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Ultrasound-modulated optical tomography (UOT) images
optical contrast deep inside biological tissue. Among
existing approaches, camera-based parallel detection is
beneficial in modulation depth but is limited to the
relatively slow framerate of cameras. This condition
prevents such scheme from achieving maturity to image
live animals with sub-millisecond speckle correlation
time. In this work, we developed on-axis single-shot UOT
by investigating the statistics of speckles, breaking the
restriction imposed by the slow camera framerate. As a
proof of concept, we experimentally imaged a one-
dimensional absorptive object buried inside a moving
scattering medium with speckle correlation time down to
048 ms. We envision that this single-shot UOT is
promising to cope with live animals with fast speckle
decorrelation. © 2021 Optical Society of America
http://dx.doi.org/10.1364/0L.99.099999

Optical imaging of biological tissue reveals rich physiological
information but optical scattering prevents imaging deeply [1]. To
implement high-resolution optical imaging with abundant contrast
at depths up to several centimeters, ultrasound-modulated optical
tomography (UOT), also called acousto-optic imaging, was
developed to image optical absorption with acoustic resolution and
optical specificity. The principle behind UOT is the acousto-optic
effect that tags a portion of photons passing through the focal region
of the ultrasonic waves and induces a frequency shift equal to the
ultrasonic frequency [2]. The number of tagged photons is
determined by the local intensity of both light and ultrasound
within the ultrasonic focal spot, which reflects the information of
local optical properties at this position [3]. Due to this capability,
UOT was recently demonstrated to image through the human skull
[4] and was also combined with other optical imaging modalities to
extend imaging depth [5, 6].

Since the acousto-optic effect is usually weak, one of the key
challenges that UOT faces is how to detect weak tagged light
overwhelmed by a huge background of untagged light. In the early

years, single-pixel detectors, such as photodiodes [7] or
photomultiplier tubes [8] were commonly used. These detectors
can respond fast but suffer from insufficient modulation depth [9].
Although Fabry-Perot interferometers [10], spectral-hole burning
[11],and laser cavity [12] were employed to filter untagged photons,
these approaches require additional layout with special care. An
alternative approach is to use pixel-array detectors like cameras to
increase the modulation depth through parallel detection [13].
When the sizes of the camera pixels and the speckle grains are one-
to-one mapped, it has been rigorously shown that the modulation
depth can be increased by+/N, where N is the number of speckles
captured. Furthermore, a strong reference light was usually
employed to balance the reduced photon flux due to the small
sensor size, achieving shot-noise limited detection [14]. Recently,

parallel detection was also extended to diffusing wave spectroscopy
[15], enabling the measurement of blood flow in brains [16].

Although parallel detection with cameras is superior in terms
of modulation depth, the framerate of cameras is usually slow. On-
axis heterodyne holography requires a few camera-shots to
retrieve optical field through phase shifting [17], making camera-
based UOT challenging for in vivo applications with speckle
correlation on the orders of sub-millisecond. In contrast, off-axis
heterodyne holography enables the determination of optical field in
a single-shot [18], but multiple camera pixels were required to
sample one speckle grain, thereby scarifying the modulation depth
in turn. Recently, we proposed to use a lock-in camera to measure
optical field in a single-shot, but the state-of-the-art camera
supports only 300 x 300 pixels [19]. Certain types of
photorefractive crystals exhibit short response time while
processing a large number of speckles [20-22]. However, these
crystals only work for a narrow spectral range. Instead of beating
speckle decorrelation, UOT also borrowed the concept of speckle
contrast imaging to quantify ultrasound-induced blurring of
speckle grains [23]. Despite the demonstrated performance, how to
differentiate the decreased speckle contrast induced by the
ultrasound and by other physiological motion remains challenging
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[24]. Inspired by previous works on speckle contrast, we developed
on-axis single-shot UOT in this work. In contrast to speckle contrast
imaging that usually sets a long camera exposure time, we reduced
the exposure time and intentionally designed an interferogram
such that ultrasound considerably increased speckle contrast
during a single camera exposure. Since the detection can be
accomplished within a single shot and the exposure time can be
conveniently reduced within 1 ms for modern cameras, we
anticipate that the developed single-shot scheme holds promises
for future in vivo applications.
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Fig. 1. Principle of on-axis single-shot UOT. S, sample beam; R, reference
beam; UT, ultrasonic transducer; CMOS, scientific CMOS camera. (a)
When the ultrasound is on, the speckle contrast increases due to the
interference between the tagged light and the reference light. (b) When
the ultrasound is off, no steady interference can be formed due to the
frequency mismatch between the untagged light and the reference light.

We first describe the principle of on-axis single-shot UOT. As
shown in Fig. 1(a), at time t;, light with a frequency of f; illuminates
the sample and the focused ultrasound with a frequency of f;;5 tags
a portion of the light passing through the ultrasonic focus. In this
condition, the transmitted scattered light can be divided into two
parts: the untagged light E, (7, t;) with the original frequency and
the tagged light E, (7, t;) with a frequency upshifted to f, + fys
due to ultrasonic modulation. For simplicity, we omitted the
downshifted part and higher-order terms of the tagged light. A
reference light E (t;) with a frequency of f, + fy s then interferes
with the scattered light. The resulting camera-measured speckle
distribution is

L(r,ty) = |E,(r, t)? + |E(r, t)1? + [Er(t)]?
+2|E,(r, t )| Er (1) cos(@ (7, t,)) e

Here, only the components with the same frequency
contribute to the interference term and ¢(r,t;) is the phase
difference between the tagged light and the reference light. For
conventional UOT, retrieving |E.(r,t;)| requires additional
measurement to remove the contaminations from |E, (7, t,)|?.
Thus, the camera needs to take another shot at time t, with
ultrasound being switched off. At this time, the camera-measured
speckle distribution is

L(r,t)) = |E,(r, t)I? + |Ex(t2)|? (2)
If t, —t, is within the speckle correlation time, then we have
|E, (1, t)|? ~ |E, (7, t,)|%. Thus, subtracting Eq. (2) from Eq. (1)
and neglecting |E, (7, t,)|? yields UOT signal

UOTeony = (11 (r, t1) — L(r, t;)1) (3)
The operation(-) denotes taking average concerning r. Two camera
shots denote that the system latency is inevitably restricted by the
framerate of the camera. However, the frame rates for cameras with

high dynamic range are usually on the orders of several hundred,
which are not fast enough to beat speckle decorrelation of live

animals. This regretful situation prohibits camera-based UOT from
being applied for in vivo studies. Notably, the intensity fluctuation of
the speckles in Fig. 1(a) is considerably larger than that of the
speckles in Fig. 1(b), owing to the interference term. This
observation promotes us to think whether the enhanced intensity
fluctuation of speckles can be used for UOT. Since the statistics of
speckles does not change with fast speckle decorrelation, we found
that by taking the standard deviation to I;(r,t;) and I,(r,t;)
concerning r, the dependence on time can be removed. This
observation indicates that this operation removes the restriction on
the time interval between the two measurements. Thus, we can
define

UOTyq = /Std?(1 (1, t)) = Std?(I,(r, t,)) 4
asthe UOT signal. This value describes the variations in the intensity
fluctuations of the speckles caused by the tagged light, which carries

spatial information. Before proceeding, we emphasize that in
contrast to conventional UOT, Eq. (4) allows a different metric, ie.,

the standard deviation of intensity measurements, to quantify the
ultrasonic modulation. Moreover, since Eq. (2) does not involve
triggering ultrasound, std (I, (7, t,)) can be estimated in prior and
treated as a constant value throughout the experiment. Thus, by
using Eq. (4), the UOT signal originated from the ultrasonic focus
can now be estimated within a single shot, which is desirable for in
vivo applications. When the tagged light becomes weak, we can
neglect high-order terms of | E, (r, t,)|. Thus, both Egs. (3) and (4)
can be further simplified as

UOT ony = (2|E (1, t I Ep (t)]|cos(@(r, )]} (5)

UOT,,y = V/(4IEf(r. £ () 2cos2(o(r.t)))  (6)

The only difference between these two expressions is the switched

order of square operation and spatial averaging. Thus, they
represent the same physical quantity with different regulations (L1

and L.2).
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Fig. 2. Numerical results of on-axis single-shot UOT. (a) UOT signal and
noise as a function of the number of untagged photons per pixel. (b)
Signal-to-noise ratio as a function of the number of untagged photons

per pixel.

The feasibility of the single-shot UOT was first examined using
numerical tools. A self-written script written in Matlab was used to
numerically estimate Egs. (1)-(6) by statistical means. For

computational convenience, each intensity term in these equations

was translated using the representation of photon numbers. During
the computational process, the dimension is set to be 2560 x 2160,

matching with the resolution of the camera used in practice. For
each unit, the number of photons for both tagged light and untagged
light is drawn from the Rayleigh distribution, while the phase
difference is drawn from a uniform distribution. To mimic practical

conditions of imaging samples with different thicknesses, we




simulated various conditions by considering different numbers of
untagged photons received at the detection plane. The strength of
the ultrasound was fixed in this study for convenience so that the
ratio between the number of tagged light and the untagged light at
the detection plane is set to a fixed number of 0.5% [25]. The

number of photons for the reference light at each unit is set to
20,000. Based on Eq. (4), the computed UO T4 as a function of the
number of untagged photons is plotted in Fig. 1(a) using red
triangles. As a comparison, the conventional UOT signal computed
through Eqg. (3) with two measurements is also plotted using red
circles. Here, shot noise is considered but speckle decorrelation is

not involved. For any measurement, the shot noise was simulated
by picking a random number of a Poisson distribution, of which the

total number of measured photons was set as the mean. These
results denote both approaches can reconstruct UOT signals with

roughly the same order, while UOTq is slightly larger than
UOT.,ny The standard deviations of 100 independent
measurements were plotted in blue in Fig. 2(a) as the noise level.
Figure 2(b) plots the signal-to-noise ratio (SNR), showing that the
SNR of UOT4 decreases when the number of untagged photons
increases, due to the growing fluctuations of |E,(r,t;)|?. In
contrast, the SNR of UOT,,,, increases along with the increased
number of untagged photons, as the number of tagged photons also
increases. Nonetheless, the SNR of UOTgq is larger than that of
UOT,,,y Wwhen the number of untagged photons is small, indicating
UOT;q is suitable for thick biological tissue with a low photon
budget. Since parallel detection with millions of pixels was
employed and only shot noise was considered during simulation
the SNRs presented here are significantly higher than those found
during experiments with a complicated condition.
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Fig. 3. Schematic diagram of the experimental setup for single-shot UOT.
HWP, half-wave plate; PBS: polarizing beam splitter; BB, beam block; M,
mirror; AOM, acousto-optic modulator; L, lens; TS, motorized
translational stage; MSM, moving scattering medium; UT, ultrasonic
transducer; CMOS, scientific CMOS camera; PA, power amplifier; FG,
function generator; R, reference beam; S, sample beam.

MHz. Tissue-mimicking phantoms were made as scattering media,
which were produced by mixing milk, gelatin, and water with a
preset composition [26]. By choosing a mass ratio of 5:10:85 for

milk, gelatin, and water, the scattering coefficient (1) and reduced
scattering coefficient (u,') were measured to be 7mm~! and
1 mm~?, which is close to that of soft tissue at visible spectrum. The
absorption of the phantom is negligible. To simulate different
speckle decorrelation, a moving scattering medium (MSM, 45 mm
X 45 mm X 1 mm) was mounted on a motorized translational stage
(GCD-202050M, Daheng Optics, 0.37 mm/s-20 mm/s velocity, 50
mm travel range). Another scattering medium (36 mm X 36 mm X
2 mm) was placed 15 mm behind the MSM and an absorptive object
(1.5mm X 5 mm X 1 mm) made of gelatin and ink was placed on it.
The absorption coefficient of this black target was quantified to be
53 mml A focused ultrasonic transducer  (UT,
ShanChao5Z10S]J30D]J; 5 MHz central frequency; 3 cm focal length;
0.918 mm focal spot size) was placed above the sample. When the
sample beam illuminated the sample, the UT emitted ultrasound
along the y-direction. Thus, the tagged light and the reference light
shared the same frequency of f;, + f,, and the interferogram was
subsequently measured by a scientific CMOS camera (pco.edge 5.5,
PCOTECH; 2,560 x 2,160 pixels; exposure time 0.5 ms).
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Fig. 4. Normalized UOT signal as a function of speckle correlation time.

30 independent measurements were used for generating each data
point.

Having described the principle of the single-shot UOT and
discussed its performance numerically, we then built an
experimental setup thatis schematically shown in Fig. 3. The output
of a473-nm continuous-wave laser (MSL-FN-473-30mW, CNI) was
chosen as the source, which was then split into a reference beam (R)
and a sample beam (S). After passing through two acousto-optic
modulators (AOM-505AF1, IntraAction), the frequencies of the
reference beam and the sample beam were modulated to be f;, +
far and fy + f, , respectively, where f,; = 52 MHz and f,,, = 47

The first experiment we performed was to check whether
ultrasound increases the intensity fluctuations of the speckles, i.e,
the speckle contrast. A pulse train of ultrasound with 3000 cycles

was generated for each firing process, resulting in a duration of 600
us. The peak pressure at the focus was about 0.5 MPa, which is well

below the damage threshold for biological tissues. The intensities of
R and S were adjusted so that the average readings on the camera
were 20,000 and 800, respectively. A series of 30 measurements
were made with and without ultrasonic modulation for static

scattering medium, and the standard deviations for these measured
intensity patterns were computed. Quantitative results show that
the averaged values for standard deviations with and without
ultrasonic modulation were 2.77x103 and 2.57x103 respectively.
These results confirm that speckles with ultrasonic modulation
exhibit a considerably higher intensity fluctuation than speckles
without ultrasonic modulation, confirming the validity of the
developed approach. It is worth mentioning here that, this
observation is completely different from the previous UOT that
exploiting speckle contrast, wherein the speckle contrast with




ultrasonic modulation is lower than that without ultrasonic
modulation [27].

Next, we investigated the performance of the setup in fighting
against speckle decorrelation. The correlation time of speckles was
controlled by translating the MSM along the x-axis at different
speeds. Following the procedures developed in Ref [19], a
mathematical relationship z, = 1.63 /v [ms] (the unitof v ismm/s)
was established, allowing us to control the speckle correlation time
by setting the translational speed. When the ultrasonic focus is away
from the absorptive object, we measured speckle patterns and
computed UOTg;4 (normalized to the maximum value) for various
7., as shown in Fig. 4. Each data point was averaged from 30
independent measurements. The standard deviations of these
measurements denoted in red showed the fluctuations, while the
standard errors denoted in blue represented how accurate mean
values were estimated. As expected, UOT,q remains around a
constant when 7. is large and starts to decrease when t,.
approaches the camera exposure time (~0.5 ms). We also found
that when 7, is smaller than the camera exposure time, the errors
increase accordingly due to the decreased speckle contrast
captured by the camera. By fitting these data using g(z) =
exp[—(z,/7)?] [28], the system latency 7, is estimated as 0.11 ms.

It worth emphasizing here that, for such a single-shot scheme, the

system latency is only determined by the exposure time of the
camera.
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Fig. 5. One-dimensional image of an absorptive object buried inside
scattering media. Each image is normalized by its maximum value. Blue
circles: T, > 50 s; black stars: 7. = 0.48 ms; red squares: direct
transmission image. Each data point was generated through a single-
shot measurement. Inset, schematics of the absorptive object. The fitting
R2 for the blue and black curves are 0.98 and 0.86, respectively.

Finally, we imaged a buried one-dimensional absorptive object
(inset of Fig. 5) using the developed single-shot UOT. The ultrasonic
focus was scanned at 0.05 mm per step along the X direction and
UOTq was estimated for each position. As shown in Fig. 5, the blue
circles and the black stars represent data measured when 7. >
50 sand t. = 0.48 ms, respectively. Both images manifested a dip
located around the position of 1.9 mm, indicating the object. To
quantitatively determine the lateral image resolution of the image,
we fitted the experimental data with an imaging model: y(x) =
aerf[2vIn2(x — ;) /Tewim] — berf[Z\/ln_Z(x - xz)/TFWHM] ’
where a, b , x;, x, and rgwyym are the fitting parameters while
erf(x) is the error function [19]. The lateral resolutions rgwm,
defined as the full-width at half maximum of the one-dimensional
point spread function, were calculated to be 855.3 pum and 894.8 um
for . > 50 s and 7. = 0.48 ms, respectively. These values are

consistent with the size of the ultrasonic focus (918 um). As a
comparison, Fig. 5 also shows the direct transmission image using
red squares, obtained by collecting the total transmitted light at
each scanning position when the ultrasonic transducer was off.
These red squares exhibit a flat line, indicating that we could not
identify the object buried inside without ultrasound modulation.

In conclusion, we developed on-axis single-shot UOT with
enhanced speckle contrast. With this method, imaging an
absorptive object buried inside scattering media with speckle
correlation time down to 0.48 ms was demonstrated. Although 0.5-
ms exposure time was employed throughout this study, a shorter
exposure time could be used to further reduce the system latency at

the expense of signal strength. It worth noting that further reducing
exposure time down to nanosecond levels may cause the time-
varying component in Eg. (1) not being easily averaged out,
downgrading the effectiveness of this method. Nonetheless, such a

phenomenon is not prominent for the current practice with
microsecond exposure time. Therefore, the developed method

holds promise for future imaging applications in vivo.
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