon-
struction.

Optical speckles play an extremely important role
in the experiments. Time variation of speckle pat-
terns represents the largest source of noise in an
experiment, especially if the biological tissue is thick.
To overcome this problem, data must be acquired
within the speckle correlation time. Our study also
indicated that ultrasound modulation with higher
frequency has better immunization to speckle varia-
tions.
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