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ABSTRACT

Histopathological analysis remains a gold standard in preclinical research, which can only be performed as an
end-stage analysis. In small animal studies, in order to improve the outcome, it is important to study the
disease progression and treatment response over time without sacrificing animals at different time points thereby
reducing the number of animals. Photoacoustic imaging with its ability to probe endogenous chromophores in
the tissue and being non-invasive has great potential in this aspect. In this work, we aim to use ultrasound
and photoacoustic imaging for assessment of liver fibrosis, in particular, to monitor the disease progression. We
have used ultrasound and LED-based photoacoustic (US/LED-PA) imaging system, both in its handheld and
tomographic mode. In the tomographic mode, the transducer and LED arrays were scanned around the animal
for imaging. The imaging was performed on healthy (control) mice and mice with carbon tetrachloride (CCl4)
induced liver fibrosis. The control and fibrotic mice were followed over a duration of eight weeks using US/LED-
PA imaging. The animals were euthanized, imaged and histopathological analysis were performed at the end
of 8-weeks. An increase in photoacoustic contrast and ultrasound echogenicity were observed progressively in
the fibrotic livers compared to the control livers. The histological analysis also validated the severity of the
fibrosis in the mice. The proposed approach using longitudinal monitoring of disease progression using US/LED-
PA imaging can improve the outcome of the study. Since the LED-based system is compact, eye-safe, and
easy-to-use, it can be of great benefit in small animal research.
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1. INTRODUCTION

With more than one million deaths every year worldwide, liver fibrosis is one of the major causes of mortality.1

Liver fibrosis can be due to alcoholic injury, metabolic disease, toxin, autoimmune disease, or other factors that
have become common in the recent past.1 Thus there is an increasing need for the development of new drugs.
However, most of the small animal studies rely on the endpoint histopathological analysis as a goal standard for
the study outcome.2 Variability within the study group and differences in disease progression can considerably
affect the study and thus delay the translation of new drugs. Imaging methods play an important role in this
context to monitor the disease progression and treatment over time to improve the efficacy of the study.3

Imaging methods such as ultrasound (US), Computed Tomography (CT), Positron Emission Tomography
(PET), and Magnetic Resonance Imaging (MRI) are also in use for preclinical imaging.3 US imaging is a
noninvasive method. However, quantifying the disease stage can be difficult using the US, being a structural
imaging method. PET and Micro CT can be used for preclinical imaging, but the ionizing radiation used in
these modalities hinders longitudinal monitoring. On the other hand, micro MRI systems are costly and difficult
to house in a small animal facility. Hence there is a need for a compact, noninvasive, functional imaging method
for preclinical applications.4 Photoacoustic (PA) is a new modality in which pulsed light excites ultrasound
waves from optical absorbers in the tissue.5,6 The capable of PA to provide optical contrast at ultrasound
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resolution enabling functional and molecular imaging. Further, the use of US transducers for detection has an
added advantage to have coregistered US imaging for structural information. PA imaging has been reported in
the past on mice liver fibrosis model from our group7 and using rat by Karmacharya et. al.8 An increase in PA
signal contrast and oxygen saturation were reported in the fibrotic liver compared to the control.
Using LEDs as the light source for PA imaging can reduce the system cost and size, and it is eye-safe.9 Recently,
LED-based PA imaging has attracted several applications, including preclinical small animal imaging. Small
animal imaging is an ideal application for LED-based PA system as the imaging depth required is typically
less than 3 cm. Several applications were reported, including tumor imaging in the recent past.10,11 With
multi-wavelength LEDs, oxygen saturation and imaging contrast agents were also reported.12,13 Most of the
works used a handheld probe with a linear transducer array. However, a limited view of the target resulting
from detection using a linear array is an issue in this configuration. To overcome the limited view problem, we
developed a tomographic system.14–16

In this work, we present small animal imaging using tomographic configuration. Specifically looked at the
fibrosis model to imaging the liver inside the animal. Further, we image the isolated liver using a handheld
probe. Histopathological analyses were performed to confirm the fibrosis in the liver.

2. MATERIALS AND METHODS

Figure 1. Liver imaging using LED-based photoacoustic system: (a) Imaging liver region of a mouse using the tomographic
system using circular scan. (b) Imaging isolated liver using linear scan using a handheld probe.

In this work, we used an LED-based PA and US system AcousticX (Cyberdyne Inc., Japan). A linear trans-
ducer array of 128 elements, with a center frequency of 7 MHz and 80% bandwidth was used for US imaging
and PA detection. An LED array (36 × 4) of 850 nm wavelength, with a pulse energy of 200 µJ, and a pulse
duration of 70 ns was used as the light source. In the tomographic configuration, four LED arrays were used and
two in the handheld configuration. In the tomographic configuration, two LED arrays were placed on either side
of the transducer at an angle of 30.80 with the imaging plane and two more in the imaging plane at an angle
of 1050 to the transducer as shown in Fig. 1. Figure 1 shows the two imaging cases from two separate animal
study. The mice were imaged using the tomographic configuration around the liver region. The isolated liver
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was imaged using the handheld probe with a linear scan to image the whole liver.
In these proof-of-concept studies, male Balb/c mice were used. The animal experiments were carried out accord-
ing to the ethical guidelines for the Care and Use of Laboratory Animals (The Netherlands). A normal chow
diet and water with 12h/12h light and dark cycle were given to all the animals. Liver fibrosis was induced by
injecting carbon tetrachloride (CCl4). In the first study, two animals were used. One of the animals was given
1ml/kg of CCl4 dissolved in olive to induce fibrosis, while the other animal used as the control was given olive
oil. Both the animals were imaged at week 8 after the injection. Before imaging, the mice were euthanized and
hair in the abdominal area was removed. PBS (1X) solution was used as the medium for acoustic coupling.
Three angular views of 200 steps were used in the tomographic system to image the liver region of the mice. In
the second study, animals were imaged at weeks 4, 6, and 8. The isolated liver samples were imaged using the
handheld probe with a linear scan obtaining images at every 1 mm for a scanning area of 20 mm. After the
imaging, the liver samples were fixed with cryomatrix in isopentane and further sectioned for immunohistological
analysis. Collagen I antibody was used as a fibrosis marker for histological analysis.

3. RESULTS AND DISCUSSION

In the first experiment tomographic imaging of a control and a fibrotic mice were performed using spatial
compounding of three angular views. Figure 2 shows the tomographic imaging of control and fibrotic mice. The
overlaid US and PA images of control liver (Fig. 2a) and fibrotic liver (Fig. 2b) shows the difference between the
two cases. Figure 2c,d and e show the US, PA and histology image respectively of the control liver and Figure
2f,g and h that of the fibrotic liver.
The green line in the figure marks the liver region. The difference in control and fibrotic liver can be observed in

Figure 2. Small animal liver imaging. Overlaid photoacoustic and ultrasound tomographic image of (a) control and (b)
fibrotic animals showing the liver region. (c, f) ultrasound, (d, g) photoacoustic, and (e, h) are histology images of control
and fibrotic livers, respectively.

the US image with an increase in echogenicity in the fibrotic case. The mean pixel value in the liver US images
was calculated to quantify the echogenicity. The control liver had a mean of 0.13±0.02 while for the fibrotic liver
it was 0.25±0.03. The heterogeneity in the US liver image was estimated using the variance. In the control case,
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a variance of 0.52±0.11 compared to 0.85±0.10 in the fibrotic case was observed. These metrics clearly show the
difference between control and fibrotic liver with US imaging. The echogenicity and heterogeneity observed in
the US might be due to the hepatic nodularity developed in fibrotic liver.17 Further, PA images in Fig. 2d and
g shows significent differnce in PA contrast. A contrast value of 0.48±0.08 was observed for the control liver in
comparison to that of 0.69±0.08 for the fibrotic case. As the PA imaging used a light of 850 nm wavelength the
contrast is primarly from absorption of blood. Neovasculature in hypoxic liver is considered to be the primary
factor contributing to this increase in PA contrast in the fibrotic liver. Figure 2 (e) and (h) show histology images
with collagen I immuno-staining of control and fibrotic liver sections respectively. The fibrotic liver histology in
Fig. 2h shows and increased level of collagan bridges in comparison to the control liver, Fig. 2e. The increase
in collagen bridges is proportional to the severity of fibrosis due to the accumulation of the extracellular matrix
protein.
In the second experiment, isolated livers with progressive levels of fibrosis were imaged. Figure 3 shows the US

Figure 3. Photoacoustic and ultrasound images of isolated livers with fibrosis progression. Ultrasound images of livers
from (a) control, (b) week 4, (c) week 6, and (d) week 8 through CCl4 treatment. Photoacoustic images from (a) control,
(b) week 4, (c) week 6, and (d) week 8 through the CCl4 treatment.

and PA images of livers at 4, 6, and 8 weeks of CCl4 treatment compared with the control case. The US images
show an increasing level of wall thickness and heterogeneity in the liver with fibrosis progression. PA image in
the control case shows a homogeneous signal from the wall and considerably less signal inside the lobes. While
in the fibrotic case, an irregular wall and uneven texture with large structures inside each lobe was observed. An
overall increase in PA contrast can also be observed with progress in fibrosis. These results are also in line with
our previous small animal liver fibrosis study.7

4. CONCLUSION

The results show the possibility of a compact, low-cost tomographic imaging system for preclinical small animal
studies. The clear difference between control and fibrotic liver indicates the applicability of the system for liver
fibrosis studies. Further, images at different time points in the study is a promising first step for considering
photoacoustic imaging for small animal liver fibrosis studies in the future.
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