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Optical imaging is indispensable to many research areas 
because it benefits from a wide range of light–matter inter-
action mechanisms and a host of endogenous and exog-

enous contrast agents. However, optical imaging through opaque 
scattering media, such as biological tissue, has long been a highly 
challenging problem1–6. The randomization of the optical wavefront 
due to scattering is one aspect of the challenge—it scrambles the 
optical information in space. Although methods such as wavefront 
shaping have begun to address this challenge7–13, the dynamic nature 
of some of these scattering media, which living tissue is a prominent 
example, adds another dimension to the challenge14–16. The dynamic 
nature leads to rapid decorrelation of optical information in  
time and necessitates the use of fast techniques to capture optical 
information before it is scrambled16–29.

In comparison, ultrasound scatters much less than light in soft 
tissue and is therefore extensively used to perform imaging inside 
tissue. However, ultrasound imaging does not have as wide range 
of contrast mechanisms and contrast agents and therefore reveals 
less functional information. As such, methods that can synergisti-
cally combine the advantages of sound and light are highly desir-
able. One example is photoacoustic imaging30, which relies on the 
thermal expansion of optical absorptive objects to generate ultra-
sound signals. An interesting development in photoacoustics is the 
use of the dynamic property of speckles or samples to improve spa-
tial resolution31–33—a development that shares some roots with the 
method we are reporting here. While photoacoustics provides good 
absorption contrast in images, it is not well suited for obtaining flu-
orescence contrast—probably the most important optical contrast 
in biomedical research34.

There have been several notable attempts at introducing fluores-
cence imaging capability into ultrasound-mediated optical imaging. 
These approaches include using ultrasound to directly modulate 
fluorescence35,36 and using engineered fluorescence microbubbles37, 
liposomes38 or thermosensitive polymers39 as contrast agents to 
enhance the ultrasound-modulated fluorescence signal. However, 

direct fluorescence modulation has an extremely low modulation 
efficiency, and the introduction of special exogenous agents restricts 
the application range of such techniques. On a different front, 
ultrasound-assisted optical wavefront shaping methods, as exempli-
fied by time-reversed ultrasonically encoded (TRUE) optical focus-
ing40–42, employ focused ultrasound as a guidestar43 to generate an 
optical focus inside a scattering medium. The optical focus can be 
used to perform fluorescence excitation and raster-scanning imag-
ing. However, like other wavefront shaping methods, this approach 
is currently confounded by the rapid optical speckle decorrelation 
in living animals and the lack of high-speed phase conjugation solu-
tions15,16. The rapid optical speckle decorrelation in living animals 
depends on the tissue type as well as on the probing depth15,16,44, 
and as it is an intrinsic property of living tissue, leveraging it for use 
rather than treating it as a challenge may be more fruitful.

Here, we report an ultrasound-enabled fluorescence imag-
ing method that works in highly dynamic scattering media. In 
this method, the ever-changing nature of speckle patterns inside a 
time-varying scattering sample is not an impediment, but is instead 
a key enabling mechanism. In our case, the ultrasound-modulated 
light signal associated with an ultrasound focus in a dynamic scat-
tering medium directly correlates with the fluctuating speckle 
intensity at that location. Likewise, the fluorescence signal from the 
same location is correlated with the fluctuating speckle intensity. 
As such, by measuring and correlating the ultrasound-modulated 
light signal and the fluorescence signal from the sample, we can 
isolate the fluorescence signal emanating from the target location 
defined by the ultrasound focus. By scanning the ultrasound focus 
and repeating the above process, we can obtain an image of the 
fluorescent objects within the scattering medium. We termed the 
method FLuorescence and Ultrasound-modulated light Correlation 
or FLUX (X for correlation) for short.

FLUX enables imaging of fluorescent objects inside a scatter-
ing medium exhibiting fast speckle decorrelation. A key challenge  
with wavefront shaping methods such as TRUE focusing is that the 

Fluorescence imaging through dynamic 
scattering media with speckle-encoded 
ultrasound-modulated light correlation
Haowen Ruan   1,2 ✉, Yan Liu   1,2 ✉, Jian Xu   1, Yujia Huang   1 and Changhuei Yang   1 ✉

Fluorescence imaging is indispensable to biomedical research, and yet it remains challenging to image through dynamic scat-
tering samples. Techniques that combine ultrasound and light as exemplified by ultrasound-assisted wavefront shaping have 
enabled fluorescence imaging through scattering media. However, the translation of these techniques into in vivo applications 
has been hindered by the lack of high-speed solutions to counter the fast speckle decorrelation of dynamic tissue. Here, we 
report an ultrasound-enabled optical imaging method that instead leverages the dynamic nature to perform imaging. The 
method utilizes the correlation between the dynamic speckle-encoded fluorescence and ultrasound-modulated light signal that 
originate from the same location within a sample. We image fluorescent targets with an improved resolution of ≤75 µm (versus 
a resolution of 1.3 mm with direct optical imaging) within a scattering medium with 17 ms decorrelation time. This new imaging 
modality paves the way for fluorescence imaging in highly scattering tissue in vivo.

NatuRe PHotoNiCs | VOL 14 | AUgUST 2020 | 511–516 | www.nature.com/naturephotonics 511

mailto:hruan@caltech.edu
mailto:yanliu@caltech.edu
mailto:chyang@caltech.edu
http://orcid.org/0000-0002-4917-4509
http://orcid.org/0000-0002-5837-4908
http://orcid.org/0000-0002-4743-2471
http://orcid.org/0000-0001-7667-8342
http://orcid.org/0000-0001-8791-0354
http://crossmark.crossref.org/dialog/?doi=10.1038/s41566-020-0630-0&domain=pdf
http://www.nature.com/naturephotonics


Articles Nature PhotoNics

process of wavefront shaping needs to be completed within a speckle 
decorrelation time. FLUX does not involve such complex, active 
wavefront manipulation and instead simply passively measures the 
time traces of the acousto-optical signal and the fluorescence signal.

Results
Principles. The principle of FLUX is illustrated in Fig. 1. A simpli-
fied experimental set-up is shown in Fig. 1a. A coherent laser beam 
is used to excite a fluorescent object inside a dynamic scattering 
sample. As the light beam enters the sample, speckles develop due to 
interference of multiply scattered light. Within the sample, the fully 
developed speckles are highly independent of each other and ran-
domly distributed in space. In time, the speckle pattern fluctuates 
due to the dynamic property of the sample and becomes uncorrelated 
after a decorrelation time interval. Therefore, the speckle intensity 
varies in both space and time, which makes it difficult for conven-
tional imaging methods to probe the optical information inside the 
scattering medium. Here, we turn this problem into an enabling 
mechanism to uniquely encode the optical information inside the 
scattering medium. A fluorescent object sees its local speckle pat-
tern as a time-varying excitation source, and it emits a time-varying 
fluorescence signal that mirrors the speckle intensity changes. 
Because the time-varying speckle intensity is independent at each 
spatial speckle, the locations of the fluorescent targets are uniquely 
encoded by this time-varying excitation. Outside the sample,  

a photodetector collects the dynamic fluorescence signal F(t), which 
is the aggregate of the time-varying fluorescence emissions from all 
the fluorophores within the sample.

We additionally transmit pulsed ultrasound through the 
sample to create an ultrasound focus at a target location. Light 
that travels through the ultrasound focus will have its frequency 
shifted by the ultrasound (that is, the acousto-optic effect45–47), 
and we measure the amount of frequency-shifted photons outside 
the sample (see Methods for details on the measurement of the 
ultrasound-modulated light). The ultrasound-modulated light sig-
nal U(t) would be directly proportional to the time-varying speckle 
intensity at the ultrasound focus position.

For simplicity, we assume that the ultrasound focus and the flu-
orescence object are of the same size. When the ultrasound focus 
overlaps with the fluorescent object (Fig. 1b, upper panel), they are 
illuminated by the same time-varying speckles. In this case, we can 
expect the fluorescence signal and ultrasound-modulated light sig-
nal to be highly correlated. This correlation should be low when the 
ultrasound focus and the fluorescent object are located on different 
illumination speckle grains (Fig. 1b lower panel). As such, by ras-
ter scanning the ultrasound focus and measuring the correlation at 
each ultrasound focus location, an image of the fluorescent object 
can be obtained.

Importantly, the speckle decorrelation affects only the measure-
ment of the ultrasound-modulated light signal and fluorescence  
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Fig. 1 | Principle of FLuX. a, Simplified set-up. A laser beam excites a fluorescent object inside a dynamic scattering sample. Meanwhile, a focused ultrasound 
beam modulates the photons passing through the ultrasound focus. The fluorescent light and ultrasound-modulated light are separated by a dichroic mirror 
and simultaneously measured by a photodetector and a camera, respectively. At position 1, the ultrasound focus overlaps with the fluorescent object; at 
position 2, the ultrasound focus is away from the object. b, Illustration of signals. A fluorescent object located at speckle A emits a fluctuating fluorescence 
signal in sync with the time-varying speckle intensity. Likewise, an ultrasound focus located at speckle A generates a fluctuating ultrasound-modulated light 
signal in sync with the speckle intensity. Hence, the correlation of the fluorescence and ultrasound-modulated light signals would be high (upper panel).  
If the ultrasound focus is instead located at a different speckle (speckle B), the correlation of the two signals would be low (lower panel).
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signal. In principle, ultrasound-modulated light can be mea-
sured within an ultrasound period, which is on the order of a 
microsecond. In practice, the speckle decorrelation time that can 
be handled by FLUX is likely to be limited by the sampling time 
window, within which sufficient photons should be detected to 
achieve a high enough signal-to-noise ratio (SNR). In comparison, 
optical-wavefront-shaping-based approaches (the most competi-
tive alternative methods) require the sample to be stable during the 
entire cycle of operation, including signal measurement, transfer, 
processing and wavefront modulation, which fundamentally pre-
vents these approaches from working with highly dynamic scat-
tering media. A detailed comparison of these two techniques is 
illustrated in Supplementary Fig. 1 to explain the advantage of 
FLUX in the presence of fast speckle decorrelation.

Generalized FLUX model. Here, we develop a generalized 
mathematical framework for FLUX, where we no longer assume 
the fluorescent object and the ultrasound focus are of the same 
size. We impose a grid on the sample with a voxel size equal to  
the speckle grain size; this grid covers the entire illumination vol-
ume. The fluorophores are dispersed in the sample with a distri-
bution described by the number of fluorophores Ni in a voxel, 
where i denotes the ith voxel. For simplicity, we assume each 
voxel is illuminated by a fully developed time-varying speckle 
with intensity I(t), which has a mean of I0, a variance of I20

I
 and 

a decorrelation time of τd. The ultrasound focal volume is V and 
covers Min voxels.

The detected fluorescence photon count rate (proportional to 
intensity) is denoted as F(t) = Fac(t) + Fdc(t), where we separate  
out the time-varying and constant components. Similarly, the 
detected ultrasound-modulated photon count rate is denoted as 
U(t) = Uac(t) + Udc(t). See Supplementary Note 1 for more details. 
We express the FLUX signal as:

FLUX ¼ T
Z T

0
FacðtÞUacðtÞdt; ð1Þ

where T is the total measurement time. The expectation of FLUX is:

FLUXh i ¼ T
Z T

0
FacðtÞUacðtÞh idt

¼ ðI0qfNinTÞðI0quVIUTÞ ´ 1
Min

:

ð2Þ

The final expression relates FLUX to experimental parameters. 
IU is the ultrasound intensity, qf and qu are constants containing 
illumination-photon-to-signal-photon conversion efficiencies and 
detection efficiencies, and Nin is the fluorophore count within the 
ultrasound focus.

Notably, FLUX is proportional to Nin and independent of the flu-
orophore count outside the ultrasound focus—FLUX can therefore 
serve as a direct measure of the fluorophore count inside the ultra-
sound focus. FLUX is inversely proportional to Min. However, a full 
evaluation of the impact of Min on the SNR of FLUX measurement 
needs to account for its impact on the variance of FLUX as well  
(see Supplementary Note 1 for an SNR analysis).

We can normalize the FLUX signal to arrive at a dimensionless 
quantity

FLUXnorm ¼ FLUXffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiR T
0 FacðtÞj j2dt

D E R T
0 UacðtÞj j2dt

D Er :

FLUXnorm can be interpreted as a proportionate measure of the 
fluorophore fraction within the ultrasound focus, and it gener-
ally ranges from 0 to 1. It can also be interpreted as the correlation  
coefficient of F(t) and U(t).
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Fig. 2 | imaging a fluorescent target inside a dynamic scattering sample and characterizing the system performance. a, Simplified set-up. b, Speckle 
decorrelation curve calculated from the correlation of the time-lapse speckle patterns recorded on the camera plane when the diffusers were moving. 
A decorrelation time of 17.4 ms was determined. c, Image of the fluorescent particle obtained by plotting FLUXnorm as a function of the ultrasound focus 
position. A gaussian model was used to fit the one-dimensional data across the peak of the image along the x and y directions, respectively. d, Sections  
of the exemplary signal traces obtained at the (x1, y1) and (x2, y2) locations denoted in c. e, Direct wide-field image of the fluorescent particle in the 
presence of the diffusers. The target cannot be discerned by a conventional imaging system due to scattering. f, FLUXnorm as a function of decorrelation 
time. The error bars show the standard deviation of four measurements. Scale bars, 10 µm.
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The system point-spread-function is given by cross-correlating 
the speckle autocorrelation function with the ultrasound focal pro-
file. When the optical speckle size is much smaller than the ultra-
sound focal size, the imaging resolution is defined by the ultrasound 
focal profile.

Imaging fluorescent targets within a dynamic scattering medium. 
We built a proof-of-concept system to demonstrate the FLUX method. 
A fluorescent particle (10 µm in diameter) was sandwiched between 
two moving scattering diffusers (see Fig. 2a and Supplementary Fig. 
2 for details). This configuration allows us to freely change the illu-
mination speckle grain size and the speckle decorrelation time. We 
adjusted the diffusers to provide a mean speckle grain size of 39 µm 
at the fluorescent particle. Because the full-width at half-maximum 
(FWHM) of the lateral profile of the ultrasound focus is 38.8 µm, we 
have Min nominally equal to one in this case. We adjusted the move-
ment speeds of the diffusers to provide speckles with a decorrelation 
time of 17 ms on the camera (Fig. 2b). A single-photon-counting 
module was used to measure the fluorescence emission over time. 
Meanwhile, a focused single-cycle ultrasound pulse (50 MHz cen-
tral frequency) was used to modulate light at a target location in 
the sample. The ultrasound-modulated light was measured with a 
lock-in parallel speckle measurement method48 using a camera run-
ning at 1,123 frames per second (see Methods). Since we employed 
a dual-frame lock-in method, the effective sampling period of the 
ultrasound-modulated light was 1.8 ms.

The ultrasound focus was raster scanned over an area cover-
ing the fluorescent particle (on the x–y plane in Fig. 2a) with a 
step size of 10 µm. At each location, we collected F(t) and U(t) 
traces over a duration T of 4.5 s, and calculated FLUXnorm. An 
image of the fluorescent particle was then obtained by plotting 
FLUXnorm as a function of ultrasound focus position and applying 
a bicubic interpolation to remove the pixelation effect (Fig. 2c). By  
fitting the experimental data with Gaussian functions, we find 
that the FWHM resolution is 74.8 µm along the x direction and 
76.0 µm along the y direction, which matches reasonably with our 

theoretical predictions of 61.2 µm (see Supplementary Fig. 3 for a 
detailed comparison).

Figure 2d shows examples of the time-varying fluorescence 
and ultrasound-modulated light signals measured at two ultra-
sound focus positions (x1, y1) and (x2, y2) denoted in Fig. 2c. 
The time-varying profiles of these signals are due to the motion 
of the front diffuser. When the ultrasound focus overlapped 
with the fluorescent object, we observed a high correlation 
between the fluorescence and ultrasound-modulated light sig-
nals (FLUXnorm = 0.61). In contrast, when the ultrasound focus 
was 64 µm away from the object, a low correlation was observed 
as expected (FLUXnorm = 0.01). The lower-than-expected measured 
maximum FLUXnorm of 0.61 (in theory should be 1.0) is possibly 
attributed to the fluorescent particle itself deflecting some of the 
ultrasound-modulated light away from the detection solid angle. 
In this case, the weight of the ultrasound-modulated light outside 
the nominal ultrasound focal spot (FWHM of the ultrasound focal 
profile) increases. Therefore, there is effectively more than one 
speckle within the ultrasound focus.

In our control experiment, we attempted to directly image the 
fluorescent particle by focusing a camera at the plane of the par-
ticle through the diffusers. The direct fluorescence image is shown 
in Fig. 2e and Supplementary Fig. 4. We measured the fluorescent 
particle’s lateral FWHM profile to be 1.3 mm—at least an order of 
magnitude poorer than our observed FLUX resolution.

We further profiled the performance of this system as a function 
of speckle decorrelation time. We parked the ultrasound focus at 
the particle and gradually changed the speckle decorrelation time. 
The measured FLUXnorm as a function of speckle decorrelation time 
is shown in Fig. 2f. The measured FLUXnorm decreased as the speckle 
decorrelation time was shortened. Nevertheless, our experiment 
showed that our proof-of-concept set-up can tolerate fast speckle 
decorrelation down to a speckle decorrelation time of 8 ms (when 
FLUXnorm reduces to half of its plateaued value).

While the above experiment illustrates some key aspects of the 
FLUX approach, it is likely that in many applications, the illumination  
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speckle grains would be much smaller than the ultrasound focus. 
This leads to a high Min value and subsequently to a reduced FLUX 
signal. Our next experiment aimed to examine the impact.

In this experiment, we adjusted the diffusers to generate illumi-
nation speckles of size 2.8 µm. The ultrasound FWHM focal spot 
size was kept at 38.8 µm, which gives a Min value of 192. The fluores-
cent object consisted of two fluorescent beads of ~30 µm diameter 
and with ~127 µm separation. Figure 3a shows a direct wide-field 
image of the two fluorescent beads acquired by a conventional fluo-
rescence imaging system. When the fluorescent beads were sand-
wiched between the scattering diffusers, they could not be resolved 
(Fig. 3b). To image through the scattering media using FLUX, we 
raster scanned the ultrasound focus with a step size of 10 µm and 
reconstructed the image of the fluorescent object as shown in Fig. 3c. 
Figure 3d shows the raw map of FLUXnorm at each ultrasound focus 
position. Two physical priors were imposed in the image processing 
(from Fig. 3d to Fig. 3c). First, the negative values of FLUXnorm are 
due to noise and thus were set to zeros. Second, the image resolution 
is determined by the ultrasound focal size and therefore we applied 
a low-pass filter to filter out the frequency components that were 
higher than the ultrasound resolution. Finally, we applied interpola-
tion to alleviate the pixelation effect. As a control experiment, Figs. 3e  
and 3f (Fig. 3e is the low-pass-filtered and interpolated version of 
Fig. 3f) show the map of ultrasound-modulated light signal at each 
ultrasound focus position, verifying that ultrasound-modulated 
light alone is not capable of imaging the fluorescent object.

This experiment shows that a speckle size of micrometre scale 
and a high Min also allows FLUX to image through dynamic scatter-
ing samples. To assess FLUX’s applicability to any scenario, we need 
to assess whether FLUX can be reliably and accurately measured. 
Put in mathematical terms, we require the SNR of FLUX, which 
equals FLUX mean divided by its standard deviation, to be sub-
stantially larger than unity in order for FLUX to function well. We 
report a detailed analysis in Supplementary Notes 1−3. Our experi-
ment operates in a regime where the numbers of detected fluores-
cence and ultrasound-modulated light photons originating from a 
single illumination speckle grain per decorrelation time are much 
larger than unity, and hence the FLUX variance term associated 
with a finite measurement time (that is, speckle statistical noise) 
dominates over other noise sources (see Supplementary equations 
(9) and (10.1)). In this case, the SNRFLUX equation can be derived by 
simplifying Supplementary equation (10). It takes the form

SNRFLUX ¼
ffiffiffiffiffi
T
τd

r ffiffiffiffiffiffiffiffi
Mall

Min

r
Nin

Nall

1
ffiffiffi
γ

p ;

where Mall is the number of fluorophore-bearing speckles in the 
whole sample, Nin/Nall is the fractional proportion of fluorophores in 
the ultrasound focus, and γ is a dimensionless quantity that is approx-
imately equal to one and it takes into account the impact of fluc-
tuating frequency content on the FLUX signal (see Supplementary  
Note 1). Using this equation, the theoretical SNR for our experiment 
is 17. In Supplementary Note 3, we provide an example calculation of 
the SNR for a practical imaging scenario in biological tissue.

Discussion
We have developed a method that enables imaging of fluorescent 
objects within highly dynamic scattering media. FLUX combines 
the advantages of light and sound synergistically—it allows us to 
image fluorescence contrast at the ultrasound resolution in turbid 
media. Intriguingly, the dynamic nature of such media has been a 
major confounding factor in wavefront-shaping-based methods. 
In contrast, this feature is no longer a problem but instead a key 
enabling factor of our method. In addition, FLUX does not require 
a phase conjugation module or any wavefront shaping set-up, sub-
stantially simplifying the hardware system.

In our experiments, the number of data points is on the order of 
103 to 104, which leads to a measurement time of 1 to 10 s for each 
image pixel. Therefore, FLUX is not a high-speed imaging method 
and is not suitable for imaging fluorophores that have a large dis-
placement (that is, displacements larger than the ultrasound focal 
size) within a few seconds. It aims to overcome the fast speckle 
decorrelation (mainly caused by light scattered by flowing red blood 
cells in blood vessels) that poses a grand challenge for wavefront 
shaping techniques7–29 to achieve a focus in living tissue. In a prop-
erly immobilized sample, a fluorescent target is less likely to move 
more than the size of an ultrasound focus, that is, ~50 µm, within  
a few seconds.

The performance of FLUX is related to the number of speckles 
in the ultrasound focus and in the fluorescenct targets, the ratio 
of the total measurement time to the decorrelation time, the shot 
noise and the speckle statistical noise. The exact SNR expression 
is shown in Supplementary equation (10) and it provides a recipe 
for the analysis of potential FLUX application scenarios for feasibil-
ity. While the resolution of FLUX is primarily determined by the 
ultrasound focal size, methods such as high-order moment analy-
sis31–33,49,50 can potentially be employed to improve the resolution.

One practical consideration worth analysing is the impact of a 
finite etendue of the ultrasound-modulated photon detection sys-
tem, which adds undesirable fluctuations to the signal. When the 
ratio of the number of speckles within the ultrasound focus to the 
number of detected speckles is small, the impact of the finite eten-
due on the SNR of FLUX is small (see Supplementary Note 2).

In Supplementary Note 3, we examine the practical application 
of FLUX in biophotonics by considering the feasibility of imaging a 
fluorescent object located 3 mm deep in tissue. The analysis reveals 
that FLUX can potentially work well in providing ultrasound reso-
lution imaging or long-timeline functional monitoring of a fluores-
cent target, provided that the background fluorophore count is not 
excessively high. Interestingly, the analysis also points out that the 
SNR is positively correlated with the ratio of the total measurement 
time to the speckle decorrelation time. As such, FLUX may work 
better if the sample is additionally perturbed to reduce the decor-
relation time, provided that the FLUX variance term associated 
with shot noise is not dominant. The decorrelation time can also 
be reduced by using a well-conditioned fluctuating illumination 
light field. Other directions to improve the system are discussed in 
Supplementary Note 4.
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Methods
System set-up. All data shown were recorded using a custom-built experimental 
set-up schematically shown in Supplementary Fig. 2a. To achieve a high spatial 
resolution along the acoustic axis for ultrasound-modulated light detection, a 
pulsed laser was used as the light source (Navigator, Spectra-Physics; 532-nm 
wavelength, 7-ns pulse width, externally triggered at 80 kHz). The laser beam 
passed through an isolator, a variable attenuator composed of a half-wave plate and 
a polarizing beamsplitter. To maximize the speckle contrast, the light was spatially 
filtered by a single-mode fibre and polarized after collimation.

The laser beam illuminated a scattering sample composed of two 
light-scattering diffusers D1 and D2 (DG10-120A, Thorlabs). (The diffuser does 
not transmit a detectable ballistic photon measured with a detection threshold 
of less than 1 × 10−5 of the transmitted power.) Fluorescent beads (FluoSpheres 
Polystyrene Microspheres, Life Technologies, 540/560 nm) were embedded as 
an imaging object in a 1.5% carrageenan gel and sandwiched between the two 
diffusers. The goal was to image the object through the scattering diffusers. To 
quantitatively induce speckle decorrelation, the two diffusers were translated by 
motorized stages along the x axis (Fig. 2a), and the speckle decorrelation time on 
the camera (shown in Fig. 1a) was tuned by controlling the movement speeds. 
The speeds of the diffusers were set so that the decorrelation times on the camera 
due to the motion of each diffuser are the same. We determined the decorrelation 
time by capturing a sequence of speckle patterns on the camera and computing 
the correlation coefficients of pairs of patterns with various time intervals16,19,26. 
The decorrelation time is defined as the time interval during which the correlation 
coefficient reduces to 50% (Fig. 2b).

The emitted fluorescent light was collected by an objective lens (MY10X-803, 
Mitutoyo, 10×, 0.28 numerical aperture (NA)), reflected by a dichroic mirror 
(FF541-SDi01-25×36, Semrock), filtered by a fluorescent filter (561-nm long  
pass and 550-nm long pass), focused by a lens (30-mm focal length) and  
detected by a single-photon-counting module (SPCM-AQRH-14, PerkinElmer).  
A multifunctional data acquisition board (PCIe-6363, National Instruments)  
was used to count the photons at the same time as the ultrasound-modulated  
light measurement.

A spherically focused ultrasound transducer (V3330, Olympus; 50-MHz central 
frequency) was driven by a power amplifier (30W1000B, Amplifier Research) 
and raster scanned on the object plane by a motorized stage (MP-285, Sutter 
Instruments). At each ultrasound focus position, pulsed ultrasound-modulated 
light was detected by using a lock-in parallel speckle measurement method based 
on a camera (see next section ‘Measurement of ultrasound-modulated pulsed light’ 
for more details), which achieved a large etendue48. Before inserting the scattering 
diffusers, the object plane was virtually imaged to the camera through a 4f system 
composed of the objective lens and a tube lens. The duration for measuring the 
ultrasound-modulated light signal at each time point was 1.78 ms. The number of 
sampling points of the signal traces for reconstructing each pixel in Fig. 2c and Fig. 3d 
were 3,000 and 20,000, respectively.

Measurement of ultrasound-modulated pulsed light. We used a lock-in parallel 
speckle measurement method based on a camera (pco.edge 5.5, PCO-TECH; 
global shutter, 500-µs exposure time, externally triggered, running at 1,123 frames 
per second with 64 × 2,560 pixels) to measure the ultrasound-modulated light 
in two frames. The signal to drive the ultrasound transducer was a single-cycle 
pulse train, and the pulses were inverted during the second frame (Supplementary 
Fig. 2b). This pulse inversion was achieved by using a switch (ZX80-DR230-S+, 
Mini-Circuits) to switch the signal between two pulse trains with inverted pulses 

generated by two function generators (AFG 3252C, Tektronix). See Supplementary 
Fig. 2b for more details about the signal diagram.

Since the laser pulses were shorter than the ultrasound pulses, 
and they were synchronized, the interference patterns between the 
modulated light and unmodulated light were locked by the laser pulses 
and became static on the camera. Mathematically, the intensities on 
each pixel of the camera recorded in the two frames can be written 
as I1ðrÞ ¼ IMðrÞ þ IUðrÞ þ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
IMðrÞIUðrÞ

p
cos φMðrÞ � φUðrÞ½ 

I
 and 

I2ðrÞ ¼ IMðrÞ þ IUðrÞ þ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
IMðrÞIUðrÞ

p
cos φMðrÞ � φUðrÞ þ π½ 

I
, where r is the 

pixel centre location, IM and IU are the intensities of the ultrasound-modulated light 
and unmodulated light, and φM and φU are the phases of the ultrasound-modulated 
light and unmodulated light. By subtracting the two images, we obtain 
ΔIðrÞ ¼ 4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
IMðrÞIUðrÞ

p
cos φMðrÞ � φUðrÞ½ 

I
. Since IM, IU, φM and φU are 

independent, and φM and φU follow a uniform distribution between [0, 2π) while 
IM and IU follow an exponential distribution, by squaring ΔIðrÞ

I
 and averaging 

over the speckle pattern, we have the equation ΔIðrÞ½ 2
� �

¼ 8�IM�IU
I

, where h i
I

 
denotes ensemble averaging over the detected speckle pattern on the camera, 
and �IM

I
 and �IU

I
 are the mean intensities of the speckle patterns formed by the 

ultrasound-modulated and unmodulated light, respectively. Since �IU
I

 can be 
approximated to a constant number over different realizations of speckle patterns, 
the quantity ΔIðrÞ½ 2

� �

I
 is proportional to the power of the ultrasound-modulated 

light within the ultrasound focus and thus considered as the ultrasound-modulated 
light signal.
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