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A B S T R A C T   

We present a rapid and high-resolution photoacoustic imaging method for evaluating the liver function reserve 
(LFR). To validate its accuracy, we establish alcoholic liver disease (ALD) models and employ dual-wavelength 
spectral unmixing to assess oxygen metabolism. An empirical mathematical model fits the photoacoustic signals, 
obtaining liver metabolism curve and LFR parameters. Liver oxygen metabolism significantly drops in ALD with 
the emergence of abnormal hepatic lobular structure. ICG half-life remarkably extends from 241 to 568 s in ALD. 
A significant decline in LFR occurs in terminal region compared to central region, indicated by a 106.9 s delay in 
ICG half-life, likely due to hepatic artery and vein damage causing hypoxia and inadequate nutrition. Reduced 
glutathione repairs LFR with a 43% improvement by reducing alcohol-induced oxidative damage. Scalable 
photoacoustic imaging shows immense potential for assessing LFR in alcoholic-related diseases, providing 
assistance to early detection and management of liver disease.   

1. Introduction 

Alcoholic liver disease (ALD) is a prevalent and serious health issue 
worldwide, resulting from the excessive consumption of alcohol [1,2]. It 
poses a significant risk to individuals, leading to severe complications, 
ranging from steatosis to steatohepatitis [3], fibrosis [4], cirrhosis [5], 
and hepatocellular carcinoma [6]. Early detection and accurate assess-
ment of ALD are crucial for effective management and improved patient 
outcomes. 

In recent years, advancements in medical imaging techniques have 
opened new avenues for non-invasive assessment of liver diseases. 
Photoacoustic imaging (PAI) has emerged as a promising modality that 
combines the benefits of high-resolution imaging, deep tissue penetra-
tion [7,8], and functional information [9]. PAI utilizes laser-induced 
photoacoustic signals to generate detailed images by detecting the 
acoustic waves produced from the absorption of pulsed laser light by 
tissue chromophores [10,11]. PAI has demonstrated a variety of bio-
logical applications, such as detecting hemoglobin oxygen saturation 
(sO2) [12,13], measuring blood flow velocity [14,15], enabling 
whole-body imaging in small animals [16], and facilitating preclinical 

cancer diagnosis [17–19]. 
PAI holds great promise in ALD assessment, particularly in evalu-

ating hepatic vascular structure and oxygen metabolism [20,21], which 
are closely associated with liver function reserve (LFR) [16,22]. The 
vascular network is vital for liver health, providing the necessary nu-
trients and oxygen [23,24]. Disruption in vascular structure and oxygen 
metabolism indicate liver damage and impaired LFR [25]. LFR repre-
sents the metabolic capacity of liver and is a critical parameter for 
assessing disease severity and predicting patient outcomes [26]. Tradi-
tional static liver function tests and imaging modalities have limitations 
in comprehensive and real-time LFR evaluation. While hematological 
tests and clinical grading systems can identify liver lesions to some 
extent, they fall short in assessing LFR comprehensively [27,28]. 

Imaging techniques like computed tomography and magnetic reso-
nance imaging lack quantitative evaluation and real-time monitoring of 
LFR changes [29,30]. 

The decline in indocyanine green (ICG) concentration reliably in-
dicates liver function and is commonly employed in LFR assessment [10, 
31]. ICG clearance is calculated by collecting blood samples are 2–4 
times within 15 min after intravenous ICG infusion and measuring their 
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absorbance in vitro [28]. However, this process is invasive, inconve-
nient, and lacks real-time LFR results. Current ALD diagnosis methods, 
such as liver biopsy and imaging techniques, have drawbacks including 
invasiveness [32], sampling errors, low specificity [33], and resolution 
limitations [34]. Consequently, there is an urgent need for a compre-
hensive and precise technology to assess the metabolic function and 
vascular structure, highlighting the importance of LFR assessment. 

We aim to enhance the ability to assess the LFR in ALD patients by 
leveraging the advantages of PAI. To validate the accuracy and sensi-
tivity of PAI in assessing LFR, we established an ALD mouse model at 
different stages. The high-resolution advantage of PAI allowed to visu-
alize vascular structure differences in the liver at varying health levels 
and located lesions. Dual-wavelength spectral unmixing was employed 
to evaluate liver hemoglobin oxygen saturation (sO2), and an empirical 
mathematical model derived LFR-related parameters, including 
maximum peak time (tmax) and half-life (t1/2). Statistical analysis of 
these parameters facilitates a comprehensive comparison of the patho-
logical features between normal liver and ALD liver, further enabling the 
evaluation of metabolic capacity in different liver sub-regions. 

In addition, reduced glutathione (GSH) is a potent antioxidant 
known for its important role in repairing liver function and alleviating 
alcohol-induced oxidative damage effects [6]. Combined GSH as a 
therapeutic intervention for ALD is expected to improve LFR and alle-
viate disease progression. PAI can potentially aid in monitoring the ef-
ficacy of GSH-based therapies by non-invasively assessing changes in the 
vascular structure and oxygen metabolism of the liver. 

We offer an innovative method for the application of scalable PAI to 
the assessment of LFR in ALD, which is expected to unravel the intricate 
relationship between vascular abnormalities, oxygen metabolism and 
LFR, thereby enhancing the understanding of the pathogenesis of ALD 
(Fig. 1). Further research and clinical application of PAI in the treatment 
of ALD have the potential to revolutionize the diagnosis and treatment of 
liver disease, ultimately improving patient outcomes and quality of life. 

2. Material and methods 

2.1. Preparation of animals 

All animals were obtained from the Guangdong Experimental Animal 
Center. The experimental protocols were approved by the ethics com-
mittee of Guangdong provincial people′s hospital, and complied with all 
relevant ethical regulations. Male BALB/c-nude mice aged 6–8 weeks 
were housed in a 12-hour light/12-hour dark cycle with food and water. 
A total of 49 male mice were randomly divided into four groups: acute 
ALD (n = 14), chronic ALD (n = 7), GSH intervention (n = 7) and con-
trol (n = 21). Acute ALD group received alcohol (3 mg/kg body weight 
with 56% (v/v)) before imaging, while the chronic ALD group received 
56% (v/v) alcohol (1 mg/kg body weight) daily for four weeks. The GSH 
group received 56% (v/v) alcohol (1 mg/kg body weight) intragastric 
administration, followed by an intravenous injection of reduced GSH 
12 h later (5 mg/kg body weight), once a day for four weeks. The control 
group received a conventional diet. 

2.2. PAM experiment 

In the acute ALD mice liver structure imaging experiment, mice were 
anesthetized with 2% isoflurane. Abdominal incisions of 5 mm were 
made to expose the liver lobe. The functional information of the liver 
lobule was measured by dual wavelengths of 532 nm and 559 nm (high 
hemoglobin absorption), monitoring sO2 changes within 30 min. Scan-
ning parameters were set as follows: imaging range 2 mm × 2 mm, 
scanning step 5 µm, and laser frequency 1 kHz. For the chronic ALD and 
the GSH groups, the liver lobes were exposed surgically as described 
above. The wavelength of 532 nm was selected to obtain the structural 
information of the liver lobule. 

2.3. PACT experiment 

Each mouse remained under 2% isoflurane anesthesia throughout 
the experiment, with the body fixed upright in the center of the tank. In 

Fig. 1. Schematic diagram for establishment of alcoholic models and representative implementations of PAI.  
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the acute ALD group, images at wavelengths of 1064 nm and 780 nm 
were captured after alcohol administration to calculate sO2. In the 
chronic ALD and GSH groups, an indwelling needle was inserted into the 
mouse tail vein prior to imaging. An injection pump (D107886, KD 
Scientific Inc., USA) delivered 0.1 mL (3 mmol/kg body weight) of ICG 
solution at 0.2 mL/s. The laser wavelength was set at 780 nm, and a 
cross-section of mouse liver was scanned and imaged. Photoacoustic 
signals were continuously collected for 10 min. The control group was 
injected with the same volume of normal saline. 

2.4. Photoacoustic imaging system 

PAM (G2, InnoLaser) offers optical-to-acoustic resolution conversion 
with up to 5 µm optical resolution, supporting multi-wavelength laser 
scanning at 532 nm, 559 nm, and 750–840 nm. The acoustic signal 
generated by laser irradiation on the tissue was received by a 50 MHz 
ultrasonic sensor. The laser pulse repetition frequency is set to 10 kHz, 
and the X-axis B-scan rate is 25 Hz. 

PACT (SIP-PACT, Union Photoacoustic Technologies) can be used for 
organs cross-section imaging. It is equipped with a laser with a 20 Hz 
repetition rate, enabling imaging at wavelengths of 680–950 nm, 
1064 nm, and 1190–2600 nm. A 512-element ring array ultrasonic 
transducer with a center frequency of 5.5 MHz is used to collect ultra-
sonic signals. The imaging resolution is 125 µm, and the imaging depth 
is approximately 5 cm. 

2.5. Signal and image processing 

MATLAB 9.8 software (R2020a, MathWorks) was used for image 
processing. Raw data was reconstructed by the dual acoustic back- 
projection algorithm to generate a PA image. Vascular features were 
extract from the PA images using the Hessian Filter Enhancement al-
gorithm, providing more detailed information. The differential image 
was obtained by subtracting the baseline image from the post-injection. 
The portion of the image whose signal value was greater than the 
average pixel was chosen as the enhancement part and assigned color 
pixels. It was then overlaid on a 1064 nm background image. 

To image the mouse liver, two different wavelengths of laser pulses 
(1064 nm and 780 nm) were used. The 1064 nm wavelength provides 
deep penetration, enabling clearer image of the liver structure. In the 
range of 600–800 nm, oxygenated hemoglobin (HbO2) and deoxygen-
ated hemoglobin (Hb) have distinct absorption coefficients. The wave-
length of 780 nm can achieve high contrast to distinguish the signals of 
oxyhemoglobin and deoxyhemoglobin. Photoacoustic images at 
1064 nm and 780 nm were used for spectral unmixing to calculate sO2 
[35]. 

Binary conversion was applied to transform photoacoustic images 
into binary images represented by single-bit pixels (0 or 1). Intensity- 
based thresholding (0.3) was employed to identify and extract regions 
of interest. Abnormal blood vessels were recognized using a clustering 
algorithm based on vessel diameter characteristics [36]. 

2.6. Empirical mathematical model 

Origin 2016 was used for all data processing. The base value for 
monitoring liver ICG metabolism was obtained by averaging 300 image 
signal values before ICG injection. The image signal value was quanti-
fied within 10 min of ICG injection, and the metabolic curve was drawn 
after filtering and smoothing. Relative intensity (RI) of the ICG signal 
was calculated using the following formula [37]: 

RI = [PA(t) − PA(0)]/[PA(0)] (1)  

where PA(t) represents post-injection time-varying photoacoustic signal 
value, and PA(0) is the pre-injection basis value. The metabolic curve 
can be fitted according to the following formula [38]: 

RI =

{
0, 0 ≤ t < t0

A⋅
[
1 − e− α(t− t0)

]
⋅q⋅eβ(t− t0), t0 ≤ t (2)  

where A is the maximum amplitude of RI, t is the time variable (s), α is 
the rate of drug uptake (s− 1), β is the rate of drug metabolism (s− 1), and q 
is the parameter associated with the slope of early uptake. Maximum 
peak time (tmax) of RI and half-life of metabolism (t1/2) were derived 
from the fitted curves. 

2.7. Statistical analysis 

SPSS27 software (IBM, USA) was utilized for the statistical analysis. 
One-way ANOVA was used to compare the results between groups after 
checking the normality of sO2 data. A two-tailed P value less than 0.05 
was indicative of a significant difference. Quantitative data of hepatic 
metabolic parameters were displayed as mean ± standard deviation. 

2.8. Histopathology of liver 

After paraffin embedding, the liver tissue was fixed with a 10% 
paraformaldehyde solution and sectioned. The tissue slices were stained 
by hematoxylin and eosin. Frozen liver slices were dried and incubated 
in 100% isopropanol before being stained with oil red O. Histopatho-
logical changes in the liver were examined under a microscope. 

3. Results 

3.1. Blood oxygen levels in mice with acute ALD 

PAM and PACT monitored sO2 changes in the livers of mice after 
acute alcohol administration at multi-scale. PAM images (Fig. 2a) dis-
played the microstructure and function of the hepatic lobules, which are 
the primary liver unit. Alcohol gavage had no significant impact on the 
microstructure of hepatic lobules, but sO2 steadily declined (Before: 
84.3 ± 2.1%, 30 min: 71.5 ± 5.0%, p < 0.05). In the control group, sO2 
initially dropped and then increased (Before: 84.79 ± 2.86%, 30 min: 
83.0 ± 2.4%, p < 0.05). Fig. 2b depicted the entire liver cross-section by 
PACT. In the acute ALD group, sO2 gradually decreased within 30 min 
after alcohol gavage (Before: 91.8 ± 5.0%, 30 min: 52.1 ± 3.4%, 
p < 0.01). In the control group, sO2 decreased slightly after 5 min of 
saline injection, then returned to normal (Before: 84.9 ± 0.2%, 30 min: 
83.8 ± 1.4%, p < 0.01), consistent with PAM results. 

3.2. Evaluating the LFR in chronic ALD mice by PACT 

PACT enabled macroscopic liver imaging, visualizing the vascular 
network and hepatic cross-section tissues. Dynamic recordings captured 
vibrations of the portal vein, inferior vena cava, and abdominal aorta. 
ICG is an FDA-approved contrast agent, served as an optical indicator for 
clinical liver function testing. Fig. 3(a)–(c) illustrated the photoacoustic 
signals from liver slices recorded within 600 s after ICG injection for LFR 
assessment. The color signal indicated time-dependent ICG uptake in the 
liver. LFR curves for the three liver groups were shown in Fig. 3(d)–(f). 
Long-term alcohol consumption negatively affects liver blood vessels, 
further impairing liver function. Fig. 3(g) displayed prolonged tmax of 
ICG in the chronic ALD group compared to the control, while it was 
shorter following GSH administration (Control: 91.9 ± 3.0 s, Chronic 
ALD: 139.8 ± 12.4 s, GSH: 120.8 ± 13.4 s, p < 0.05). The rate of ICG 
clearance in the chronic ALD group was approximately twice as slow as 
the control group. Compared to the control group, the t1/2 in the GSH 
group was a slightly longer (Control: 241.0 ± 8.0 s, Chronic ALD: 568.2 
± 23.2 s, GSH: 356.1 ± 10.8 s, p < 0.01). These findings indicate that 
alcohol impaired liver LFR. GSH effectively repaired LFR (t1/2) with 
~43% improvement by reducing alcohol-induced oxidative damage. 
Interestingly, early intervention alleviated the negative effects of 
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alcohol on liver function. 

3.3. Changes in LFR based on different liver sub-areas 

Drug metabolism is a crucial liver function for eliminating foreign 
substances such as drugs, alcohol, and poisons. It was found that ICG 
was metabolized differently in the various areas of the whole liver. The 
results showed that t1/2 in the central region (yellow dashed box, Fig. 4 
(b)) was 208.5 ± 9.0 s, and 220.3 ± 8.9 s in the terminal region (red 
dashed box, Fig. 4(c)) in the control group. In the chronic ALD group, t1/ 

2 in the central region (yellow dashed box, Fig. 4(e)) was 500.6 ± 21.4 s, 

and it was 619.3 ± 18.3 s in the terminal region (red dashed box, Fig. 4 
(f)). Analysis revealed a ~400 s prolongation of t1/2 in the terminal 
region and ~300 s in the central region in the chronic ALD group 
compared to the control. Long-term alcohol use affected liver meta-
bolism more severely in the terminal region than in the central region. It 
is speculated that chronic ALD leads to hepatocyte necrosis, causing a 
disruption in the continuity of hepatic vascular structure. Moreover, the 
functions of the portal vein (providing nutrients) and hepatic artery 
(providing oxygen) were impaired. Fig. 4(a) and (d) depicted insuffi-
cient nourishment and oxygen in the tissues of the terminal liver region 
compared to the central region. Hence, the damage was more severe, 

Fig. 2. Microstructural and oxygen metabolism imaging of the liver in acute ALD model. (a) PAM was used to monitor sO2 images in the liver within 30 min in 
control and acute ALD groups. (b) PACT was used to monitor sO2 images in the liver within 30 min in control and acute ALD groups. Quantitative oximetry data from 
(c) PAM and (d) PACT. Scale bars: 500 µm (PAM), 5 mm (PACT). *, p < 0.05, **, p < 0.01. 
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resulting in a significant decline in LFR. 

3.4. Microscopic imaging of liver structures in chronic ALD mice 

To examine micro-level structural abnormalities in the livers of 
chronic ALD mice, PAM scans were conducted. Fig. 5(a) revealed 
distinct liver lobule structure and well-organized blood vessels in 
healthy mice. In the chronic ALD group, blood vessels appeared blurry 
with numerous vascular nodules. Furthermore, liver lobes presented 

partial edema and fatty lesions. The GSH group showed mild vessel 
swelling and a few vascular nodules, primarily due to local inflamma-
tion caused by alcohol abuse. Fig. 5(b) binarized the microscopic images 
to highlight vascular continuity. The chronic ALD group showed a wide 
range of vascular signal loss, indicating a higher prevalence of steatosis 
around vessels. In comparison, the GSH group exhibited less damage. 
Fig. 5(c) utilized a vascular feature algorithm to identify the abnormal 
vascular region in red. The chronic ALD group displayed the largest 
abnormal vascular area. 

Fig. 3. Time course of LFR in mice liver was measured by PACT. PACT images visualizing ICG clearance in (a) control, (b) chronic ALD, and (c) GSH groups. (d), (e), 
and (f) Liver metabolic curves in different groups. (g) Quantitative data of kinetic parameters tmax and t1/2. All scale bars are 5 mm. *, p < 0.05, **, p < 0.01. 
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3.5. Pathophysiological examination 

The pathogenic structure of chronic ALD was showed in Fig. 6(a), 
highlighting noticeable pathological abnormalities compared to the 
control group. These abnormalities included disorganized hepatic cords, 
irregularly arranged hepatic plates, neutrophil infiltration, hepatocyte 
vacuolation, mallory body presence, and steatosis (shown in I and II in 
the second row). Similarly, Fig. 6(b) showed a more severe fatty liver in 
the chronic ALD group. 

The changes in serum alanine transaminase (ALT), aspartate trans-
aminase (AST), triglyceride (TG), and glutathione peroxidase (GSH-PX) 
can reflect the degree of ethanol-induced liver injury, as shown in Fig. 6 
(c). The ALT, AST, and TG levels in the chronic ALD group were 110%, 
163%, and 73% higher than the control, whereas GSH-PX was 20% 
lower. After GSH intervention, serum ALT and AST levels in chronic ALD 
mice decreased to some extent. Acetaldehyde dehydrogenase (ADH) and 
alcohol dehydrogenase (ALDH) are key enzymes in ethanol metabolism. 
Compared to the control group, the ADH activity in chronic ALD group 
was noticeably reduced, although it increased after GSH intervention, as 
shown in Fig. 6(c). Liver ALDH activity in both the chronic ALD and GSH 
groups increased by 43% and 118%, respectively. These results indi-
cated that the liver of chronically alcohol-consuming mice could better 
metabolize alcohol with the help of GSH. 

4. Discussion 

In this study, dynamic PAI was utilized to demonstrate the micro-
scopic and macroscopic features of the early stages of ALD. Traditional 
ALD diagnostic methods, such as liver biopsy and various imaging 
techniques, suffer from invasiveness, sampling errors, low specificity, 
and limited resolution. Therefore, we combined PAM and PACT to 
provide a more comprehensive perspective for ALD research. Alcohol 

consumption altered liver vascular structure and functional parameters, 
including oxygen metabolism, demonstrated through PAM and PACT. 
Quantitative analysis of the light absorption intensity of HbO2 and Hb at 
different wavelengths allows accurate assessment the sO2 levels. 
Excessive alcohol intake rapidly decreases the sO2 levels in the liver, 
causing acute hypoxia and potential liver failure. Studies suggest alcohol 
hinders the absorption of oxygen by hemoglobin, causing red blood cell 
agglutination and impaired organ oxygen delivery [39]. 

ICG concentration decline is widely used to reflect liver function. 
However, ICG clearance rate testing is invasive and not real-time. We 
present a non-invasive method based on rapid and dynamic PACT for 
accurate LFR assessment. Understanding liver metabolism is crucial for 
optimal medication therapy. ICG is a key dye for monitoring LFR and 
hemodynamics. Combining ICG with photoacoustic technology enables 
us to evaluate the severity of liver disease by measuring dye metabolism 
and clearance rate of the. We quantified the time course curve of ICG by 
measuring photoacoustic signal intensity changes. Results showed sig-
nificant metabolic differences between healthy and sick livers, with 
prolonged tmax and t1/2 of ICG observed after alcohol injury. GSH 
intervention partially recovers liver metabolic capacity and reduces 
vascular steatosis severity. This non-invasive method, with fast, multi- 
wavelength, wide-field, and high-resolution capabilities, provides a 
new strategy for clinical LFR evaluation. 

Alcohol primarily damages the liver terminal region, impacting the 
nutrients and oxygen transport during ALD [35]. The integrity and 
functionality of the liver blood vessels are also damaged. Moreover, 
since the terminal region is far from the center, these factors lead to 
insufficient nutrient supply (portal vein) and oxygen supply (hepatic 
artery) to the terminal region. PAI can zone the LFR by accurately 
evaluating the metabolic capacity of different sub-areas. 

The liver converts alcohol into water and carbon dioxide [3,23]. 
Prolonged alcohol consumption alters enzyme activity. According to 

Fig. 4. Time course of LFR in mice liver sub-areas. Blood vessels transporting nutrients and oxygen in the liver in (a) control and (d) chronic ALD groups. Metabolic 
curves of the central region in (b) control and (c) chronic ALD groups. Metabolic curves of the terminal region in (e) control and (f) chronic ALD groups. All scale bars 
are 5 mm. 
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studies, ethanol exposure generates free radicals and oxidants, 
increasing GSH utilization for detoxification [40]. GSH is crucial in 
mitigating alcohol-induced oxidative damage. 

This study utilizes two imaging technologies: Photoacoustic micro-
scopy excels in high-resolution imaging, revealing microvascular 
morphology and providing vital tissue functionality information, 
including oxygen saturation. Additionally, its precise localization ca-
pabilities enhance accuracy and visual effectiveness in detecting 
anomalous blood vessels. On the other hand, photoacoustic computed 
tomography demonstrates real-time dynamic visualizations of the liver 
noninvasively. It offers a powerful tool for diagnosing and monitoring 
liver diseases with broad clinical applications. By harnessing the syn-
ergies of these two imaging systems, this study maximizes the unique 
advantages of photoacoustic technology in liver research and medical 
applications. 

In summary, recent advancements in PAI hold promise for assessing 

ALD by visualizing and quantifying liver vascular structure, oxygen 
saturation, and LFR. This non-invasive technique has significant clinical 
applications in ALD diagnosis and management. Ongoing research in 
PAI techniques have the potential to revolutionize ALD assessment, 
leading to improved patient outcomes. 

5. Conclusion 

We introduced an innovative multi-scale PAI technique for precise 
measurement of LFR. Compared to traditional clinical imaging, PAI of-
fers non-invasiveness and high-contrast visualization, potentially 
enhancing comprehensive assessment of hepatic diseases. However, 
challenges in imaging speed arise due to limitations in laser frequency 
and B-scan rates. PAM primarily targets surface microvasculature, yet 
deep vascular lesions are crucial for hepatic disease diagnosis. Our next 
step improvements involve enhancing imaging speed and depth while 

Fig. 5. Structural images of the liver were obtained by PAM at 532 nm. (a) Photoacoustic images. (b) The image after filtering and binarization of figure (a). (c) 
Abnormal blood vessel images by feature extraction. All scale bars are 500 µm. 

T. Sun et al.                                                                                                                                                                                                                                      



Photoacoustics 34 (2023) 100569

8

Fig. 6. Pathological sections of mouse livers from three groups were stained with hematoxylin and eosin. (a) The sections were magnified at × 100 and × 400 in Row 
1 and Row 2, respectively. The second row is an enlarged image of the area enclosed by the yellow box from the first row. (b) The oil-red O section was magnified at 
× 400. (c) Blood biochemical index. (d) Enzyme activity. 
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maintaining system stability through higher laser frequencies, and 
optimized scanning algorithms. 

In summary, our research provides opportunities for hepatic disease 
diagnosis and monitoring. We anticipate wide interest across research 
domains, advancing medical imaging and disease diagnosis research. 
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