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Liver function reserve (LFR) is the sum of remnant functional hepatic cells after liver injury. In the pathologic
process of liver fibrosis (LF), LFR is impaired. LFR assessment can help determine the safe scope of liver resection
or drug regimen and predict prognosis of patients with liver disease. Here, we used a photoacoustic imaging
(PAI) system to assess LF and LFR in rabbit models. We performed PAI, ultrasound elastography and biopsy for
21 rabbits developing none (n = 6) and LF (n = 15). In vivo indocyanine green (ICG) measurements by PAI

showed that LF group presented a significantly attenuated ICG clearance compared to control group, indicating
LFR impairment of LF. Another finding was a significantly higher collagen photoacoustic signal intensity value
was observed in LF both in vivo and in vitro. Our findings demonstrated that PAI was potentially effective to
evaluate LFR and collagen accumulation of LF.

1. Introduction

Liver fibrosis is a chronic pathological process characterized by the
repeated injury of the liver, as well as the abnormal proliferation and
accumulation of fibrous tissue. This progressive scarring is predomi-
nantly associated with infections caused by hepatitis B or C, obesity, and
prolonged alcohol abuse, which have significant social and economic
implications on a global scale [1-3].

The “gold standard” for diagnosis of liver fibrosis is biopsy, which is
invasive and expensive, with risk of bleeding and sampling variability.
Among non-invasive methods, liver stiffness value (LSV) measured by
ultrasound elastography is a relatively reliable marker to reflect the
severity of liver fibrosis. However, this technique is an indirect way to
assess liver fibrosis stage and can be affected by several factors, of which
inflammation and hepatic metabolic function may lead to large mea-
surement variation of LSV [4,5]. Liver function reserve (LFR) is the sum
of remnant functional hepatic cells after liver injury. In the pathologic
process of liver fibrosis, with repeated liver injury and abnormal pro-
liferation and accumulation of fibrosis tissue, LFR is impaired. LFR
assessment is clinically important, because LFR can help determine the
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safe scope of liver resection or drug regimen and predict prognosis of
patients with liver disease [6-8]. Indocyanine green (ICG), a U.S. Food
and Drug Administration (FDA)-approved dye, which can be selectively
taken up by hepatic cells, eliminated through bile in its original form
without any metabolic change in liver or extrahepatic intake. Due to this
exclusive hepatic clearance, an ICG clearance test is the standard diag-
nostic approach to evaluate LFR clinically, with the dynamic change of
blood ICG concentration measured by spectrophotometry or pulse dye
densitometry (PDD). Clinically, indocyanine green retention rate at 15
min (ICGR15) was incorporated in decision tree for selection of opera-
tive procedure in patients with impaired liver functional reserve [6-8].
To be more specific, for example, right hepatectomy can be tolerated if
the ICGR-15 is < 10%. For patients with ICGR-15 within the range of
10%— 19%, one-third of the liver parenchyma, which corresponds to left
hepatectomy and right paramedian or lateral sectoriectomy, can be
resected. When the ICGR-15 value range is 20-29%, approximately
one-sixth of the liver parenchyma can be resected. Limited resection is
indicated in patients with ICGR-15 values of 30% or more. ICGR15 >
40% is contraindication to liver resection. Spectrophotometry is the gold
standard to perform ICG clearance test, however, it’s an invasive,
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complex and not real-time procedure that demands serial blood sam-
pling [9,10]. PDD is non-invasive, but this method cannot provide any
imaging guidance. Additionally, according to previous study results the
accuracy of PDD is controversial [11]. In our previous published study,
we already compared the PAI method for LFR assessment to the gold
standard spectrophotometry and verified its accuracy [12]. Other LFR
evaluation modalities are either unreliable such as blood test, or with
high cost of time and money and unsuitable for frequent screening such
as Technetium-99 m diethylenetriaminepentaacetic acid galactosyl
human serum albumin single photon emission computed tomography
(99mTc-GSA SPECT) and gadoxetic acid-enhanced magnetic resonance
imaging (MRI) [13,14].

Based on optical absorption, photoacoustic imaging (PAI) provides
structural and functional information with high resolution [15]. It’s a
non-invasive, fast-developing technique, which has been utilized for in
vivo imaging from organelles to organs such as breast [16], thyroid[17],
skin [18], bowel [19], prostate [20] and musculoskeletal system [21].
PAI studies on liver evaluated hepatic fat rate or fibrosis severity by
photoacoustic spectral analysis in mice, which showed significantly
increased PA features in fibrotic or fatty livers versus healthy livers [22,
23]. However, these studies did not investigate LFR change during the
pathologic process of liver. Based on the unique optical absorption
properties of endogenous or exogeneous chromophores, PAI has the
ability to quantify hemoglobin, melanin, lipids, collagen [15,24-26].
ICG is not only a drug for LFR reflection, but also a common exogeneous
contrast agent for PAI due to its unique optical absorption spectrum
[27-29]. Our previous feasibility study using tissue-mimicking phan-
toms, in vivo normal and partial hepatectomy rabbit models showed that
ICG clearance test can be performed in the way of PAI method [12].

In this study, we further build up liver fibrosis rabbit models. PAI was
applied to assess the fibrosis severity and LFR condition in these models.
The study result may validate the utility of PAI for liver fibrosis and LFR
assessment.

2. Methods
2.1. Photoacoustic tomography system

The PAT system is presented in Fig. 1. For more detail about this
system can be found in previous study [12]. The PA imaging set up is
based on a Q-switched Nd:YAG-pumped optical parameter oscillator
system (Surelite, Continuum, California), a 128-element concave ultra-
sound transducer array (Japan Probe Corporation, Yokohama, Japan),
and a 64-channel DAQ system(NI). The oscillator system is capable of
supporting pulses at wavelength from 700 to 960 nm with 4 ns pulse
duration at a repetition rate up to 20 Hz. An optic fiber bundle with line
shaped illumination profile (40 mm x 10 mm) was set besides the
transducer to supply lighting. The incident fluence at 805 nm was within
the safety limit of the American National Standards Institute regulations
[30]. The concave transducer utilized in our study has a center
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frequency of approximately 5 MHz with a relative bandwidth of 90%. It
features a diameter of 100 mm and is composed of two quarter
arc-shaped parts, with each part housing 64 elements. The pitch size of
each element is 2 mm wide and 15 mm long. For cross-sectional imag-
ing, the transducer achieves a spatial resolution of ~150 pm. The probe
was enclosed with a resin shell covered by a polydimethylsiloxane
(PDMS) film (100 pm thickness), and deionized water was filled into the
space between the membrane and transducer.

Detected PA signals were amplified through a custom-built pre-
amplifier then transferred to a 64-channel analog-to-digital system (8
PXIe5105 cards, National Instrument, Texas, USA) after 2:1 multi-
plexing with 12-bit digital resolution and 50 MS/s sampling rate. The
acquired signals were saved in the onboard computer (PXIe8840, Na-
tional Instrument, Texas, USA) which also worked as control panels for
the PAI system.

2.2. Animal models

The use of experimental animals was approved by the animal ethics
committee of West China Hospital, Sichuan University. New Zealand
rabbits (n = 24, male, weight: 2.5-2.7 kg) were fed with food and water
for a week of acclimatization period and then were randomly assigned
into liver fibrosis (LF) group (n = 18) and control group (n = 6). For LF
group, liver fibrosis was induced by subcutaneous injection of 0.3 ml/kg
50% carbon tetrachloride (CCly, Beijing Chemical Reagent Company,
Beijing, China) in olive oil as a vehicle, twice a week. For control group,
rabbits received subcutaneous injection of 0.3 ml/kg olive oil, twice a
week. After 24 weeks, rabbits from both groups undertook procedures of
ultrasound elastography, PAI imaging of liver and liver biopsy. Rabbits
that died before these procedures were excluded.

2.3. Ultrasound elastography examination

All ultrasound real-time shear wave elastography (SWE) examina-
tions were performed with a standard SWE, Resona 7 ultrasound system
(Mindray Medical International, Shenzhen, China) equipped with
L9-3 U (linear 3-9 MHz) transducer. The rabbit was anesthetized by
isoflurane gas inhalation in the lab at a room temperature of 26 centi-
grade. After anesthesia, the rabbit was placed in supine position and the
fourth right rib to the abdomen was exposed for liver ultrasound scan-
ning by shaving the hair. The L9-3 U probe was gently moved without
exerting any pressure. The left lateral liver lobe was displayed on grey-
scale ultrasound through subxiphoid section. With the probe maintained
in the same place and the left lateral lobe steadily displayed, the sound
touch elastography mode was switched on. A color-coded 2D quantita-
tive SWE image was displayed in box form over a conventional B-mode
image. A round region of interest (ROI) was placed in the box. Liver
stiffness value (LSV) was measured at least 1 cm below the liver capsule
in the left lateral lobe. The mean LSV of five consecutive measurements
was used for statistical analyses. The image quality is controlled:
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Fig. 1. The set up of photoacoustic tomography system.
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homogeneous color filling of the color box > 90% and reliable (RLB)
index > 90%. Homogenous color filling of the box means the acquisition
box to measure stiffness was filled with color, with color defects
area< 10%. The color stands for stiffness values that are quantitatively
expressed as Young’s modulus in kilopascals (kPa). The Resona 7 system
also offers reliability (RLB) indicators of motion stability (M-STB) index
and RLB map. Liver stiffness measurements were considered valid when
both the M-STB index displayed at least four stars and the RLB map was
uniform green, with an index > 90% [31-33].

2.4. Invivo liver PAI

Rabbits from LF and control group were anesthetized by isoflurane
gas inhalation in the lab at a room temperature of 26 centigrade. The
rabbit was in supine position. The anatomical regions of interest were
scanned using a commercial ultrasound platform (iNSIGHT 23 R, Saset
Healthcare, Inc. Chengdu, China) with 7.5 MHz line transducer array by
a single professional operator. The same left lateral liver lobe demon-
strated during elastography examination was displayed on grey-scale
ultrasound through subxiphoid section. The location of B-mode ultra-
sound probe was marked. Then photoacoustic image was obtained by
placing the photoacoustic probe in the same position as the B-mode
ultrasound probe. Animal posture and the position of the probe (ultra-
sonic and photoacoustic) were standardized to ensure the repeatability
of scanning.

For in vivo imaging, multispectral PA signals were acquired at 730,
760, 800, 850, 900, 920, 930, 950 nm to obtain oxygenated hemoglobin
(HbOs), deoxygenated hemoglobin (HbR), lipid and collagen according
to previous studies [34]. To remove the breathing-related artifact, we
built a MATLAB code as described previously [35,36]. We calculate the
correlation coefficient among all 20 frames from single wavelength and
generate a 2D matrix with 20 rows and 20 columns. Using the k-means
method, we cluster the frames into two sets based on their correlation
coefficients: one set with high correlation coefficients and another with
low correlation coefficients. Frames with low correlation coefficients,
usually below 0.7, which are affected by motion, are subsequently dis-
carded. The selected frames are then averaged. On average, 12-14 im-
ages were retained based on the anesthesia condition (Fig. 2).

2.5. Invivo ICG concentration measurement by PAT

After in vivo liver PAI, the rabbit was in right or left lateral position.
Before the PAT scan, ICG was dissolved in distilled water to obtain a
concentration of 5 mg/ml. One ear was shaved and fixed on a flat plate
with central auricular artery (CAA) clearly visible. Transverse PAT
sections of CAA was displayed as the region of interest (ROI) in Fig. 2.
PAT scan was performed over CAA at 805 nm for 20 min at an acqui-
sition rate of 1 frame per second (Time-averaged for 10 consecutive
frames). After 1 min of PAT baseline scan, a dose of 0.1 ml/kg ICG so-
lution was injected via the left auricular vein along with 5 ml saline flush
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Trigger

______ | 64ch DAQ System

Photoacoustics 33 (2023) 100562

for 10s, simultaneously PAT signal was continuously acquired for
additional 19 min. Based on the exclusive hepatic clearance and first-
order kinetics of ICG, ICG concentration change in the blood reflects
the hepatic ability of ICG clearance. Therefore, it’s reasonable to
monitor ICG concentration change in the blood through any peripheral
vasculature. The reason that we scanned auricular artery by PAI because
it’s a very superficial structure for PAI scanning. Still based on the
pharmacokinetics of ICG, ICG can reach its peak rapidly after entering
the body no matter what vasculature you choose to inject ICG. Clini-
cally, ICG was injected through median cubital vein in human. We chose
auricular vein in the rabbit to make the injection because it’s easier to
operate compared to other sites.

2.6. In vitro liver tissue PAI

After in vivo experiment, representative tissue specimens were taken
from previously imaged anatomical regions. After harvesting, tissue
specimens from the same lobe were divided into two parts, one for ex
vivo PA imaging, and the other one was fixed in a 4% formaldehyde/PBS
solution and then embedded in paraffin. For the ex vivo PA imaging,
multispectral PA signals were acquired at 730, 760, 800, 850, 900, 920,
930, 950 nm (Fig. 3).

2.7. Image reconstruction and analysis

PA data collected were first reconstructed in Labview (NI, USA) using
back-projection algorithm in real-time [37]. The raw PA data were also
stored for offline processing by Matlab (R2016b, Mathworks, Inc., MA,
USA). In the offline processing, 0.2-10 MHz filtering was applied to
remove high frequency noise, and then PA images were reconstructed
offline using back-projection schemes [38].

A linear un-mixing was applied to obtain the signal from four
endogenous absorbers (HbO5 , HbR , lipid, collagen) following previ-
ous studies [23,38]. Collagen unmixing was based on all wavelengths

Trigger
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Fig. 3. The hardware components employed in ex vivo experiments. DAQ: Data
Acquisition System (preamplifiers, multiplexers and analog-to-digital con-
verters). OPO: Optical parameter oscillator system. PC: personal computer. Nd:
YAG: Nd:YAG bumping laser.
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Fig. 2. A schematic of the in vivo PAI experimental system. DAQ: Data Acquisition System (preamplifiers, multiplexers and analog-to-digital converters). Nd:YAG:
Nd:YAG bumping laser. OPO: Optical parameter oscillator system. PC: Personal computer. Imaging Probe: a 128-element transducer array, a fiber bundle, and a

resin shell enclosed with a membrane.
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(730, 760, 800, 850, 900, 920, 930 and 950 nm), whereas the HbR and
HbO, signals were calculated from a sub-range (760, 800 and 850 nm),
which is more accurate in unmixing due to increased water absorptivity
at higher wavelength [21]. The total hemoglobin (HbT = HbR+HbO>),
lipid and collagen values were calculated from 2 mm x 5 mm regions of
interest close to the surface of the skin to minimize error due to the
linear unmixing [21,23,39]. The averaged HbT signal, (HbTyean), lipid
signal (lipidmean) and collagen signal (collagenyean) Were calculated for
statistical analysis.

2.8. Pathologic examination

After imaging examination, liver tissue specimens were obtained,
fixed with 10% formalin and embedded in paraffin. Liver tissue sections
were stained with haematoxylin—eosin (H&E) and Masson’s trichrome
stains. Liver fibrosis was staged according to the METAVIR scoring
system as follows: FO, no fibrosis; F1, enlarged fiber proliferation on
portal tracts; F2, peripheral fibrosis in the portal area with few fiber
septa formation and intact architecture of the liver lobule; F3, fibrous
septum accompanied by intralobular structural disorders but without
cirrhosis; F4, cirrhosis. The degree of inflammation and necrosis was
graded on a scale of 04 (0 =absent, 1 =slight, 2 =mild, 3 =moderate,
4 =severe).

2.9. Statistical analysis

Statistical analysis and graphical display of data were performed
using GraphPad software (version 7.00; GraphPad Software, San Diego,
CA, USA). In the ICG results, continuous variables were given as means
and standard deviation (SD) in the manually selected ROI region at the
CAA. Averaged PA signal in the CAA were normalized as the relative
photoacoustic signal intensity (PSI.) to reflect the ICG concentration
change as follows:

PSI(t) — PSIyus
PSI,, (t) = T

PSlyq. is the base PSI before ICG injection which generated from
hemoglobin. PSI(t) is the PSI at time t. To quantify the kinetics of PSI,.
change after the ICG injection, an exponential decay model [40] was
used as follows:

PSI,,.(t) = PSIL.(0)e™™

where the elimination time (t;) indicates the elapse time from PSI,.(0)to
the baseline. The rate constant (k) gives the decay rate.

Multi-wavelength photoacoustic signals were obtained from 20
frames of rabbit liver. Frames moving due to breathing are excluded by
the custom breathing program in Matlab. Matlab was used to register the
remaining images and take the mean value for spectral separation. A
mean total hemoglobin (HbTean), lipid signal (lipidpean) and collagen
signal (collagenmean) were calculated over regions of interest of liver.
According to METAVIR scoring system, In vivo and ex vivo statistical
analysis between two groups (fibrosis versus control) of PA parameters
and liver stiffness values were conducted using independent samples t-
tests. For comparison of PA parameters and liver stiffness values among
different stages of liver fibrosis, ANOVA and Tukey’s multiple compar-
ison test or Welch test and DunnettT3 multiple comparison test was
applied. Pearson correlation test was used to investigate the correlation
between in vivo and ex vivo collagen signal and their correlation with
liver stiffness values respectively. A value of p < 0.05 was considered
statistically significant.
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3. Results
3.1. Liver fibrosis models

Three rabbits died of acute liver failure in 0.5-2 days after percuta-
neous injection of 50% CCl4 in the LF group. Finally, 15 rabbits in the LF
group and 6 rabbits in the control group were enrolled for statistical
analysis. Through Masson dye (Fig. 4, first column) of liver tissue, LF
group displayed the increased accumulation of collagen fibers (blue
region) over fibrosis stages and no fibrosis was presented in the control
group. Mean fiber expression percentage by Masson dye was displayed
in Table 1.

By H&E dye (Fig. 4, second column) of liver tissue, different degrees
of hepatic cell necrosis and inflammatory cell infiltration were observed
in LF group. Shear wave elastography (Fig. 4, third column) measure-
ments showed increased liver stiffness values of different fibrosis stages.
The last three columns were PA images of hemoglobin (Fig. 4, fourth
column), lipid (Fig. 4, fifth column), and collagen (Fig. 4, sixth column)
of different fibrosis stages. According to METAVIR scoring system, FO,
no fibrosis (n = 6); F1, enlarged fiber proliferation on portal tracts
(n = 3); F2, peripheral fibrosis in the portal area with few fiber septa
formation and intact architecture of the liver lobule (n = 5); F3, fibrous
septum accompanied by intralobular structural disorders but without
cirrhosis (n = 4); F4, cirrhosis (n = 3).

3.2. Liver stiffness values measurement in vivo

Liver stiffness value (median, range) was displayed in Table 2. With
liver fibrosis development, LSV gradually increased, LSV of control
group was significantly lower than that of liver fibrosis group (10.16kPa
vs. 22.57kPa, p < 0.0001). Multiple comparison of LSV between FO-F4
showed that LSV between adjacent fibrosis stage was not significantly
different, but LSV between FO vs. F2 (p =0.0071), FO vs. F3
(p = 0.0024), FO vs. F4(p < 0.0001), F1 vs. F3(p = 0.0499), F1 vs. F4
(p = 0.0006), F2 vs. F4 (p = 0.0240) was significantly different.

3.3. ICG clearance test in vivo

As illustrated in Fig. 5a, in vivo ICG measurement result showed that
after injection of ICG at 60 s time point, a high-intensity peak was
observed and gradually decreased over time. Statistical results for rate
constant k displayed high value in the control group (k; vs. ky, 0.01858
+ 0.0027 vs. 0.00595 =+ 0.0045, p < 0.0001), while lower value in the
liver fibrosis group. The time to recovery to showed significant differ-
ences between the two groups (to; vs. toz, 199.8 + 40.57 s vs. 549.6
+203.5s, p = 0.0007) (Fig. 5b).

3.4. In vivo and in vitro: collagen, lipid, HbT

Table 3 and Fig. 6 displayed in vivo and in vitro PAI study results. In
vivo study result presented that a significantly higher collagen PSI value
was observed in fibrosis group (p = 0.0017). A significantly higher lipid
PSI value was observed in fibrosis group (p < 0.0001). Total hemoglobin
(HbT) PSI value was similar between control and fibrosis group
(p =0.764). In vitro study result showed that a significantly higher
collagen PSI value was observed in fibrosis group (p = 0.0009). A
significantly higher lipid PSI value was observed in fibrosis group
(p < 0.0001). A significantly higher total hemoglobin (HbT) PSI value
was observed in control group (p = 0.0013).

3.5. Correlation between collagen PSI and LSV, collagen PSI and Mean
fiber expression percentage in vivo vs. in vitro

In vivo study, collagen PSI was strongly correlated with LSV (Pearson
r = 0.8413, p < 0.0001), collagen PSI was highly correlated with mean
fiber expression percentage (Pearson r = 0.7717, p < 0.0001).
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PAI

Liver region

Fig. 4. First column, MASSON dye. Second column, H&E dye. Third column, liver stiffness value measurement by SWE. Fourth column, PAI of Hb. Fifth column, PAI

of lipid. Sixth column, PAI of collagen.

Table 1

Mean fiber expression percentage of different liver fibrosis stage.
Liver fibrosis stage Mean fiber expression percentage SD
FO 0.233 0.221
Fibrosis 19.30 11.90
F1 5.060 0.813
F2 14.03 6.109
F3 23.30 5.095
F4 36.97 1.594

SD, standard deviation

Table 2
Liver stiffness value of different liver fibrosis stage.

Liver fibrosis stage LSV (median, kPa) LSV (range, kPa)

FO 10.16 8.48-12.09
Fibrosis 22.57 12.0-42.03
F1 13.26 12.0-15.49
F2 22.39 13.64-31.56
F3 24.02 21.65-32.42
F4 33.18 31.96-42.03

In vitro study, collagen PSI was positively correlated with LSV
(Pearson r = 0.6525, p = 0.0013), collagen PSI was strongly correlated
with mean fiber expression percentage (Pearson r = 0.8602,
p < 0.0001)..

4. Discussion

Liver fibrosis is a type of "silent" chronic pathological change:
repeated liver injury with fibers dysplasia and deposition. This

progressive scarring of the liver in humans is often caused by hepatitis B,
hepatitis C virus, obesity, or chronic alcohol abuse, and imposes a huge
social and economic burden [41,42]. In this study, liver fibrosis model
was induced by low dose of CCly, the mechanism of which is to cause
liver cell necrosis, thus stimulating fibrous hyperplasia and gradually
forming liver fibrosis and cirrhosis. Then liver stiffness values (LSVs) of
these fibrosis models were measured by SWE. The results showed that
with fibrosis progression, LSVs of fibrosis group increased and were
significantly higher than those of control group, which were consistent
with pathologic change of liver fibrosis and previous related reports [33,
43,44].

In the process of liver fibrosis, necrosis of liver cells and proliferation
of fibrous tissue leads to LFR impairment theoretically. In this study, LFR
of New Zealand rabbits was evaluated by PAI combined with ICG via
central auricular artery. The results demonstrated that the clearance rate
of ICG in the control group was significantly higher than that in the liver
fibrosis group, and the clearance time in the control group was signifi-
cantly shorter than that in the liver fibrosis group, which indicated the
damage of LFR in the process of liver fibrosis. Previous study reported
that in the process of liver fibrosis in human or animal, ICGR15
(generally ICGR15 >10% indicating LFR damage) were significantly
elevated, which supported our study results to some degree. However,
different from the PAI method for LFR assessment in this study, most
published studies applied spectrophotometric analysis or PDD for
ICGR15 measurement, which is either invasive and complicated or the
accuracy is controversial [9-11]. In this study, PAI combined with ICG
was used to monitor LFR in real time. In our previous work, strong
correlation between PAI and spectrophotometry was observed, which
confirmed the accuracy of PAI method for LFR assessment [12].
Therefore, it can be concluded that PAI combined with ICG can effec-
tively reflect the damage of LFR in a living New Zealand rabbit model of
liver fibrosis.
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Fig. 5. ICG clearance studies between fibrosis and control groups of rabbits (fibrosis, n = 15, control group, n = 6). (a). Temporal PA signal trace from 21 rabbits in
two groups. For each curve, data were normalized to the highest intensity acquired. (b) Elimination rate constant k (top) and elimination time tO (bottom).

Table 3
Collagenmean, Lipidmean, HbT in vivo vs. in vitro.
Control Fibrosis F1 F2 F3 F4
(FO)
In vivo
Collagen 0.028 0.109 0.055 0.081 0.151 0.156
+ 0.021 + 0.052 + 0.008 + 0.041 + 0.040 + 0.005
Lipid 0.044 0.262 0.155 0.200 0.306 0.415
+0.023 +0.117 + 0.054 + 0.078 + 0.047 + 0.105
HbT 0.893 0.733 0.647 0.840 0.682 0.683
+ 0.082 + 0.199 +0.176 +0.213 + 0.275 + 0.070
In vitro
Collagen 0.053 0.126 0.111 0.094 0.135 0.180
+ 0.027 + 0.041 + 0.008 + 0.026 + 0.042 + 0.025
Lipid 0.056 0.280 0.146 0.224 0.325 0.445
+ 0.024 + 0.119 + 0.045 + 0.060 + 0.057 + 0.071
HbT 2.015 1.480 1.241 1.412 1.784 1.429
+ 0.252 + 0.308 + 0.155 + 0.371 + 0.175 +0.178

ICG clearance test, as an index to evaluate LFR of rabbits with liver
fibrosis, showed that LFR got injured in the process of liver fibrosis. But
this method can’t quantify the degree of liver fibrosis. Compared with
existing imaging modalities, including ultrasound and MRI, multispec-
tral PAI is a target-specific, quantitative and non-invasive imaging mo-
dality. In order to obtain more specific liver fibrosis information, we
performed multispectral PAI in vivo and in vitro. Liver fibrosis group
presented significantly increased hepatic collagen fiber content than the
control group, which was in good agreement with ultrasound elastog-
raphy and pathological results, indicating the abnormal accumulation of
collagen fibers in the liver [45,46]. In addition, in vitro and in vivo PAI
results showed that lipid components gradually increased with the
progression of liver fibrosis, suggesting abnormal lipid metabolism in

liver during fibrosis pathology. In general, multispectral PAT can detect
abnormal deposition of collagen fibers during liver fibrosis, which is
consistent with similar results obtained recently in mice [23].

Limitations of this study. First, the sample size of different stages of
liver fibrosis in this study is small, and further expansion of sample size
is needed to improve the test power. Second, clinically, various etiol-
ogies such as virus (HBV, HCV), alcohol, drugs or toxicants can cause
liver damage. The basic pathogenic mechanism of these various etiol-
ogies is to cause hepatic cell degeneration or necrosis, stimulate fibrous
tissue hyperplasia. CCl4 damage to the liver conforms to the basic
pathogenic mechanism, but it’s not the same liver damage as that in a
clinical scene. Oil red O for lipid presentation in the pathologic results
was not performed. PA imaging of lipid in fibrosis animal model in this
study is a preliminary try, however it lacks accurate quantitative path-
ologic evidence. Third, one ultrasound system with elastography mode
should be used to locate liver lobe and measure liver stiffness. Fourth,
linear un-mixing analysis. Advanced spectral un-mixing methods need
to be developed to achieve the capability of refined quantification of PA
signal.

5. Conclusion

Photoacoustic tomography was potentially useful to reflect LFR
impairment and collagen accumulation in liver fibrosis models of New
Zealand rabbits.
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