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Liver fibrosis represents a progressive pathological condition that can culminate in severe hepatic dysfunction,
potentially advancing to cirrhosis and liver cancer. The extent of liver fibrosis is intrinsically associated with the
quantity of collagen fibers. Although liver biopsy and ultrasound imaging are standard diagnostic tools, their
application is constrained by risks of significant complications and variability in different investigators,
respectively. In this study, we utilized linear dichroism photoacoustic microscopy (LDPAM) to visualize and
quantify collagen fibers, which exhibit specific absorption of polarized light, subsequently calculating a collagen
fibers degree of dichroism (CDOD) score. We obtained high-resolution images of liver structures, with an
emphasis on collagen fibers within the hepatic tissue. Using the CDOD score, we categorized liver fibrosis into
three distinct stages: normal, early, and advanced. For validation purposes, collagen fibers were visualized with
Sirius-red staining and quantitatively assessed through the collagen proportional area (CPA) score. Our results
demonstrated a significant correlation between the CDOD and CPA scores, with a Pearson coefficient of 0.95.
This approach presents a promising and non-invasive method for assessing liver fibrosis by quantifying collagen
fibers.

1. Introduction

Liver fibrosis is a prevalent pathological feature in liver diseases,
where the severity of fibrosis is closely associated with the accumulation
of collagen fibers [1]. This progression is acknowledged as dynamic and
potentially reversible with timely intervention targeting the underlying
cause and effective therapies [2]. Therefore, early and precise evalua-
tion of liver fibrosis is crucial in clinical settings for devising appropriate
treatment strategies and predicting outcomes. Although liver biopsy is
widely recognized as the gold standard for diagnosing and staging liver
fibrosis [3]. However, the invasiveness of repeated biopsies over a short
period presents practical constraints and potential complications, hin-
dering the clinical utility of monitoring disease progression dynamically
[4,5].

* Corresponding authors.

Qualitative and quantitative imaging modalities have been inte-
grated into ultrasound and MRI to stage liver fibrosis as alternatives to
liver biopsy [6,7]. Ultrasound elastography techniques provide
non-invasive means of diagnosing liver fibrosis. Nonetheless, vibration
controlled transient elastography is hindered by ambiguous cutoff
values and reliance on operator skill [8]. Point shear wave elastography
demonstrates superior diagnostic accuracy and is less influenced by
obesity, although it is limited by a smaller area of assessment [9].
Two-dimensional shear wave elastography provides measurements
across larger tissue areas but lacks comprehensive validation [10].
Additionally, magnetic resonance imaging-based elastography is a
diagnostic technique utilized for assessing of liver fibrosis [11]. This
method employs existing MRI scanners to assess liver stiffness by
generating shear waves through acoustic vibrations. While offering a
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thorough evaluation of liver health with a high level of reproducibility
[12], technical difficulties may be encountered in certain scenarios, such
as cases involving iron overload or ascites [13]. These techniques
contribute to the assessment of liver fibrosis, each with its own
limitations.

Photoacoustic microscopy (PAM) has gained prominence as an
emerging biomedical imaging technique [14], demonstrating promise in
the detection and evaluation of liver pathologies owing to its high res-
olution and non-invasive [15]. PAM utilizes the photoacoustic effect to
acquire comprehensive structural and functional information from tis-
sues by detecting acoustic signals generated from light absorption
within the tissues [16]. Nevertheless, conventional PAM predominantly
depends on the disparate absorption coefficients of different tissue
components to provide contrast. This approach disregards the dichroism
exhibited by collagen fibers, which exhibit varying absorption co-
efficients under different angles of polarized light [17,18]. This omission
poses a significant obstacle in achieving accurate imaging, particularly
in the presence of substantial blood absorption interference [19].

Given these limitations, this study presents a liver fibrosis diagnostic
method using a linear dichroism photoacoustic microscopy (LDPAM)
system as shown in Fig. 1. In contrast to conventional PAM techniques,
we modulate the excitation light into polarized light with adjustable
orientation [20]. By capturing photoacoustic images from multiple an-
gles of polarized light, we can generate collagen fiber degree of di-
chroism (CDOD) images that illustrate the extent of collagen fibers
deposition for assessing liver fibrosis. This approach has the potential to
improve the assessment of liver pathology during surgical procedures,
assisting in making informed decisions regarding tissue resection to
preserve healthy areas.

2. Material and methods
2.1. Principle of linear dichroism photoacoustic microscopy

In conventional photoacoustic imaging, the initial pressure p is
expressed as

D = Iy F @

Where I is the Grueneisen parameter, 7, is the thermal conversion ef-
ficiency, u, represents optical absorption coefficient, and F represents
optical fluence [21]. We further investigate the polarization properties

(e]e]e]e(e]e]e]e]e]

11018183
Polarized laser

-slelslele Vo

Collagen fibers \s000n
Blood vessel

: "‘ﬁ‘.\'ﬂ

- Y s W
C X X ¥ > @

Photoacoustics 42 (2025) 100694

of the scanned samples and the excitation laser, specifically by consid-
ering the dichroism and polarization angles. The u, was changed with
laser polarization angle ¢, assume the sample optical axis orientation is
6, the y, is expressed as

Ha ((m 6’) = p,cos’ <0 - (p) + p,sin’ (9 _ fﬂ)

+ —
:’%+% cos 20— 20)

(2
Where 4, and p, represents optical absorption coefficient while laser
polarization orientation parallel and vertical to the sample optical axis
orientation [19]. Using LDPAM to image the dichroism sample, initial
pressure p(6, ¢) can expressed as
Hy +
p<¢79>:]_'r]th|:P *
It can be know the PA signal changes with laser polarization orien-
tation present the form of a sinus function, to imagine the dichroism
degree of the sample, we measure PA signal amplitude excited by four
polarization orientations ofp(0°, 0),p(45°, ), p(90°, 6), andp(—45",0)
respectively. Defined the degree of dichroism (DOD) of sample as

Hy — Ky
2 * 2

cos (2(,) - 20)]F 3

DOD = /Q3, + U3, / Ipa 4
WhereQpa =p(0°,0) —p(90°,0), Upa =p(45°,0) —p(—45°.0), I;a =p(0°,

0) + p(90°,0). Therefore, LDPAM system can quantify the degree of di-
chroism of the sample.

2.2. System setup

Fig. 2 illustrates the schematic of the LDPAM system, which utilizes a
532-nm pulsed laser (FOTIA 532, Inno-laser) with a pulse width of 5 ns
and a repetition frequency of 5 kHz as the excitation source. During
imaging, the laser power was set to 1.25 mW, and the energy per pulse
was calculated as 250 nJ. The laser output is first spatially filtered
through a pinhole, then split into two paths using a polarization beam
splitter cube. One path is directed towards a photodiode (PDA10A2 - Si
Fixed Gain Detector, Thorlabs) to monitor changes in laser intensity,
while the other path is transmitted through polarizer 1 to achieve full
linear polarization of the laser beam. Following this, the laser beam
undergoes polarization manipulation by passing through a /4 plate to
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Fig. 1. Schematic of the linear dichroism photoacoustic microscopy system quantifying collagen fibers.
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Fig. 2. Schematic of the linear dichroism photoacoustic microscopy system. DAQ, digitizer acquisition; AMP, amplifier; UT, ultrasound transducer; WT, water tank.

achieve circular polarization, then through polarizer 2 to achieve linear
polarization with varying orientations achieved by rotating polarizer 2
[22]. The polarized laser beam is directed through a galvanometer
scanning system to enable single pulse laser excitation of the sample in a
point-by-point manner is focused onto the sample using achromatic
lenses (AC127-050-AB - f = 50.0 mm, @1/2", Thorlabs). The photo-
acoustic effect generates ultrasound waves that are amplified by an
amplifier (LNA-650, RF BAY) and received by an ultrasonic transducer
(V214-BC-RM, Olympus), then converted into PA signals by a digitizer
acquisition card (M4i.4420-x8, Spectrum-instrumentation).

2.3. Phantom experiment

To validate the LDPAM for dichroism sample imaging, we conducted
a phantom experiment by placing a polarizer on the left side and a piece
of black tape on the right side, with a small gap between them, as shown
in Fig. 3(a). The polarizer exhibits stronger dichroism compared to the
black tape. We imaged the phantom using the LDPAM system with
different polarization orientations of the laser to obtain sequential im-
ages, with an imaging area of 0.9 mm x 0.9 mm and a single scan time
of 12 seconds. Subsequently, we extracted the variation curve of PA
signal amplitude with polarization orientation and calculated the DOD
to compare the degree of dichroism. To assess the impact of blood ab-
sorption on the penetration depth, linearly polarized light passed
through diluted bovine blood phantoms (1:5 dilution with PBS) at
varying thicknesses (Fig. 3(f)).

To further image tissues in the presence of blood absorption, we
made a phantom composed of bovine achilles tissue and blood as shown
in Fig. 3(i). The transmitted light intensity was measured at different
polarization angles using a photodiode, and the degree of linear polar-
ization (DLP) was calculated to analyze the effect of blood phantom
thickness on the polarization state. The DLP was calculated using the
formula:

Vi —1)* + (I — I)®
Iy + Iy

DLP = ()

Where Iy, Iy,Ip and Iy correspond to the light intensities at polarizer
orientations of 0°, 90°, 45°, and —45°, respectively.

2.4. Disease models

All animal experiments were performed in compliance with the
Guidelines for the Care and Use of Research Animals established by the
Institutional Ethical Committee of Animal Experimentation of Guang-
dong Provincial People’s Hospital (KY2024-095-01) in China. Experi-
ments were carried out on 18 healthy male C57BL/6 mice aged 6 weeks
and weighing 16-18 g, sourced from the Guangdong Medical Laboratory
Animal Center. The mice were kept in controlled conditions at a tem-
perature of 24 + 2 °C, a 12-hour light/dark cycle, and relative humidity
maintained at 50 + 5 % [23]. To mimic the progression of liver fibrosis,
a 20 % carbon tetrachloride solution (56-23-5, Macklin) prepared in
olive oil was injected into the abdominal cavity of the mice at a dose of
2 ml/kg [24]. The injection protocol was administered three times a
week on Mondays, Wednesdays, and Fridays for ten weeks.

2.5. LDPAM imaging of in vitro experiments

We conducted an in vitro experiment to verify the capability of the
LDPAM system to specifically image collagen fibers. Subsequently, two
consecutive slices were obtained from the fixed liver tissue: one slice
underwent Sirius-red staining and was examined under a microscope to
assess collagen fiber structure as a control, while the other slice was
imaged with the LDPAM system, and the CDOD image was calculated
using (4) to correlate with the Sirius-red staining results.

2.6. LDPAM imaging of liver

The LDPAM system was used for liver imaging in both control mice
and mice with induced liver fibrosis over a period of 10 weeks. Anes-
thesia was induced with 2 % isoflurane [25], and abdominal hair was
removed prior to incising the skin for liver exposure during imaging. A
point-by-point scan was conducted using a pulsed laser with a power of
1.25 mW [15], a repetition rate of 5kHz, and a scan duration of
12 seconds. Imaging of the same area was performed with four different
laser polarization orientations: 0°, 90°, 45°, and —45°. The maximum
amplitude projection was used to obtain photoacoustic images. Each
scan took 12 seconds, and the total scan time did not exceed 60 seconds.
The scanning range was 0.9 mm x 0.9 mm in the horizontal plane, with
an imaging depth of 1536 pm in the vertical direction. Photoacoustic
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Fig. 3. Quantitative LDPAM imaging of the phantom. (a) Photograph of the phantom, the phantom consists of a polarizer and black tape, located on the left and right
respectively. (b) A sequence of PA images acquired by rotating polarizer 36 times with the step of 10 degrees. (c) The quantitative results of PA signal amplitude in (b)
of ROI region in (a). (d) DOD image of the phantom. (e) Quantitative results of DOD value comparison of polarizer and black tape in (d). (f) Schematic diagram of the
experimental setup for testing polarization modulation through bovine blood. (g) Polarization diagram showing the transmitted light intensity as a function of the
polarizer angle for different blood thicknesses. (h) Degree of linear polarization (DLP) as a function of blood thickness. (i) Experimental setup for imaging a combined
tissue phantom consisting of bovine achilles tissue and blood. (j) PA image of the phantom in (i). (k) CDOD image of the phantom in (i). Scale bar = 100 pm.

images obtained from different excitation laser polarization orientations
were analyzed to compute the CDOD image. A threshold for CDOD was
set to identify regions with collagen fibers in the livers of control mice.
The mean CDOD values of regions exceeding this threshold were
calculated to quantify collagen fiber content.

2.7. Liver biopsy and histopathologic evaluation

A liver biopsy was performed after imaging, liver samples from the
mice were fixed in 4 % buffered formalin [26]. After fixation, the tissues
were dehydrated in alcohol, cleared in xylene, and then embedded in

paraffin. The samples were then sliced into 5-pm thick sections and
stained with hematoxylin and eosin (H&E) to comprehensively examine
the liver tissues. Additionally, Sirius-red staining was used to visualize
collagen deposition in the liver tissue [27]. The slices were then exam-
ined and photographed under a light microscope.

2.8. Image analysis

The LDPAM images were analyzed and quantified using a custom-
written MATLAB R2022b program (MathWorks, Inc.). The raw data
from each scan initially formed a three-dimensional matrix, where each
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voxel’s value represented the photoacoustic signal intensity in the 3D
space. The data were then transformed into a two-dimensional
maximum amplitude projections (MAP) image. Before calculating the
CDOD, image registration was conducted to correct for potential small
positional discrepancies in the MAP images due to different excitation
laser polarization orientations. This registration process involved
aligning the four images to ensure accurate comparison and analysis.
Feature points were extracted from each image and matched to establish
correspondences. Then a transformation model involving translation
and rotation was selected to describe the spatial relationship between
the images. The optimization process aimed to minimize the mean
squared error as the error metric by iteratively adjusting the trans-
formation parameters. This iterative process continued until conver-
gence was achieved, ensuring optimal alignment among the images. By
using this registration method, precise spatial alignment was achieved,
enhancing the reliability of subsequent analyses. The registered images
were then substituted into (4) to calculate the CDOD image, followed by
generating a grayscale histogram to calculate the CDOD score.

Additionally, our proprietary MATLAB code was used for quantita-
tive analysis of the pathologically stained images. Using an adaptive
thresholding technique, the stained images were binarized to extract the
collagen fiber structure, and the area percentage was calculated to
obtain the collagen proportional area (CPA) score.

2.9. Statistical analysis

The statistical analysis was performed using SPSS for Windows
(version 26, IBM), to assess the accuracy of the CDOD score in diag-
nosing liver fibrosis, with CPA score as the gold standard. Descriptive
statistics were used to summarize the distribution of CDOD and CPA
score, including metrics like minimum, first quartile, median, third
quartile. One-way analysis of variance (ANOVA) was conducted to
compare CDOD score at different modeling times [28]. Additionally, the
Pearson correlation coefficient was used to evaluate the correlation
between CDOD and CPA scores, based on the data distribution. A
receiver operating characteristic (ROC) curve was generated to evaluate
the diagnostic performance of the CDOD score in predicting liver fibrosis
compared to the CPA score. Then, the area under the curve (AUC) was
calculated to quantify the diagnostic capability. Statistical significance
was set at p < 0.05. Results were interpreted in accordance with the
study’s objectives.

3. Results
3.1. Quantitative LDPAM imaging of the phantom and liver slice

The outcomes of the phantom experiment are illustrated in Fig. 3.
Fig. 3(a) presents a photograph of the phantom, which includes a
polarizer and black tape positioned on the left and right sides, respec-
tively. The polarizer exhibits pronounced dichroism in contrast to the
black tape. Fig. 3(b) shows 36 photoacoustic (PA) images acquired by
rotating the polarizer through 36 different polarized laser excitations.
The PA signal amplitude of the polarizer displays periodic variations,
whereas the PA signal amplitude of the black tape remains relatively
constant. Fig. 3(c) presents the quantitative analysis of the PA signal
amplitude for both the polarizer and black tape within the region of
interest (ROI) delineated in Fig. 3(a). Furthermore, Figs. 3(d) and 3(e)
display the degree of dichroism derived from the PA images. The mean
DOD value for the polarizer is 1.3007, whereas for the black tape, it is
0.0341. These findings demonstrate that LDPAM imaging can effectively
distinguish between dichroic and non-dichroic samples. Fig. 3(g) illus-
trates the relationship between transmitted laser intensities penetrating
blood layers at various thicknesses and excited polarizer angles. Fig. 3
(h) depicts the changes in both laser energy and DLP relative to pene-
tration depth. As the thickness of the bovine blood layer increased, the
transmitted light intensity decreased. Nonetheless, the DLP remained
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almost constant when the thickness of bovine blood layer reached
< 0.7 mm, indicating that the polarization state of the light was not
influenced by blood absorption at shallow depth. In Fig. 3(j), bovine
blood demonstrated a strong absorption signal, whereas the bovine
achilles tendon, rich in collagen fibers, exhibited a much weaker signal.
Despite the significant absorption by the blood, the CDOD image in
Fig. 3(k) revealed that the collagen fibers in the bovine achilles tissue
were still detectable. This result confirms that LDPAM can effectively
image collagen fibers, even in the presence of a strong blood
background.

To further validate the imaging capability of the LDPAM system for
collagen fibers in liver tissue, we conducted experiments on two
consecutive slices of mouse liver tissue, as illustrated in Fig. 4. Figs. 4(a)
and 4(b) depict the stained and unstained slices, respectively. Fig. 4(a)
presents the outcome of Sirius-red staining, with the corresponding
microscope scan shown in Fig. 4(d). Conversely, Fig. 4(b) was imaged
using LDPAM, with the results displayed in Fig. 4(c). The area indicated
by the arrow highlights a cross-section of a blood vessel exhibiting a
strong signal attributable to the presence of blood. The CDOD results
presented in Fig. 4(e) indicate a low CDOD value (< 0.0582) within the
blood vessel area, as denoted by the red arrow, whereas the collagen
fibers on the blood vessel wall exhibit a high CDOD value (> 0.1169).
Fig. 4(f), which represents the overlay of Figs. 4(d) and 4(e), corrobo-
rates the presence of collagen fibers. These findings demonstrates that
LDPAM imaging can effectively and specifically identify collagen fibers.

3.2. In vivo LDPAM imaging of liver

To determine the threshold of CDOD, we imaged the control group,
which included control-M1, control-M2, and control-M3. The PA images
of M1, M2, and M3 are shown in Figs. 5(a), 5(d), and 5(g), respectively.
The corresponding CDOD images are displayed in Figs. 5(b), 5(e), and 5
(h). As the normal mouse liver also contains collagen fibers, with a CPA
of less than 4.8 % [5,29], we counted the CDOD values in the CDOD
images from small to large and plotted them into histograms. The CDOD
value at 95.2 % was selected as the threshold. The CDOD thresholds for
M1, M2, and M3 were determined to be 0.1233, 0.1164, and 0.1246,
respectively. Finally, the average CDOD threshold of the control group
0.1214 was taken as the threshold for collagen fibers.

After determining the CDOD threshold for collagen fibers, we used
this threshold to quantify the severity of liver fibrosis in model mice.
Fig. 6 shows the results of liver imaging by the LDPAM system at
different modeling times. The PA images of control and model mice at 2
weeks, 4 weeks, 6 weeks, 8 weeks, and 10 weeks are displayed in Fig. 6
(a). Due to the liver containing a large amount of blood for in vivo im-
aging, and blood having strong absorption of the 532 nm pulsed laser
[30], the PA images can clearly visualize the blood vessel structure but
cannot directly reflect the content of collagen fibers in the imaging area
[31]. The CDOD images were calculated using PA images with different
excitation laser polarization orientations, as shown in Fig. 6(b). The
contrast in the CDOD image arises from dichroism, removing the blood
vessel structure and enabling reflection of the content of collagen fibers.
To quantify collagen fibers, the CDOD score was statistically calculated
using the threshold determined by the control group and defined as the
average value of the CDOD values greater than the threshold. The CDOD
score at different modeling times was calculated with only typical pre-
sented in Figs. 6(c) to 6(h).

3.3. Liver histopathologic analysis

Fig. 7(a) depicts photographs of the livers of mice in vivo at different
modeling times. During the progression of liver fibrosis, the edges of the
liver undergo changes characterized by irregularity and loss of
smoothness. Fig. 7(b) displays the histological results of Hematoxylin
and Eosin staining, Sirius-red staining, and collagen fiber extraction in
the control group. In contrast, Figs. 7(c) to 7(g) present the results of 2
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Fig. 4. LDPAM imaging of liver slices. (a) Sirius-red staining results of the liver slice in liver fibrosis group. (b) The photograph of mouse liver slice without stained.
(c) PA images of (b) acquired by LDPAM system with four polarization angles representative. (d) Microscope scan results of the liver area in (a). (e) CDOD image
calculated by (c). (f) Results of merging images in panels (d) and (e). Scale bar = 100 pm.
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weeks, 4 weeks, 6 weeks, 8 weeks, and 10 weeks. The collagen pro-
portional area (CPA) score was defined as the percentage of the area
positive for collagen fiber extraction, and we quantified collagen fibers
by calculating the CPA score (control group, 0.1492 + 0.0056; 2 weeks,
4.8228 +0.3009; 4 weeks, 5.3894 4 0.1928; 6 weeks, 6.2592
+ 0.4054; 8 weeks, 7.6086 + 0.5424; 10 weeks, 9.3968 + 0.8650;
p < 0.001). Based on the H&E and Sirius-red staining results obtained
from different modeling times, progressive changes indicative of fibrosis
can be observed. The H&E staining across varying modeling periods
reveals consistent alterations in liver tissue morphology, including
increased nuclear density, disrupted cell alignment, and distortion of
hepatic lobular structure. In parallel, the Sirius-red staining demon-
strates a time-dependent escalation in collagen fibers deposition within
the liver tissue reflecting advancing fibrotic processes. These combined
findings underscore the evolving nature of fibrosis over different
modeling periods, highlighting the temporal dynamics of collagen
accumulation in the liver tissue.

3.4. Quantitative analysis of LDPAM results and correlation analysis with
Sirius-red staining results

To quantitatively evaluate the performance of the LDPAM system in
diagnosing liver fibrosis, we summarized the box plots from quantitative
analysis of CDOD and CPA scores and performed a correlation analysis
between the CDOD score and the pathological CPA score. Additionally,
we conducted ROC analysis to evaluate the effectiveness of the LDPAM
system in discriminating different stages of fibrosis.

Fig. 8(a) illustrates the results of the CDOD score in different stages
of fibrosis (control group, 0.1495 + 0.0056; 2 weeks, 0.1589 + 0.0011;
4 weeks, 0.1621 + 0.0011; 6 weeks, 0.1632 + 0.0009; 8 weeks, 0.1671
+ 0.0022; 10 weeks, 0.1700 £ 0.0016; p < 0.001). Fig. 8(b) illustrates

the results of the CPA score, with the lowest CPA score in the 2 weeks
results being 4.47 %, and the smallest CPA score in the 10 weeks results
being 8.52 %. We considered 4.47 % to be the boundary value between
normal and early fibrosis, and 8.52 % to be the boundary value between
early and advanced fibrosis. All mice were separated based on their CPA
score into three categories: no fibrosis (CPA score < 4.47 %), early
fibrosis (CPA score 4.47-8.52 %), and advanced fibrosis (CPA score >
8.52 %). We then performed ROC analysis to evaluate the effectiveness
of the CDOD score in discriminating different stages of fibrosis deter-
mined by the CPA score. Fig. 8(c) shows that the AUC for distinguishing
fibrotic (CPA score > 4.47 %) from nonfibrotic (CPA < 4.47 %) livers
was 1, indicating perfect discrimination. The 95 % confidence interval
(CI) for this AUC, calculated using bootstrapping with 1000 resamples,
ranged from 1.0000 to 1.0000. Similarly, Fig. 8(d) shows that the AUC
for distinguishing advanced fibrosis (CPA score > 8.52 %) livers was
0.9815, indicating high discriminatory power. The 95 % CI for this AUC
ranged from 0.9735 to 0.9895. Furthermore, we found a significant
correlation between the CPA and CDOD scores, as shown in Fig. 8(e),
with a coefficient of 0.95 (R2 = 0.91). This strong correlation un-
derscores the reliability and validity of the LDPAM system in assessing
liver fibrosis.

4. Discussion

This study presents LDPAM, an innovative diagnostic tool for liver
fibrosis, which facilitates continuous, non-invasive monitoring with
enhanced resolution. By modulating the excitation laser polarization,
LDPAM quantitatively evaluates the accumulation of collagen fibers in
liver tissue, thereby providing critical insights into the progression of
fibrosis.

Through the quantification of collagen fibers and their correlation
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Fig. 7. Liver histopathologic analysis of normal and modeling mice at different stages. (a) Photographs of the liver at different stages. (b) Results of Hematoxylin
Eosin (the first line), Sirius-red staining (the second line) and collagen fibers extraction (the third line) in normal group. (c) Results of H&E, Sirius-red staining and
collagen fibers extraction in liver fibrosis 2 weeks (c), 4 weeks (d), 6 weeks (e), 8 weeks (f), 10 weeks (g) groups. Scale bar = 100 pm.

with histopathological findings, we established thresholds to differen-
tiate between normal, early fibrosis, and advanced fibrosis stages. This
approach improves the accuracy and reliability of fibrosis diagnosis,
potentially minimizing the necessity for invasive liver biopsies. Our
findings demonstrate a strong correlation between the CDOD score
derived from LDPAM imaging and the CPA score obtained from histo-
logical analysis. Furthermore, the high sensitivity and specificity of
LDPAM, as confirmed by ROC analysis, underscore its potential as a liver
fibrosis staging tool. This method is instrumental for monitoring disease
progression and assessing treatment efficacy, rendering it ideal for long-
term studies in both preclinical and clinical contexts.

While LDPAM shows promise in evaluating liver fibrosis, several
limitations exist. The study had a small sample size with few murine
models. Although results are positive, further validation in larger pop-
ulations and real-world clinical settings is necessary [32]. Secondly,
CDOD thresholds for liver fibrosis assessment were based on histo-
pathological analysis using Sirius-red staining, a common but variable
and subjective method for visualizing collagen fibers [33]. Future
research should explore new methods to validate CDOD thresholds for
more reliable fibrosis diagnosis. While LDPAM offers continuous moni-
toring and deep tissue imaging, its penetration may be limited in obese
individuals [34]. Enhancing imaging technology and optimizing pa-
rameters have the potential to broaden the applicability of LDPAM to a
wider patient demographic. The liver fibrosis model was induced via a
20 % carbon tetrachloride injection, which accelerates fibrosis devel-
opment and may constrain the generalizability of our findings to some
extent. Future research should employ less aggressive models to facili-
tate a more comprehensive understanding of fibrosis progression over
time. Existing literature indicates that fibrosis is not uniformly distrib-
uted and that its progression may vary depending on the specific loca-
tion within the liver [35]. In subsequent investigations, we aim to
examine the patterns of fibrosis changes at varying depths within the

liver and to explore the differences among various liver lobes to evaluate
the spatial heterogeneity of fibrosis. In this study, we investigated the
influence of penetration depth and blood background on the polariza-
tion state of light [36]. Our experiments on penetration depth indicate
that the polarization state remains stable in the presence of blood tissue
up to a depth of 0.7 mm. Beyond this threshold, there is a remarkable
decrease in transmitted light intensity, accompanied by a degradation of
the polarization state. Furthermore, the phantom experiments demon-
strate that LDPAM is capable of effectively imaging collagen fibers
despite a strong blood background.

In summary, this research underscores the potential of LDPAM as a
valuable non-invasive modality for the diagnosis and monitoring of liver
fibrosis. To substantiate the clinical utility of LDPAM in evaluating liver
fibrosis, further investigations with larger sample sizes are warranted.

5. Conclusion

This study effectively demonstrated the application of LDPAM as a
non-invasive and efficacious tool for assessing liver fibrosis through the
quantification of collagen fibers. The CDOD scores facilitate the cate-
gorization of liver fibrosis into three distinct stages: normal, early, and
advanced. The strong correlation between the CDOD score and the
histopathological CPA score, evidenced by a Pearson correlation coef-
ficient of 0.95, underscores LDPAM’s accuracy in fibrosis detection.
LDPAM emerges as a valuable diagnostic method for visualizing and
quantifying collagen deposition. This technique holds considerable
promise for enhancing the non-invasive assessment of liver fibrosis,
offering a reliable and innovative approach to diagnosing and moni-
toring this condition.
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Fig. 8. Quantitative analysis of LDPAM results and correlation analysis with Sirius-red staining results. (a) Results of CDOD score to reflect the content of collagen
displayed as a box plots. (b) Results of CPA score in histopathologic analysis. (c) and (d) are receiver operating characteristic analysis of CDOD score to discriminate
different liver fibrosis staging by CPA score. (e) Correlation analysis between the CDOD score of the LDPAM and CPA score of the staining results.
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