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Abstract: We present in vivo ultrasound modulated optical tomography (UOT) results on mice,
using the persistent spectral hole burning (PSHB) effect in a Tm3+:YAG crystal. Indocyanine
green (ICG) solution was injected as an optical absorber and was clearly identified on the
PSHB-UOT images, both in the muscle (following an intramuscular injection) and in the liver
(following an intravenous injection). This demonstration also validates an experimental setup
with an improved level of performance combined with an increased technological maturity
compared to previous demonstrations.
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Publishing Group

1. Introduction

Local optical properties of a biological tissue can provide useful information to improve medical
diagnosis. Indeed, measuring the tissue’s absorption coefficient, which is related to its vascular
density or blood oxygenation level, has been identified as an efficient way to track tumor growth,
brain activity or wound healing [1–3]. However, non-invasive optical imaging deep inside the
tissue remains a challenge, because of strong light scattering, which results in low-resolution
image at depths larger than a few mm. Coupling optical imaging to another imaging method
capable of providing ballistic guidance, like ultrasound (US) imaging, was proposed as a solution
to achieve high-resolution images of optical contrast deep inside the tissue. US modulated optical
tomography (UOT) is an example of such a hybrid approach [4,5]: the acousto-optic effect
between the US and the incident light generates modulated light (also known as “tagged light”),
whose frequency is shifted by the US frequency. The tagged light is created within the insonified
volume, and its intensity depends on the local absorption coefficient, which allows mapping of
the optical contrast inside the tissue at the spatial resolution of the US – down to a hundred of
micrometers at high US frequency. Furthermore, when using a linear US transducer similar to
that used in standard ultrasound medical diagnosis, UOT can be included in a bimodal imaging
solution, where both optical and mechanical contrast deep inside the tissue are accessible.

The challenge for UOT lies in the small ratio of tagged photons over incident photons: it
is estimated between 10−3 and 10−4 [6], which leads to a low signal-to-noise ratio (SNR) of
the image, since the unmodulated incident photons are merely a noise source in this case. To
detect tagged photons, several approaches have been explored, namely laser speckle contrast
[7,8], wavefront adaptive holography [9–11], US wavefront shaping [12–14], digital holography
[14,15], spectral filtering approaches like Fabry-Perot interferometry [16,17] and spectral hole
burning (SHB) narrowband filter [18–22] . Of all these methods, SHB filter provides both the
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advantages of a high value of optical etendue and a deep, narrow spectral filter that is capable of
significantly increasing the ratio of tagged light over background light, thus improving the SNR.
Besides, as an incoherent filtering method, UOT is immune to the speckle decorrelation induced
by the internal movement of scattering particles in the tissue, therefore more compatible with in
vivo imaging.

Imaging tests on tissue-mimicking phantom and ex vivo animal tissue were reported in [18,19],
using a Tm3+:YAG crystal for SHB at 793 nm. Zhang et al., Bengtsson et al. characterized
and simulated the detection of acousto-optic signal on Intralipid phantom and animal tissue,
using a Pr3+:Y2SiO5 with SHB at 606 nm [20,21]. Venet et al. proposed to increase the depth
and the lifetime of the Tm3+:YAG transmission window with a magnetic field (also known as
“persistent SHB” or PSHB), and demonstrated an improved imaging contrast compared to normal
SHB filter, with experimental validation on Intralipid phantom with a low reduced scattering
coefficient (µ′s = 1 cm−1) [22]. However, the evaluation of these techniques for application in
medical imaging is still missing, since to the best of our knowledge there is no complete in vivo
UOT test to date: Lev et al. [23,24] performed a characterization of acousto-optic signal on in
vivo samples (mice and human wrist/forearm), but it was limited to single-line signal acquisition,
without a complete image and without any optical absorbers as imaging target. Therefore, it
is necessary to establish a complete in vivo UOT test with SHB or PSHB filter, to evaluate
its performance and identify elements to be optimized, opening the way towards the clinical
implementation of UOT.

In this paper, we demonstrate in vivo PSHB-UOT in mice, using indocyanine green (ICG)
solution - a medical dye with strong optical absorption at 793 nm (i.e. the wavelength of the
laser used in the imaging setup) - as an optical absorber for imaging target, following both
intramuscular and intravenous injections. The PSHB filter is created in a Tm3+:YAG crystal
under magnetic field. We also discuss, in parallel, some significant upgrades of the experimental
setup which helped increasing the imaging quality of PSHB-UOT.

2. Experimental details

2.1. PSHB-UOT experimental setup

The experimental PSHB-UOT setup is depicted in Fig. 1. The output of a 793 nm laser diode
(Toptica DL Pro) at frequency f0 is successively injected into an optical amplifier (Toptica
BoosTA Pro) and to an acousto-optic deflector (AOD). The 1st order of diffraction of the AOD
is sent to a cryogenically cooled Tm3+:YAG crystal and burns a persistent spectral hole at the
frequency of fp+ = f0 + 80 MHz. Unlike the pump cycle described in [21], with two spectral
holes burned at fp− = fprobe − fUS and fp+ = fprobe + fUS, here we generate only one spectral hole at
the sideband frequency fp+ (Fig. 2(a)), for the same total pump duration. This is done to avoid the
misalignment of the pump beam optical path, since the direction of the output diffracted beam
from the AOD is highly sensitive to the modulated frequency. The crystal is a 2 mm thick, 10 ×

10 mm2 single YAG crystal doped with 2% at. Tm3+ ions (Scientific Materials Corp.), mounted
inside a closed-cycle helium cryostat operating at 3.6 K (Cryostation – Montana Instruments).
A permanent neodymium magnet is placed on top of the cryostat chamber to generate a 200 G
vertical magnetic field, oriented along the [111] crystallographic axis of the Tm3+:YAG crystal.
The pump beam is vertically polarized, parallel to the magnetic field. The lifetime of spectral
hole in Tm3+:YAG in this configuration is estimated to be around 10 s at 3.6 K [25,26], making it
necessary to refresh the spectral hole periodically.

The beam transmitted by the AOD (0th order) is coupled into an acousto-optic modulator
(AOM) to generate the probe beam at frequency fprobe = f0 + 75 MHz, sent to the sample through
a multimode optical fiber (200 µm inner core diameter, NA= 0.39). We use a linear US transducer
(Aixplorer Supersonic SL10-2), with 192 elements and 0.2 mm pitch, to generate focused US at
5 MHz, matching the frequency difference between the pump beam and probe beam. The lowest
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Fig. 1. Experimental setup for PSHB-UOT. Amp.: Optical amplifier. (P)BS: (Polarizing)
beam splitter. AOD(M): Acousto-optic deflector (modulator). The use of a deflector allows
for a large acousto-optic diffraction angle, which leads to an efficient isolation of the different
orders of diffraction. Multi. Fiber: Multimode optical fiber. HWP: Half-wave plate. US
transducer: Ultrasonic transducer. Cryo: Cryostat. S.: Shutter. APD: Avalanche photodiode.
Acq. Card: Acquisition card.

Fig. 2. a) SHB scheme using only one sideband of tagged photons. b) Experimental
chronogram of pump-probe stage, along with the shutter status. Time scale is not respected.
The cycle period Tcycle is 127 ms, and the delay TUS between two consecutive US pulses is
70 µs. An additional delay Tdelay of 8 µs is added between each pair of US and acquisition
card trigger, to match the beginning of each line acquisition with the start of US emission in
the medium. c) The spectral hole contrast profile (see definition in text) measured with a
chirped probe signal centered at the pump frequency, with and without magnetic field. The
full width at half maximum (FWHM) is 2.1 MHz and 2.0 MHz., respectively.
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possible lateral resolution of the US pulse is set by the pitch length, while the axial resolution
depends on the number of US cycles in each pulse (here, at 5 MHz, the axial resolution is 0.31
mm per cycle, with the speed of sound taken as c = 1540 m/s in water/Intralipid gel and in animal
tissue). Light scattered from the sample (probe light and tagged light) is collected through a
liquid-core fiber (8 mm inner core diameter, NA= 0.4) and combined with the pump beam to
shine the Tm3+:YAG crystal in a colinear configuration, thus ensuring maximal overlap between
the two beams. A power meter is placed at the remaining port of the beam splitter (50:50 ratio)
to measure the pump power illuminating the Tm3+:YAG crystal. Light exiting the cryostat is
then focused onto an avalanche photodiode (customized Hamamatsu C12703-01), connected to
an acquisition card (Gage Digitizer CSE4344).

This colinear configuration requires to alternate between pumping stages, where the spectral
hole is refreshed, and probing stages, where the UOT image is acquired. During the pumping stage,
the APD must be protected from strong illumination (more than 100 mW transmitted through
the cryostat) with a mechanical shutter (Uniblitz VS14). The chronogram of the experiment is
shown in Fig. 2(b). The cycle period Tcycle is set to 127 ms, slightly longer than the minimum
period allowed by the shutter controller (100 ms - Uniblitz VCM-D1). During the 10 ms-long
pumping stage, the shutter is closed and the AOD is fed with a 80 MHz RF wave. The probing
stage starts 3.2 ms after the end of the pumping stage, waiting for the shutter to be fully open.
During the probing stage, the AOD is switched off, letting all the input optical power leak in
the 0th order. The AOM is fed with a 75 MHz RF wave to generate a 9 ms-long probe pulse. 27
trigger signals are sent to the US transducer and the acquisition card, generating the US and
starting the acquisition at each probing position. The delay TUS between each US trigger pulse
is set to 70 µs. The frequency shift and the duration of pump and probe stages are controlled
through the waveforms sent into the AOD and AOM, using an arbitrary waveform generator
(Tektronix AWG5004). Using a chirped signal centered at the pump frequency and swept on
a 10 MHz range, we extracted the form of the spectral hole, with and without magnetic field
(Fig. 2(c)): the presence of magnetic field generates indeed a spectral hole with a better contrast
C= 80.0, compared to C= 10.4 when the magnetic field is absent. Here, the contrast C (f ) at a
frequency f is defined as: C(f ) = I(f )−Ibg

I(fprobe)−Ibg
, with I(f ), I(fprobe), Ibg are respectively the optical

signal at f, fprobe and the background signal of the photodiode when no light arrives.

2.2. Sample preparation

We tested the PSHB-UOT technique first on a biological mimicking phantom, then on ex vivo
and in vivo samples. The phantom was 24 mm thick made of Intralipid agar gel, with a reduced
scattering coefficient µ′s = 10 cm−1, comparable to that of biological tissues. Two cylindrical
optical absorbers made up of Intralipid mixed with black ink, of 1.4 mm diameter, separated by a
2 mm gap, were buried at the center of the phantom as imaging targets. The value of µ′s and
the composition of the optical absorbers are similar to the one used in [22], with a comparable
Tm3+:YAG PSHB-UOT platform, allowing us to evaluate the performance of our current setup.

For PSHB-UOT test on animal tissues, we used bovine tissue for the ex vivo test, and six to
eight weeks old living female BALB/cJRj mice (Janvier Labs, Le Genest Saint Isle, France)
for in vivo tests. All the animal experiments were approved by the Animal Ethics Committee
of the French Ministry (under the agreement number APAFIS 20344-2018080110035228) and
were conducted according to European and national guidelines. The mice were anesthetized
during the imaging session by intraperitoneal injection of Ketamine (100 mg/mL) and Xylazine
(10 mg/mL) prior to the session. As an optical absorber for imaging target, we injected ICG at a
concentration of 0.3 mg/mL. The absorption spectra of ICG are detailed in the Supplementary
Information (Section S1 – Fig. S1).

Two types of in vivo imaging tests were conducted on mice: imaging of ICG after intramuscular
injection into the thigh muscle (Fig. 3(a),(c)), and imaging of ICG accumulated in the liver
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following intravenous injection, since ICG is cleared by the liver at a high rate after intravenous
injection and it has been used to assess liver function in human [27] (Fig. 3(b),(d)). A catheter
needle connected to a fixed Hamilton pump syringe (loaded with ICG) was used to perform the
intramuscular injections into the thigh muscle. The injections (10-20 µL of ICG at 0.3 mg/mL)
were carried out by pushing the piston of the Hamilton syringe, guaranteeing the injection of
a small amount of ICG without perturbing the position of the thigh muscle. The transmission
configuration was used to image ICG in the thigh muscle. On the other hand, intravenous
injection (200 µL of ICG at 0.3 mg/mL) in the retro-orbital sinus was performed to image ICG
accumulated in the liver. Imaging the liver in transmission configuration would have led to a very
weak flux of scattered light due to the large abdominal volume of the mouse. To avoid this issue,
we repositioned the incident multimode fiber and the collection liquid core fiber to collect light
in a reflection configuration. In both imaging setups, the US transducer was adapted to work
on small animals: we introduced a piece of agarose gel between the transducer surface and the
tissue, so as to adjust the working distance to the optimal values of US transducer focal distance
(from 20 mm onward) while maintaining mechanical contact. PSHB-UOT images were acquired
before and after ICG injection to detect changes in the optical contrast. Intramuscular injection
of ICG was also performed on a bovine tissue (10 mm thick), using the same imaging setup in
transmission configuration, to compare with the in vivo results on mice. The mice thigh and belly
were shaved for the intramuscular and intravenous injection tests, respectively, to ensure a good
contact between the skin and the US transducer, with the aqua gel layer in between. The UOT
images were collected up to 10 minutes after the intramuscular injection, and 45 minutes after
the intravenous injection, with multiple repeated image acquisition to confirm the reproducibility
of the results.

Given the fluorescence properties of ICG in the second near infrared (NIR-II) window (1000 nm
-1700nm), whole body fluorescence imaging of the mice was conducted before and after ICG
intramuscular/intravenous administration. It provided a further verification to the data obtained
from PSHB-UOT. NIR-II fluorescence imaging of the mouse was performed using a Kaer
Labs Imaging System, where a 808 nm laser excitation beam is focused on the mice, and the
fluorescence emission is then detected using an InGaAs camera (NIRvana 640 ST, Teledyne
Princeton Instruments). An adapted filter is used to block the laser light, letting only the
fluorescence light captured by the camera. Bright field image of the mouse is acquired with an
infrared LED as light source. Fluorescence imaging was performed after finishing the UOT
imaging session (at least one hour after the intramuscular injection, or two hours after the
intravenous injection of ICG).

Finally, we compare the levels of laser probe power arrived on the samples (Intralipid phantom
and bovine/mice tissue) with the laser maximum permissible exposure (MPE) of the skin,
according to the ANSI Z136.1 standard [28,29]:

MPE = 200 × 100.002(λ−700) (mW.cm−2)

with λ the wavelength in nm. For λ= 793 nm, it gives a MPE value of 307 mW.cm−2. For
the test on Intralipid gel, on bovine tissue and on mouse thigh, we used laser probe power of
430 mW, 485 mW and 508 mW respectively, focused on a 1 cm-diameter spot on the sample,
with a duty cycle D= 0.07 (Texposure = 9 ms, Tcycle = 127 ms). It corresponds to average powers of
38.8 mW.cm−2, 43.8 mW.cm−2 and 45.8 mW.cm−2, well below the MPE threshold. For the UOT
imaging on the liver, unfortunately we did not record the laser probe power during the test, but it
is highly unlikely that it can surpass the MPE threshold, given the significant difference observed
between the previous imaging test and the safety threshold.
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Fig. 3. Schematic presentation of PSHB-UOT setup for a) intramuscular injection of ICG
in the thigh muscle (transmission configuration) and for b) intravenous injection of ICG
to detect ICG accumulated in the liver (reflection configuration). A zoom on the contact
between the agarose gel and the thigh muscle is shown in the inset of a). The front piece
of the mechanical adapter (which hosts the US transducer and the agarose gel) and that of
the mechanical support for the mouse body (in transmission configuration), along with the
mechanical clamps for the multimode fiber, the liquid core fiber and the Hamilton pump
syringe are not shown. The mouse body has a gray colour instead of white, for visualization
purpose. c), d) Photos of the experimental setups for ICG c) intramuscular injection and d)
intravenous injection PSHB-UOT tests, respectively. Only the coupler of the multimode fiber
is shown, and the liquid core fiber is clamped on a mechanical holder (black piece with blue
scotch glued upon on the image). The mouse is positioned on its side in the intramuscular
injection test, and on its back in the intravenous test.

3. Results and discussions

3.1. Calibration of PSHB-UOT performance on the intralipid phantom

We plot, in Fig. 4(a), the PSHB-UOT image of the Intralipid phantom (24 mm thick, µ′s = 10
cm−1). The US pulse was set to 2 cycles, and 86 line-scans (0.2 mm step) were performed
in the horizontal direction; each line was averaged 100 times, resulting in a total acquisition
time Tacq = 40 s. The vertical (Fig. 4(b)) and horizontal profiles (Fig. 4(c)) were extracted and
fitted using gaussian functions (one for the envelope of diffused light and the others for optical
absorbers). The FWHM values extracted from the vertical profile are 2.85 mm and 2.92 mm for
the upper and lower absorber, respectively. The FWHM value for the lower absorber, extracted
from the horizontal profile, is slightly higher (3.42 mm). Compared to the real diameter of the
absorbers (1.4 mm - Fig. 4(d)), these values are significantly higher, similar to what was observed
in [22].

In the following we compare the performance of the present experimental setup with that of
the previous results reporting PSHB-UOT of Intralipid phantom (10 mm thick, µ′s = 10 cm−1

[22]). Here, even with a much thicker sample, the maximum signal value increased significantly
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Fig. 4. a) PSHB-UOT image of the Intralipid phantom, with b) the vertical profile cut
through both optical absorbers and c) the horizontal profile cut through the lower optical
absorber. Raw data are shown in black and red dots, while gaussian fits are shown in orange
and blue lines, respectively. d) Photo of the two absorbers in the Intralipid phantom. e)
Maximum signal of PSHB-UOT images at different pump powers (magenta points), and the
temperature of Tm3+:YAG crystal at different pump powers (dark yellow curve).

(13.7 mV compared to less than 5 mV in [22]), although both setups use a similar detector. Using
the photosensitivity of the avalanche photodiode (1.5× 106 V/W), these values correspond to
9.1 nW and 3.3 nW of tagged light optical power. Such an improvement was made possible by
implementing several upgrades of the setup, that we describe in more detail. First, the etendue of
the tagged light collection in the previous setup was estimated around 12 sr.mm2, and limited by
the liquid helium cryostat windows [22]. In the present work, we use a closed-cycle cryostat that
offers a wider optical access with an etendue of around 60 sr.mm2, such that the overall collection
etendue is now limited by the liquid core fiber (8 mm inner diameter, acceptance angle of 31°,
resulting in an optical etendue of 45 sr.mm2).

We then examine the effect of optical probe power on the sample, and the pump power on the
Tm3+:YAG crystal. The probe power on the sample was estimated around 430 mW, i.e. more than
twice that of the previous setup (200 mW). This leads to more tagged photons and thus increases
the signal of the UOT image. We also measured the maximum signal of UOT image as a function
of the pump power (Fig. 4(e)) and observed only a surprisingly slow increase in the tagged
photons collection: an increase of the pump power from 60 to 200 mW leads to a 15% increase of
the tagged signal. We attribute this observation to the competition between stronger light-matter
interaction that should lead to a deeper spectral hole, and the laser-induced heating (see also
in Fig. 4(e) for the plot of Tm3+:YAG crystal temperature as a function of pump power) that
dramatically affects the spectral hole lifetime. This heating is typically expected in closed-cycle
cryostats (see for example [30]), whose limited cooling power struggles to compensate for the
fraction of the pumping power converted into heat in the Tm3+:YAG crystal. Accordingly, we
set the peak pump power to 180 mW for imaging of the Intralipid phantom shown in Fig. 4(a),
and for the in vivo imaging shown in the next section. Please note that the temperature values at



Research Article Vol. 13, No. 12 / 1 Dec 2022 / Biomedical Optics Express 6491

180 mW extracted from Fig. 4(e) (3.4 K) is slightly different than that during the UOT imaging
sessions (3.6 K), which might be due to some small fluctuations of experimental condition
between different tests, for example regarding how the pump beam is aligned on the Tm3+:YAG
crystal. The spectral hole lifetime is estimated around 10s at these temperatures.

It is also worth noting that the use of a different US transducer (linear transducer compared to
single element transducer in [22]) might also influence the signal level of the PSHB-UOT image.
However, we refrain from commenting further on the last remark, due to the lack of information
regarding the values of acoustic pressure field used in the previous work.

3.2. In vivo PSHB-UOT

3.2.1. Intramuscular injection of ICG in the mouse thigh

The results of in vivo PSHB-UOT of ICG intramuscular injection into the mouse thigh are shown
in Fig. 5. By comparing the UOT images acquired before (Fig. 5(a) (i)) and after injection
(Fig. 5(a) (ii)), we can identify the trace of injected ICG (20 µL), which is further illustrated
by the cut section profile at x= 20 mm (Fig. 5(b)), showing a local intensity drop due to the
optical absorption of ICG. The stability of the mouse thigh position during the imaging session is
verified by the similar form of the two UOT images, apart from the local intensity drop from ICG.

By projecting the PSHB-UOT image on the US image (Fig. 5(c) (ii)), one can observe a good
overlap between the envelope of the UOT image (Fig. 5(a) (ii)) and the US image (Fig. 5(c) (i))
of the thigh muscle. The part of the muscle between x= 10 mm and x= 15 mm is not displayed
on the UOT images since it was not covered by the incident laser beam (approximately 10 mm in
diameter). It is worth noting that it is difficult to identify with high fidelity the trace of the catheter
needle on the UOT images (Fig. 5(a)). This might be due to a tilted orientation of the needle
compared to the vertical plan, where the propagation of US takes place: as seen in the US image
(Fig. 5(c) (i)) we can only identify the tip of the needle inserted in the muscle. Nevertheless, the
position of the ICG trace still shows a good overlap with the apex of the needle (Fig. 5(c) (ii)); the
presence of ICG is further verified by the fluorescence image acquired after injection, with clear
fluorescence signal observed at the thigh muscle (Fig. 5(d) (iii)). A second test for intramuscular
injection of ICG in the thigh of a different mouse (see Fig. S2 in Supplementary Information)
was performed, showing similar results (ICG trace is detected, but once again the needle could
not be clearly identified) and illustrating the technical difficulties for UOT imaging on small in
vivo samples. Given a bigger, more uniform animal tissue sample, it would be easier to achieve a
good orientation of the needle and identify it on the UOT image. We show an example of such
case in Fig. 6, with PSHB-UOT images for ICG injection into an ex vivo bovine tissue: one can
easily identify the needle before the injection on the UOT images, and the needle with ICG trace
on its apex after the injection.

3.2.2. Imaging of ICG accumulating in the liver after an intravenous injection

The results of PSHB-UOT on the mouse liver following an intravenous injection of ICG are
shown in Fig. 7: UOT images acquired before (Fig. 7(a) (i)) and after the injection (Fig. 7(a) (ii))
show a clear difference, with an intensity drop detected over a large area, suggesting indeed the
presence of ICG in the liver. This is further confirmed by looking at the signals along the vertical
profile at x= 19 mm (Fig. 7(b)). The upper part in the UOT images (around y= 27 mm) does not
show a significant change, since it corresponds to the belly skin covering the abdominal region.
It is interesting to note that there is also another region of the image (long line, near x= 15
mm, between y= 35 mm and y= 40 mm) with a strong signal that was not affected by the ICG
injection. It might be due to an artefact during the acquisition of UOT images, but we do not have
yet a certain explanation for this phenomenon. We project the UOT image acquired after injection
on the US image, and observe that the region of intensity drop matches the position of the liver
(Fig. 7(c) (ii)). Fluorescence images acquired before and after ICG injection (Fig. 7(d) (ii), (iii))
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Fig. 5. a) PSHB-UOT images before (i) and after (ii) ICG injection (20 µL) into the mouse
thigh muscle. The signal of each image is normalized. The white boxes help locating the
intensity drop due to the optical absorption of ICG b) Vertical profiles at x= 20 mm before
and after ICG injection, showing a clear intensity drop at y= 28 mm. c) US image alone (i),
and US image with UOT image (ii) (after ICG injection) projected on it. The needle tip and
the mouse thigh are marked in orange contours. In the US image, the diameter of the needle
appears larger than its real diameter (∼ 1 mm compared to 0.4 mm). d) Bright field image
(i) and whole body NIR-II fluorescence images of mouse (side position) acquired before (ii)
and after ICG injection (iii), with the latter showing a clear fluorescence signal of ICG trace
in the thigh muscle
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Fig. 6. a) Photo of PSHB-UOT imaging setup for ICG injection into bovine tissue (10
mm thick). b) PSHB-UOT image taken before ICG injection, showing the presence of the
needle (faint blue line) inside the tissue c) PSHB-UOT image taken after the injection of
ICG (10µL), showing the presence of the needle and the ICG trace held on its apex. The
signal of each UOT image is normalized.

also show a clear contrast, with a strong fluorescence signal observed in the mouse abdominal
region after injection, originating from the accumulation of ICG in the liver. Additional imaging
tests on two liver sections sampled from a different sacrificed mouse, with and without ICG
injection also show a clear difference in contrast (see Fig. S3 in Supplementary Information)
and validate further the results from in vivo PSHB-UOT tests. It is worth noting that in both in
vivo imaging experiments (on mouse thigh and liver) shown in this work, the small size of the
mouse thigh and the close distance between the liver and the belly skin layer make fluorescence
imaging an excellent tool to verify results from UOT imaging, retaining a good resolution. In a
much thicker sample (see Fig. S3c in Supplementary Information), scattering effect will become
more important and will degrade the resolution of the fluorescence image, compared to the UOT
image.

These results demonstrated the potential of PSHB-UOT for in vivo imaging and tracking of
metabolic processes deep inside the tissue. Regarding future work in this topic, one might follow
a similar research direction as the one intensively explored in photoacoustic imaging [31,32],
which focuses on using optical absorptive contrast agents specifically designed to target abnormal
or mutated cell. For example, by injecting a tumor-targeted marker with strong optical absorption
in the NIR wavelength into tumor-bearing mice [33], the PSHB-UOT shown in this work can
be used to track the tumors growth. Finally, it should be noted that many aspects of the current
PSHB-UOT setup are subject to further optimization, aiming for images of higher quality: for
example, the tagged light intensity could be increased by using a higher intensity probe beam
while still complying with safety regulations, or with the use of structured US waves [12,13]. An
important development towards practical PSHB-UOT imaging for long-term future clinical test
on humans will be to build appropriate mechanical holders combining illumination and collection
fibers together with the US probe; designs for these holders can be inspired by systems that have
been developed in the field of photoacoustic imaging [34,35]. Such holders would also need to be
specific for tests on different human body parts (tracking of breast and liver tumor, for example).
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Fig. 7. a) PSHB-UOT images taken for a vertical section of the mouse liver before (i) and
45 min after (ii) the intravenous injection of ICG. The area of strong artefact signal is marked
with dashed white boxes in both UOT images. b) Vertical profiles at x= 19 mm before and
45 min after intravenous ICG injection, showing a strong intensity drop from y= 27 mm
onwards. c) US image alone (i), and US image with the projected UOT image (45 min
after ICG injection) (ii). The mouse liver is marked in orange contour. The liver is present
between the lung (left side of the image) and the intestinal tract (right side of the image)
d) Bright field image (i) and whole body NIR-II fluorescence images of mouse (ventral
position) acquired before (ii) and after the injection (iii), showing a clear accumulation of
ICG in the liver. Note that these fluorescence images show the entire liver of the mouse,
whereas the UOT images show only a cut section of the liver.
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4. Conclusion

In this work we demonstrated the first in vivo PSHB-UOT images on mice, with ICG injected
as an optical absorber for imaging target. The traces of ICG in the thigh muscle (following an
intramuscular injection) and ICG accumulating in the liver (following an intravenous injection)
were clearly observed on the UOT images. These experiments validate the increased technologic
maturity of our experimental setup that uses a standard closed-cycle cryostat and a commercial,
free running semiconductor laser. It also provides a framework for future in vivo UOT tests,
among which tracking tumor growth using tumor-targeted contrast agents will be a prioritized
direction.
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