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Background: The ultrasound-switchable fluorescence (USF) technique was recently developed to
achieve high-resolution fluorescence imaging in centimeters-deep tissue. This study introduced strategies
to significantly improve imaging sensitivity and depth using an electron multiplying charge-coupled device
(EMCCD) camera-based USF imaging system and a newly developed USF contrast agent of indocyanine
green (ICG)-encapsulated liposomes. For a quantitative study, a phantom of a sub-millimeter silicone tube
embedded in centimeter-thick chicken breast tissue was adopted in this study as a model.

Methods: The synthesized ICG-liposome was characterized and compared with the previously reported
ICG-nanogel. The exposure of the EMCCD camera was controlled via the MATLAB (The MathWorks,
Inc. USA), instead of an external hardware trigger. The stability of the electron multiplying (EM) gain of the
EMCCD camera was compared between two trigger modes: the MATLAB trigger mode and the external
hardware trigger mode. The signal-to-noise ratio (SNR) of the USF imaging with different EM gain in
various thick tissue was studied.

Results: The hydrodynamic size of the ICG-liposome was ~181 nm. The ICG-liposome had a sharper
temperature switching curve and a better USF performance than the previously reported ICG-nanogel. The
EM gain was more stable in MATLAB trigger mode than the external hardware trigger mode. Although, as
usual, the SNR decreased quickly with the increase of the tissue thickness, the proposed strategies improved
the SNR and the imaging depth significantly by adopting the novel contrast agent and controlling the EM
gain.

Conclusions: We successfully imaged the sub-millimeter silicone tube with an inner diameter of 0.76 mm
and an outer diameter of 1.65 mm in 5.5 cm-thick chicken breast tissue using 808 nm excitation light with a
low intensity of 28.35 mW/cm’, the improved EMCCD camera-based USF imaging system and the novel
ICG-liposomes.
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Introduction

Near infrared (NIR) fluorescence can penetrate biological
tissue several centimeters via scattering, which enables deep
tissue NIR fluorescence imaging. Unfortunately, it suffers
from poor spatial resolution in centimeters-deep tissue
because of tissue’s high scattering property. In recent years,
many researchers are interested in improving the spatial
resolution of NIR fluorescence imaging in centimeter-deep
tissues via various strategies, such as NIR-II fluorescence
(1-4), ultrasound-pulse-guided digital phase conjugation (5),
ultrasound-modulated fluorescence (6-10) and ultrasound-
induced temperature-controlled fluorescence (11-14).

Adopting excitation and/or emission light at the NIR-
II window (950-1,700 nm) can significantly reduce
tissue’s light scattering and has shown promising results
in centimeter-deep tissues. For example, a study adopted
980 nm excitation light with strong intensity of ~300 mW/cm’
and detected ~800 nm emission light (via upconversion) to
image a 3.5 mL cuvette filled with core/shell nanoparticles
and covered by a piece of 3.2 cm-thick porcine muscle
tissue (3). Another study also used 980 nm excitation light
with strong intensity of ~500 mW/cm’ and ~1,100 nm
emission light to image structures (a few millimeters) in a
6 cm-deep muscle tissue via a DOLPHIN imaging
system (4). However, some concerns may exist when applying
these methods for clinical uses: the biocompatibility and
toxicity of the adopted NIR-II contrast agents, and potential
significant heating effect of the high intensity excitation light
(in order to obtain enough signal photons) on tissue due to
the high absorption coefficient of water in tissues at NIR-II
region.

During the past years, we developed a new imaging
technique, ultrasound-switchable fluorescence (USF),
to achieve high-resolution fluorescence imaging in
centimeters-deep tissue (13-18). The ultrasound-switched-
on fluorescence emission (via a thermal sensitive contrast
agent) was confined within the ultrasound focal volume (or
the ultrasound-induced thermal focal volume depending
on the fluorescence detection time of the system) to obtain
the fluorescence image with an ultrasound or ultrasound-
scaled spatial resolution. Several indocyanine green (ICG)
(an FDA approved fluorophore)-based USF contrast
agents have been developed to take the advantage of the
large penetration depth of the NIR-I photons (14,19-21).
A B-cyclodextrin/ICG complex-encapsulated poly(N-
isopropylacrylamide) (PNIPAM) nanogel (ICG-nanogel)
was recently developed in our lab and USF imaging was
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successfully demonstrated iz vitro, ex vivo and in vivo (20).
It showed an improved signal-to-noise ratio (SNR) in USF
imaging in a piece of 3.5 cm-thick chicken breast tissue
compared with our previous ICG-based USF contrast
agent (19). In this study, we will use this ICG-nanogel as a
comparison. While this ICG-nanogel showed a promising
USF performance, the adopted material of PNIPAM might
generate a safety concern due to the potential toxicity of
its monomers (NIPAM) to living cells. To address this
concern, the biocompatible ICG-liposomes were recently
developed in our lab by encapsulating the ICG dye into
1,2-dipalmitoylsn-glycero-3-phosphocholine (DPPC)-based
liposomes. In vitro, ex vivo and in vivo USF images were
successfully achieved using this novel contrast agent (21).
However, one disadvantage of this 1¥-generation ICG-
liposome is its large hydrodynamic size (~7 pm), which
is too large and limits its in vive application. Therefore,
reducing its size is highly desired. In this study, we reduced
the hydrodynamic size of the ICG-liposome down to
181 nm, and its USF performance was found superior to
that of the ICG-nanogel.

Recently, we demonstrated that an electron multiplying
charge-coupled device (EMCCD) camera-based USF
imaging system could well overcome the limitations of our
previous USF imaging systems in which a single-fiber was
used to collect photons to a photomultiplier tube, including
the improved photon collection efficiency via the EMCCD
camera and related lenses, and the increased imaging speed
by adopting a Z-scan method (14,15,17). To apply the Z-scan
method, the USF dynamic pattern was studied to determine
the time interval and space interval between two sequential
scan points to avoid signal interference induced by the
thermal diffusion. However, the EM gain was observed
to be unstable when recording a sequence of images after
responding the external hardware trigger which was used
to synchronize the camera with other devices (such as an
ultrasound transducer and a translation stage). Therefore,
the advantage of the EMCCD camera was not fully taken
in our previous study in which an EM gain of 1 was adopted
to achieve stable USF signals (20). However, to image much
deeper tissue (such as >3 c¢m in chicken breast tissue), USF
photons need to be significantly amplified so that they can
clearly outstand from the background photons and be clearly
differentiated from the noise caused by the background
photons. To achieve this goal, a relatively stable gain is
required. Therefore, instead of using the hardware trigger
mode, in this study we adopted a software trigger mode by
using MATLAB (The MathWorks, Inc. USA) to control
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the software of the EMCCD camera (i.e., LightField from
the manufacturer). This software trigger mode not only
simplified the system but also reduced the temperature-
induced EM gain variation. Our results showed this software
trigger mode could provide a more stable gain compared
with the hardware trigger mode. The SNRs of USF images
with different EM gains in various thick tissues were also
studied. By combining the improved ICG-liposome and
the USF imaging system, we successfully achieved the USF
imaging of a sub-millimeter silicone tube (inner diameter:
0.76 mm, outer diameter: 1.65 mm) embedded in 5.5 cm-
thick chicken breast tissue using an excitation laser with a
low intensity of 28.35 mW/cm”.

Methods
ICG-liposome synthesis

The ICG-liposome was synthesized based on the previously
reported method with modifications (21). First, the ICG
solution was prepared by dissolving the ICG dye (Chem-
Impex Int’L Inc., USA) in chloroform (99.9% pure) and
ethanol mixture (4:1 v/v) at a concentration of 0.28 mg/mL.
5.0 mg DPPC (Avanti, USA) was dissolved with 2 mL
chloroform in a 50 mL round flask and 0.2 mL of the
prepared ICG solution was added later. After a well-mixing
of the solution, the solvent was evaporated using a rotary
evaporator (BUCHI Corp., USA) at 150 rpm with -80 kPa
vacuum in a 55 °C water bath for at least 30 min to form a
thin lipid layer on the wall of the round flask. Afterward,
0.8 mL hydration water, which was made by mixing 95 %
PBS (pH 7.4) and 5 % glycerol (99.8% pure), was added
into the flask and swirled at 55 °C for 1 min and then rotated
for 1 hour at 150 rpm in a 42 °C water bath. Then, the
ICG-liposome solution was vortexed using the amalgamator
(DB338, Medical Instrument Co., Ltd, China) for 1 min.
The obtained ICG-liposome was diluted to a final volume of
3.5 mL. Thus, theoretically, the maximum ICG concentration
is 0.016 mg/mL (0.28 mg/mL x 0.2 mL/3.5 mL).
A freeze-thaw-mix cycle was performed for 5 times by
freezing the ICG-liposome in dry ice for 8 min and then
transferred the ICG-liposome into a 60 °C water bath to
thaw for 5 min followed by shaking the sample for 2 min
with a shaker at 250 rpm. To control and uniform the size of
liposome vesicles, an extrusion method was conducted with
a mini-extruder (Avanti, USA). A 200 nm polycarbonate
filter (Whatman, UK) was utilized and the ICG-liposome
was extruded at 50 °C for 19 times. The obtained ICG-
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liposome was stored at 4 °C. All chemicals were purchased
from Fisher Scientific International, Inc., USA.

EMCCD-based USF imaging system

The schematic diagram of the proposed USF imaging
system in this study is shown in Figure 1A4. It was improved
from the previously developed EMCCD-based USF
imaging system (17). Briefly, the excitation laser with a
wavelength of 808 nm (MGL-II-808-2W, Dragon lasers,
China) was driven by the first function generator (FGI,
335008, Agilent, USA). The output light was filtered by
a bandpass filter (FF01-785/62-25, Semrock Inc., USA)
and coupled into a dual branch light guide (1/4 x 72",
Edmund Optics Inc., USA). To make uniform illumination,
the tissue sample placed in a water tank was illuminated
by the excitation light from two opposite directions. The
emitted fluorescence from the contrast agents transmitted
through two 2-inch longpass filters (BLP01-830R-50,
Semrock Inc., USA), a camera lens (AF NIKKOR 50 mm
f/1.8D Lens, Nikon, Japan), a 1-inch longpass filter
(BLPO1-830R-25, Semrock Inc., USA) and received by
the EMCCD camera (ProEM®-HS:1024BX3, Princeton
Instruments, USA) with a field of view around 4 cm x 4 cm
(slightly variant when imaging different thick sample because
of adjusting lens focus). The driving signal from the second
function generator (FG2, 335008, Keysight Technologies,
USA) was amplified by a 50 dB-gain radio frequency
power amplifier (RF-AMP, A075, E&I, USA), passed
through a matching network and delivered to a 2.5 MHz
high intensity focused ultrasound (HIFU) transducer
(H-108, Sonic Concepts Inc., USA). To realize the sample
scanning, the HIFU transducer was mounted to a three-axis
motorized translation stage (XSlide™ and VXM™, Velmex
Inc., USA). The temperature of the water was controlled at
37 °C by a temperature controller system (PTC10, Stanford
Research Systems, USA). A magnetic stirrer along with a
long magnetic bar (11-100-16S, Fisher Scientific, USA)
was used to uniform the water temperature. A MATLAB-
based program was developed to synchronize three different
parts in the system, including ultrasound generation,
camera exposure and HIFU transducer movement. The
time sequence of the system is shown in Figure 1B. At
each scanning point, the program controlled the camera
to take an image with an exposure time of 1.5 s before the
ultrasound exposure (i.e., heating) as a background used
for signal processing. The FG2 then received a trigger
from the MATLAB program in the computer through
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Figure 1 The schematic diagram (A) and the time sequence diagram (B) of the improved EMCCD-based USF imaging system. EMCCD,

electron multiplying charge-coupled device; HIFU, high intensity focused ultrasound; MNW, matching network; RF-Amp, radio-frequency

power amplifier; FG, function generator; I/0, multifunctional input/output device; F1-F3, emission filters (830 LP); F4, excitation filter

(785/62 BP).

a multifunctional input/output device (I/0, PCle-6363,
National Instruments, USA), and generated a sinusoidal
wave (frequency: 2.5 MHz, duration time: 0.4 s) to drive the
HIFU transducer. Immediately after the ultrasound heating,
another image with the same exposure time was acquired
by the EMCCD camera. The increase of the fluorescence
intensity between the two images was considered as the
USF signal. After camera exposure, the MATLAB program
controlled the translation stage to move the HIFU
transducer to the next scanning point. To avoid the thermal
diffusion-induced signal interference, the time interval
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between two adjacent scanning points was 10 s.

USF imaging of a sub-millimeter silicone tube embedded
in chicken breast tissues

A sub-millimeter silicone tube (inner diameter: 0.76 mm,
outer diameter: 1.65 mm, ST 60-011-04, Helix Medical,
USA) was inserted into a piece of chicken breast tissue at
a height of ~5 mm from the bottom surface to simulate
a blood vessel. Since the thickness of a single piece of
chicken breast tissue was limited (i.e., <3 cm), another one
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(for thickness: 3.5, 4.5 or 5.0 cm) or two (for thickness:
5.5 cm) pieces of chicken breast tissue were stacked on
the first one where the silicone tube was embedded to
obtain the targeted thickness (Figure S1). The multiple-
piece tissue was placed on a transparent parafilm (PM-
992, BEMIS Company Inc., USA) that was used to seal an
open window at the bottom center of a small plastic box. In
order to maintain the ultrasound coupling, ultrasound gel
(Aquasonic 100, Parker Laboratories Inc., USA) was used
to fill the gap between the parafilm and the tissue. The top
surface of the tissue was also covered by ultrasound gel and
parafilm to keep it from drying out during the experiment.
The USF contrast agents were injected into the silicone
tube via a syringe. The silicone tube was washed after each
experiment by injecting water and filled with new contrast
agent solution for the next experiment. The bottom of the
small plastic box was immersed into a water tank (water
temperature: 37 °C) to keep the USF contrast agents at body
temperature. An area of 8.128 (X) x 4.064 (Y) mm’ (step
size in X direction: 0.2032 mm; in Y direction: 2.032 mm)
was raster scanned by the ultrasound focus with an
estimated ultrasound power of 1.74 W under various EM
gains. The maximum applicable EM gain was limited by
the dynamic range of the camera (0 to 65535 counts). The
intensity of the excitation light illuminated on the tissue
surface was 28.35 mW/cm’ (Power: 20.10 mW, sensor’s
area: 0.709 cm’) measured at the center of the illumination
spot on the tissue surface via a photodiode power sensor
(S120C, Thorlabs Inc., USA) and a power and energy meter
(PM100D, Thorlabs Inc., USA).

The comparison of the EM gain stability between the
external bardware trigger mode and the MATLAB trigger

mode

The comparison of the external hardware trigger mode and
the MATLAB trigger mode was realized in the same silicone
tube embedded in 5.0 cm-thick chicken breast tissue. The
silicone tube was filled with water during the experiment
(i.e., the light source was tissue’s autofluorescence, see
analysis in Supplementary). Briefly, the only difference
between the two trigger modes was the trigger source. All
the parameters of the EMCCD camera (e.g., exposure time,
number of frames, EM gain and trigger response) were set
via the LightField software (Princeton Instruments, USA).
In external hardware trigger mode, the trigger response was
set as ‘Start on a single trigger’ which means the camera
won’t begin to take the images until the trigger circuit
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detected the rising edge of an external hardware trigger. In
MATLAB trigger mode, the Lightfiled received commands
from MATLAB via software interface (provided by the
manufacturer) to control the camera to take the images.
The trigger response was set as ‘No response’ which means
the trigger circuit didn’t work and the camera won’t respond
to the external hardware trigger. In this experiment, the
camera exposure time of each frame image was 0.2 s and
a total of 25 images were acquired continuously. The EM
gain was set as various values (i.e., 1, 9, 27 or 81). All the
other parameters of the Lightfield were set as default values.

Compare the ICG-liposome and the ICG-nanogel

The ICG-nanogel was synthesized according to the
previously proposed protocol (20). To compare the ICG-
nanogel with the ICG-liposome, the concentration of the
initial ICG (i.e., the mass of the initial ICG divided by
the volume of the final solution) was remained the same
(0.016 mg/mL) by diluting the synthetized ICG-nanogel
solution (0.056 mg/mL). The synthesized ICG-nanogel was
tested by the in-house built fluorescence spectrometer with
the same setting parameters used for the ICG-liposome.
The comparison of USF imaging performance between the
ICG-liposome and the ICG-nanogel were realized in the
same silicone tube embedded in 2.5 cm-thick chicken breast
tissue. The EM gain was set as 1 for both contrast agents.

Results
The ICG-liposome characterization

The details of characterization methods can be found in
Supplementary. As shown in Figure 2A4, the fluorescence
intensity of the ICG-liposome increases with the rise of
the solution temperature and the lower critical solution
temperature (LCST) is 38.4 °C (defined as where the
slope of the curve was 10% of its maximum value). The
fluorescence intensity increases 2.02 folds when the
temperature rises from 38.4 to 40.4 °C. As shown in
Figure 2B, the hydrodynamic size of the ICG-Liposome is
181.0+58.1 nm. The polydispersity is 0.126.

The comparison of the EM gain stability between the
MATLAB trigger mode and the external hardware trigger
mode

Figure 34 shows the first frame of the 25 images taken by
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Figure 2 The characterization results of ICG-liposome. (A) The fluorescence intensity of ICG-liposome versus the solution temperature. (B)

Hydrodynamic size of the synthesized ICG-liposome. ICG, indocyanine green.
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Figure 3 The comparison results of the MATLAB trigger mode and the external hardware trigger mode. (A) The first frame of the images

taken by the camera with an EM gain of 1 in MATLAB trigger mode. The mean intensity of the acquired 25 frames in MATLAB trigger

mode (blue line with squares) and external hardware trigger mode (red line with circles) with an EM gain of (B) 1, (C) 9 and (D) 81.

Normalized mean intensity curve using (E) MATLAB trigger mode and (F) external hardware trigger mode with an EM gain of 9 (green

line with squares), 27 (red line with circles), and 81 (blue line with triangles). EM, electron multiplying.

the EMCCD camera with an EM gain of 1 in MATLAB
trigger mode. Figure 3B,C,D show the mean intensity (i.e.,
spatial average value of the whole 2D fluorescence image) of
the acquired 25 frames using MATLAB trigger mode (blue
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line with squares) and the hardware trigger mode (red line
with circles) with an EM gain of 1, 9 and 81, respectively. As
shown in Figure 3B, the mean intensities of the two modes
are fluctuated and similar to each other when the EM gain
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is 1. As shown in Figure 3C,D, the mean intensity of the
MATLAB trigger mode is higher and more stable than that
of the external hardware trigger mode with an EM gain of 9
or 81. The curve of the hardware trigger mode continuously
rises with a higher increase rate at the beginning. Figure 3E
shows the normalized mean intensity using the MATLAB
trigger mode with an EM gain of 9 (green line with
squares), 27 (red line with circles), and 81 (blue line with
triangles). The maximum decrease of the mean intensity is
less than 1% and the higher EM gain leads to slightly more
intensity decrease. However, when using external hardware
trigger mode (Figure 3F), the maximum increase of the
mean intensity can reach as high as ~10% and the higher
EM gain leads to a higher intensity increase.

USF imaging of the sub-millimeter silicone tube embedded
in chicken breast tissue

All the signals shown on a 2D-USF-signal image (Figure S2)
are generated from USF photons and induced by the
ultrasound focus at a specific scan point. We average
these signals to form a single value to represent the USF
signal at this specific scan point of the ultrasound focus.
By scanning the ultrasound focus on the X-Y 2D plane,
we can form a 2D USF image. Figure 44 shows the 2D
USF images of the sub-millimeter silicone tube with an
EM gain of 1, 3, 9, 27 and 54 in the 4.5 cm-thick chicken
breast tissue. The image of the silicone tube is very noisy
with the EM gain of 1. When increasing of the gain from
1 to 9, the image becomes much clearer. However, further
increasing the gain from 9 to 54, the quality of images
remains similar. The SNR values (see calculation method
in Supplementary, Figure S3) are 10.69+1.39, 14.88+1.39,
23.52+2.96, 21.7+0.64 and 20.88+0.35 dB corresponding to
the EM gain of 1, 3, 9, 27 and 54, respectively. Obviously,
by optimizing the EM gain, we can significantly improve
the SNR of a USF image. By adopting the optimized
EM gain, Figure 4B shows the USF images of the silicone
tube in the different thick chicken breast tissues (2.5 cm:
EM gain 3; 3.5, 4.5 and 5.0 cm: EM gain 9; 5.5 cm: EM
gain 54). The SNR values are 41.56+1.96, 37.45£3.75,
23.53+2.96, 12.78+2.07 and 8.69+1.46 dB corresponding to
the thickness of 2.5, 3.5, 4.5, 5.0 and 5.5 cm, respectively.
Although the SNR still decreases with the increase of tissue
thickness, the decrease of image quality slows down because
the SNR at deeper tissue is improved by the optimized EM
gain. Figure 4C shows the SNR of the USF images versus
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the EM gain in different thick tissues. The SNR increases
quickly when the EM gain rises from 1 to 9 (thickness: 2.5,
3.5, 4.5 and 5.0 cm) and then reduces slightly or remains
stable when the EM gain rises from 9 to 54 (thickness:
4.5 and 5.0 cm). Figure 4D shows the USF signal and the
noise versus the EM gain for the 4.5 ¢cm- and 5.0 cm-thick
tissue samples. In both thicknesses, the USF signal shows
a higher increase rate than the noise in the gain range of
1-9. However, after gain is >9, both the signal and the noise
show a similar increase rate versus the gain, which explains
why the SNR becomes flat when gain is >9. Figure 4E
shows the full width at half maximum (FWHM) of the USF
images of the silicone tube in different thick tissues. They
are closed to the outer diameter of the silicone tube (i.e.,
1.65 mm). Ideally, the FWHM is mainly determined by
the convolution of the ultrasound or thermal focal size (the
lateral FWHM of the acoustic intensity focus is 0.55 mm)
with the object size, and should be independent of tissue’s
thickness. The slight increase of the FWHMs in Figure 4E
may be because of the fact that the USF images become
much noisier in deeper tissue and the estimated FWHMs
are less accurate than those in shallower tissue.

The comparison between the ICG-liposome and the ICG-
nanogel

Figure 54 shows the fluorescence intensity as a function
of the temperature of the sample solution (ICG-liposome:
red line with circles; ICG-nanogel: blue line with squares).
The fluorescence increase of the ICG-liposome is much
sharper than that of the ICG-nanogel. As mentioned
in Figure 24, the fluorescence increases 2.02 folds in a
narrow temperature range of 2.0 °C (i.e., from 38.4 to
40.4 °C). The ICG-nanogel shows a LCST at 35.1 °C and
the fluorescence increases 2.74 folds in a relatively wide
temperature range of 7.4 °C (i.e., from 35.1 to 42.5 °C).
Although the investigation of the mechanism why the ICG-
liposome has a sharper temperature switching curve is out
of the scope of this study, it may be related to the capability
of the material response to temperature and should be
investigated in future. In addition, the increase of the
absolute fluorescence intensity of the ICG-liposome was
3.0 times stronger than that of ICG-nanogel (i.e., 5.12¢6
counts versus 1.69¢6 counts), which may be caused by the
higher ICG encapsulating efficiency of ICG-liposome with
the same initial ICG concentration. A stronger increase in
the absolute fluorescence intensity (Aly,-o=lo, Loy within
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Figure 5 The comparison results of ICG-liposome and ICG-nanogel. (A) The fluorescence intensity of the ICG-liposome (the red line with

circles) and the ICG-nanogel (the blue line with squares) versus temperature. The USF image of the silicone tube filled with ICG-liposome (B)

and ICG-nanogel (C) in 2.5 cm-thick chicken breast tissue with an EM gain of 1. All experiment parameters were same. USE, ultrasound-

switchable fluorescence; ICG, indocyanine green; EM, electron multiplying.

a narrower temperature range (AT, o7~T0,— Ty indicates
a higher (absolute) temperature sensitivity of the contrast
agent (i.e., S,,=Aly,_07/ATo, o), which has a unit of counts
per °C. The S, of the ICG-liposome and ICG-nanogel
are 2.56e6 counts/°C and 0.23e6 counts/°C, respectively.
The higher temperature sensitivity of the contrast agent
will be favorable for USF imaging to achieve a higher SNR
because it will provide more USF photons using the same
ultrasound/thermal energy. This speculation is verified in
Figure 5B,C in which the SNR of the USF image of the
silicone tube filled with the ICG-liposome (Figure 5B) and
ICG-nanogel (Figure 5C) is 30.79+3.61 and 26.34+2.03 dB,
respectively (note that the tissue thickness is 2.5 cm and
the EM gain is 1, and all other experimental parameters
remained the same). Therefore, the ICG-liposome has a
better USF performance than the ICG-nanogel because of
its higher temperature sensitivity.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Discussion

In current study, we demonstrated that improving the
sensitivity of both the USF contrast agent and the imaging
system could significantly increase the SNR of USF
imaging. The USF imaging of a silicone tube in a 5.5 cm-
thick (i.e., 5.0 cm deep from the top) chicken breast tissue
with an illumination intensity of 28.35 mW/cm’ was
successfully demonstrated (Figure 4B) via two key factors: (I)
the USF contrast agent with high temperature sensitivity;
(IT) the USF imaging system with high detection sensitivity.

In our previous studies, we usually defined a fluorescence
on-to-off ratio of the USF contrast agent (Ro, 05~ o./10y)
as a parameter to characterize the contrast agent’s USF
performance (15,19). Recently, we reported that this ratio
was an effective parameter only when the background
photons (i.e., the autofluorescence and laser leakage) are
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significantly less than the background fluorescence photons
generated from the non-100%-off contrast agent (21).
This is usually happening in shallow-tissue USF imaging
(such as at a depth of <2-3 cm). When imaging deep
tissue (such as >3 cm) or the USF contrast agent has a very
low quantum efficiency at the off state, the background
fluorescence photons are much weaker than or comparable
to the background photons (Figure S1). In this situation,
the R,y is less effective to characterize the contrast agent’s
USF performance. Instead, the on-and-off difference of the
absolute fluorescence intensity (Aly, ;) becomes a good
indicator for the USF contrast agent if other parameters
remain the same. In addition, we also moved one more step
further to define the (absolute) temperature sensitivity of a
USF contrast agent (S,,=Aly,_o/ATo, o5 after comparing the
two types of contrast agents, ICG-liposomes versus ICG-
nanogels. Obviously, a contrast agent with high (absolute)
temperature sensitivity should provide a high SNR in USF
imaging, which has been demonstrated in Figure 5.

It is important to point out that the noise of the USF
imaging is different from the noise of the 2D planar
fluorescence imaging via an EMCCD camera. In 2D
planar fluorescence imaging, the main noise components
are photon shot noise, dark current noise, clock induced
charge noise and readout noise (22). These noise electrons
directly affect each pixel of the image taken by the camera.
However, the noise of the USF imaging is the variation of
the difference of the mean spatial intensities between two
sequential images taken by the camera when ultrasound
is off. In an ideal situation, this difference of the mean
spatial intensities should be zero or an invariable value.
According to the definition of the USF image’s noise (see
details in supplementary), the noise would be zero in this
ideal situation. Unfortunately, the difference in a real case
is variable because of various reasons, such as the excitation
light, bias of the camera and/or the variation of the EM
gain, and others, which are unstable and dependent on
environment.

In this study, we focused on: (I) the method to stabilize
the EM gain; (II) the affection of the EM gain on USF
image’s quality while all other parameters kept the same.
The EM gain is more stable in MATTLAB trigger mode than
the external hardware trigger mode (Figure 3). The reason
may be the larger environment temperature change inside
the camera while waiting for an external hardware trigger.
The higher environment temperature inside the camera
may reduce the probability of charge multiplication and
therefore lower the EM gain under the same voltage applied

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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across the multiplication register (23). It’s interesting to find
that the changes of the mean intensity curves are opposite
in these two modes. The temperature of the sensor is kept
at =55 °C (default value) through thermoelectric cooling
with an internal fan. However, the real temperature may be
above this value when the circuit is working (e.g., waiting
for the external trigger or taking images). New thermal
equilibrium would be reached at a temperature (T'1: taking
images; T2: waiting for the external trigger; T1 < T2) lower
than -55 °C. Thus, the spatial mean intensity decreases
(Figure 3E)/increases (Figure 3F) when the generated
thermal energy is more/less than that taken away by the
cooling system. Although we may not be able to conclude
that the issue of the gain stability under different triggering
modes is a common problem for all EMCCD cameras
(because we do not have access to other types), we have
tested two EMCCD cameras with the same model (i.e.,
ProEM®-HS:1024BX3) in this study and found the similar
results. Therefore, we can conclude that this issue is not a
defect of a specific camera.

The noise increases much slower than the USF signal
when the EM gain rises from 1 to 9, and follows a similar
increase as the USF signal when the EM gain is larger
than 9 (Figure 4D). As mentioned above, the change of
the USF imaging’s noise is coming from the change of the
stability of the EM gain because all other parameters are
same. The EM gain seems to be more stable when the gain
is low (<9). Thus, rising the EM gain (<9 in this study)
helps to improve the SNR of the USF image in a tissue
with a thickness less than 5.5 cm (Figure 4C). It should be
noted that the USF imaging system reaches its detection
limitation in 5.5 em-thick chicken breast tissue with current
setting so that the quantitative analysis may not reliable.
The silicone tube can only be roughly differentiated with
an EM gain of 54, although the SNRs of with the EM gain
of 27 and 54 are similar (Figure S4). Lastly, it should be
mentioned that current study aims to demonstrate a general
concept that the SNR in USF imaging can be improved by
optimizing the EMCCD’s gain. However, because we have
not investigated other types of EMCCD cameras, cautions
should be taken when extending the specific numbers
provided here into other studies (such as the optimized
gain of 9) because the numbers may vary among different
cameras.

Conclusions

In this study, we successfully achieved USF imaging of a
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sub-millimeter silicone tube (inner diameter: 0.76 mm,
outer diameter: 1.65 mm) embedded in centimeter-deep
chicken breast tissue (2.5, 3.5, 4.5, 5.0 and 5.5 cm) using a
low intensity excitation light (28.35 mW/cm’). The SNR
improving strategies include (I) adopting a new contrast
agent, ICG-liposome, with high USF performance and (II)
stabilizing and optimizing the EM gain in the USF imaging
system via a software trigger mode. The ICG-liposome
showed better USF performance than the previous ICG-
nanogel in deep tissue. The gain of the EMCCD camera
used in the USF imaging system was stabilized by using the
MATLAB trigger mode instead of the external hardware
trigger mode. In conclusion, USF imaging can achieve
high sensitivity (SNR) and high spatial resolution in several
centimeters deep tissues using a low-intensity NIR-I
excitation laser. With these unique features, it has dramatic
potentials for different biomedical applications in future.
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