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A B S T R A C T   

Rheumatoid arthritis (RA) is a chronic autoimmune disease characterized by the formation of new vessels, sy
novial proliferation and destruction of articular cartilage. However, characteristic early diagnostic and thera
peutic monitoring methods are still lacking. We report a study using a photoacoustic/ultrasound (PA/US) dual- 
mode imaging for RA disease. By establishing a collagen-induced (CIA) RA mouse model to classify disease states 
based on a subjective grading system, PA/US imaging allows real-time assessment of synovial erosion and 
vascular opacification within the knee joint in different disease states at high spatial resolution. The system also 
quantitatively monitors subcutaneous vascular physiology and morphology in the hind paw of mice, measuring 
the area and photoacoustic signal intensity of vascular proliferation and showing a positive correlation with 
disease grading. Compared to traditional subjective scoring of arthritis severity, the PA/US imaging is more 
sensitive i.e., vascular signals and synovial erosion can be observed early in the course of arthritis.   

1. Introduction 

Rheumatoid arthritis (RA) is a chronic autoimmune disease with an 
unclear etiology. Pathological alternations include angiogenesis of 
microvessels, pannus development, and degradation of cartilage and 
bone [1,2]. Early identification and therapeutic care are crucial since RA 
causes progressive joint deterioration and systemic responses, and even 
early death [3–6]. In general, the synovium is a membranous structure 
attached to the edges of the joint surface and the periphery of the 
articular cartilage, lines the joint capsule, and is mainly arranged over 
the joints, bursae and tendon sheaths. The synovial membrane is 
responsible for the production of synovial fluid, which acts as a lubricant 
and nourisher for the joints. The synovium is affected by several dis
eases, such as inflammatory, traumatic, degenerative and infectious 
diseases. In RA, synovial tissue is first affected, leading to inflammatory 
changes and synovial thickening, presenting with the production of 
vascular opacities, a characteristic pathological change in rheumatoid 
arthritis [7,8]. Persistent active synovitis can induce subsequent 

anatomical damage, including cartilage damage, ligamentous rupture, 
and bone erosion. Among these, cartilage damage is strongly associated 
with loss of joint function and disability [5]. Clinically, X-ray and 
computed tomography (CT) scans are common diagnostic tools for RA 
[9,10], but they can only be used when the bone has deteriorated [11, 
12], and also lack specificity for soft tissue and blood vessels [13]. 
Moreover, X-ray and CT involve radiation, which may increase the risk 
of cancer or teratogenesis[14]. Magnetic resonance imaging (MRI) offers 
greater sensitivity for the identification of soft tissue and bone deterio
ration, and for imaging modalities of synovial lesions. MRI is more 
diagnostic than other methods and helps to narrow the differential 
diagnosis [15,16]. But it is hampered by high cost, low temporal reso
lution, and a narrow patient enclosure that can lead to claustrophobia 
[17,18]. There is an unmet need for higher sensitive, specific and 
non-invasive diagnostic monitoring methods to identify synovial ero
sions and vascular opacities at an early stage. 

Photoacoustic imaging (PAI) is a new hybrid imaging method 
[19–22]. When a laser irradiates the imaging target, the target absorbs 
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photons to generate transient thermoelastic expansion that outwardly 
emits ultrasonic waves. The ultrasonic signal is received by an ultrasonic 
transducer and reconstructed by an algorithm into a three-dimensional 
image where the intensity of the target signal is proportional to the 
amount of light absorption [23]. PAI combines the advantages of optical 
imaging and ultrasonic imaging [24], with high spatial resolution 
(0.1–100 µm) [25], and deep penetration depth [26]. Endogenous lu
minous groups (hemoglobin, melanin, etc.) and exogenous molecules 
(metal nanoparticles, organic small molecules, etc.) may be excited by 
laser and produce a PA effect [27]. PAI can directly visualize vascular 
morphology with high resolution and high contrast, based on the high 
absorption of hemoglobin in the blood vessels. Based on these charac
teristics, PAI can successfully acquire the vascular morphology inside 
the joint [28]. Due to its non-invasive, and high contrast, real-time 
continuous imaging characteristics, PAI is suitable for specific and 
sensitive monitoring of RA. Currently, photoacoustic imaging for 
arthritis in mouse models mostly requires exogenous contrast agents, 
including Evans blue, indocyanine green, and gold nanoparticles, etc 
[18,29,30]. Contrast agents can enhance the signal-to-noise ratio and 
signal strength of photoacoustic signals, making it easier to visualize 
anatomical structures. However, the presence of contrast agents may be 
toxic and allergic and invasive, so imaging without contrast agents is 
more acceptable to the public. In addition, the inflammatory changes in 
the foot are also an important part in the mouse model of rheumatoid 
arthritis, but we have not retrieved any article on quantitative analysis 
of the foot vascular photoacoustic imaging (vessel diameter, photo
acoustic signal intensity) in mice with rheumatoid arthritis, and our 
work is well suited to fill this gap. 

As a mature imaging technology, ultrasonic imaging (USI) has been 
used in the diagnosis, treatment and monitor of RA. In particular, high- 
resolution musculoskeletal ultrasound is used to evaluate inflammation 
(exudation, proliferation) and structural damage (cartilage, sub
chondral, meniscus, bone, joint space) [31–35]. Studies have shown that 
musculoskeletal ultrasound can be used to monitor the disease activity 
of RA [35,36]. At the same time, various clinical studies have shown that 
USI can be used to further predict joint injury, even in the case of clinical 
remission of RA. Some studies have found that, through local irradia
tion, ultrasound can form bubbles that burst at high temperature and kill 
inflammatory cells, thereby reducing synovial hyperplasia and tissue 
damage, which may alleviate the clinical symptoms of RA patients, such 
as reducing morning stiffness and increasing grip strength, therefore 
benefits in relieving the disease and slowing its progression [37,38]. As a 
mature imaging technology, ultrasound and other imaging technologies 
can complement each other’s deficiencies, such as artifacts, examination 
methods, and lack of clarity and resolution. 

Photoacoustic and ultrasonic imaging (PA/US) systems are highly 
similar and can share the same ultrasonic transducer to receive signals 
[39]. Photoacoustic imaging provides the morphology of blood vessels 
within tissues, and ultrasound imaging reveals tissue structure. The 
dual-mode imaging of PA/US can effectively avoid artifacts and carry 
out high-resolution and high-contrast imaging of rheumatoid arthritis 
[40–42]. In small animals, previous results have shown that the intensity 
of PA signal images in arthritic ankles is significantly enhanced 
compared to normal joints, demonstrating the feasibility of PAI mea
surements of angiogenesis [43–45]. In addition, recent studies have 
addressed the use of exogenous PA contrast agents combined with drugs 
as the imaging or therapeutic medium for RA [29,46,47]. Currently, PAI 
is not only limited to animal models, and relevant imaging devices and 
techniques are already available in the clinic [48–50]. One study 
examined seven small joints in humans using a PA/US imaging system to 
measure relative oxygen saturation values in inflamed joints and showed 
that the sub-PA score was highly positively correlated with the standard 
clinical score for RA. There is no doubt that PAI technology has shown 
great application value in RA. 

Using an RA mouse model, we performed PA/US dual-mode imaging 
without exogenous contrast agent on the knee joint and studied the 

feasibility of PA/US dual-mode imaging in the diagnosis of RA. PAI was 
used to monitor the pannus of the knee joint, and USI was used to 
monitor the synovial erosion (cartilage and joint space) of the mouse 
joint. We hope to establish a more intuitive and effective method to 
diagnose early RA, so as to better guide treatment and assist future 
clinical translation and application. 

2. Materials and methods 

2.1. Collagen-induced arthritis (CIA) model 

All animal experiments were approved by the Animal Ethics Com
mittee of Shantou University Medical College. Animal experiments and 
experimental procedures were performed in strict accordance with 
institutional and national regulations. The collagen-induced arthritis 
(CIA) model is the most commonly used animal model for studying RA 
[51]，adult DBA/1 mice are a susceptible model of RA. Three mice are 
used for each grade (0–4). We purchased a total of three batches of 
DBA/1 mice, 30 mice from each of the first two batches for 
pre-experiments and 50 mice from the third batch for formal experi
ments. Male DBA/1 mice (8 weeks old) were purchased from Gem
pharmatech Co., Ltd, and housed at 4–5 mice per cage. The light cycle 
was controlled at 12 h in a room at a temperature of 21 ◦C and 45 % 
humidity, and water and food were ingested ad libitum. After one week 
of adaptive feeding, RA mice were established in genetically susceptible 
mice by immunization with emulsified type II collagen in complete 
Freund’s adjuvant (CFA). The general procedure was to add an equal 
amount of type II collagen (4 mg/ml) drop by drop to complete Freund’s 
adjuvant (CFA) (4 mg/ml), which was completely mixed and emulsified 
in a tissue homogenizer. It is important to ensure that the procedure is 
performed at low temperature. Mice anesthetized with 2.5 % isoflurane 
were slowly injected intradermall (i.d.) with 50 μL of emulsion at a 
distance of 1.5 cm from the tail root. The same concentration of emul
sion was re-injected in the tail 14 days after the first immunization to 
enhance immunity and ensure a high incidence of CIA. Based on the 
subjective scoring system reported in the literature [52], the mice were 
evaluated 21 days after injection of the modeling drug, and different 
disease scores were given to the onset mice for the experiments based on 
the degree and extent of hind paw swelling. In this process, we ensured 
that there were at least three mice with a similar disease score for each 
disease score class (0–4). In dual-modal PA/US imaging, three mice in 
each grade (0–4) were scanned 3 times to ensure the reliability and 
reproducibility of the imaging data. Before the experiment, mice were 
anesthetized with 3 % isoflurane and kept at rest, and the knee imaging 
area of the mice to be imaged was removed with commercial hair 
removal cream. During the experiment, the mice were secured in a 
special immobilization holder (used 3D printing technology to specially 
make a groove for mice to lie in.) on a heating pad to ensure proper 
imaging body position (to ensure that the imaging positions of different 
groups of mice were similar as far as possible) and to maintain their body 
temperature, and the hind limbs were secured and bent approximately 
60 degrees to expose the imaging area as much as possible during the 
experiment. Ultrasound gel and deionized water were used to couple the 
PA signal between the mouse skin and the transducer. Mice with normal 
and different RA scores were imaged at least three times in each group. 
Except for the mice that died during the experiment, the remaining mice 
with different disease scores were imaged. The schematic diagram of the 
RA model and the imaging principle are shown in Fig. 1(A). In this study, 
PAI is used to detect angiogenesis in joints, and USI is used to assess 
synovial erosion. 

2.2. Clinical scores and histopathological scores 

2.2.1. Arthritis severity subjective assessment scoring system 
Visual identification of arthritic limbs was not difficult, and the de

gree of swelling, erythema, and limb stiffness of the limbs (toes and 
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ankles) was determined by a subjective grading system (Table 1). A 
clinical severity score of 0–4 was assigned to each joint [52]. According 
to the observed experimental results, we grade the photoacoustic signals 
of the blood vessels in the knee joints of RA mice under photo
acoustic/ultrasound, we scored angiogenesis according to normal and 
four different disease grades, the area and shape of color pixels in the 
knee joint area, the results are shown in Table 2. 

2.2.2. Histological analysis 
After imaging was completed, mice were euthanized, hind limbs 

were separated from the hip joint, fixed using paraformaldehyde and 
decalcified using ethylenediaminetetraacetic acid (EDTA), and used for 
histological studies. Histological analysis plays a key role in the assess
ment of rheumatoid arthritis of the knee joints, and microscopic images 
are used to demonstrate the underlying morphology of bone and 

Fig. 1. Schematic diagram of RA pathology, imaging modality and the PA/US system. (A) Schematic diagram of rheumatoid arthritis knee lesions and imaging 
modalities. The principal pathological changes in rheumatoid arthritis are vascular opacification，synovial erosion and cartilage destruction, accompanied by in
flammatory cell infiltration and the release of large amounts of cytokines. Images of the PA/US dual-modality system on the knee joint of an RA mouse are also 
shown, with PA images, US images and PA/US coupled images. (B) Optical and circuit connections of the PA/US system. (C) The lateral resolution of PA imaging 
measured with the sharp-edge method. (D) The lateral resolution of US imaging measured with the sharp-edge method. FPGA, field-programmable gate array; 
USDPB: ultrasound transducer delay pause board; DAQ, data acquisition; LNA, low noise amplifier; Obj, Objective; UT, ultrasound transducer. 

Table 1 
Scoring system for subjective evaluation of arthritis severity.  

Severity 
score 

Degree of inflammation  

0 No signs of erythema or swelling  
1 Erythema and mild swelling confined to the tarsal or ankle joint  
2 Erythema and mild swelling from the ankle to the tarsus  
3 Erythema and moderate swelling from the ankle to the 

metatarsophalangeal joint  
4 Erythema and severe swelling including ankles, feet and fingers, or 

tonicity of extremities  

Table 2 
Photoacoustic RA neovascularization severity scoring system.  

Severity 
score 

Degree of inflammation  

0 No or very few point detectable PA signals  
1 2–3 points or small patches of detectable PA signal  
2 3–4 points or small patches of detectable PA signal  
3 2–3 wide linear detectable PA signals extending to the center of the 

joint cavity  
4 The PA signal area extends in large contiguous patches to the center 

of the joint cavity  
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cartilage fibers, useful for corroborating photoacoustic imaging results 
[30]. 

2.3. Multimodal PA/US imaging system 

In this study, the schematic diagram of the PA/US microscopy system 
is shown in Fig. 1(B). Briefly, the excitation source of the PA signal is a 

Fig. 2. Photoacoustic imaging of the hind paws of DBA/1 mice. (A–E) Macrophotographs of the hind paws of normal and grade 1–4 RA mice. (F–J) Maximum 
amplitude projection (MAP) imaging of the hind paws of normal and grade 1–4 RA mice. (K–O) Maximum amplitude projection imaging after removing the skin 
signal to expose the internal vasculature, which can reflect the extent of the disease. (P–T) Grayscale map of the hind paw of a mouse to provide a better picture of the 
vascular pathways and morphology. (U) Top view of the hind paw of a DBA/1 mouse (left). (V) Different toe diameters of the hind paws of RA mice with different 
disease states were counted, and each toe was measured at three different positions: upper, middle and lower (1,2,3). n = 3, ①p = 0.027, ②p = 0.014, ③p = 0.001, 
④p < 0.0001, ⑤p < 0.0001, ⑥p < 0.0001, p < 0.0001. (W) The diameters of subcutaneous blood vessels in the hind paws of RA mice with different disease states 
were counted and measured at five locations. n = 3, ①p = 0.001, ②p < 0.0001. (X) Correlation analysis of RA disease classification with vessel diameter (r2 = 0.98) 
and toe diameter (r2 = 0.94). PA MAP, photoacoustic maximum amplitude projection; LF, lateral fibula；LT, lateral tibial. 
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nanosecond pulsed laser with a wavelength of 532 nm (DTL-314qt, 
Russian Laser Export; pulse width of 7 ns and repetition rate of 5 kHz). 
The beam was coupled to a single-mode fiber through a fiber coupler 
(paf-x-7-a, Thorlabs). The single-mode fiber guides the laser beam, 
which is then reflected by a biaxial oscillator scanner (s8107, Century 
Sunny, China) and finally focused by a 4 × objective (gco-2111, Daheng 
Optical, China) to excite the PA signal. A homemade ultrasonic trans
ducer with a center frequency of 25 MHz, bandwidth of over 90 %, 
diameter of 8 mm, and 3 mm hole in the center as the laser beam exit 
was used for photoacoustic detection. As shown in Fig. 1(C) and(D), the 
lateral resolution of PA imaging was 8.6 µm and the lateral resolution of 
US imaging was 69.6 µm. Deionized water was used as a coupling agent 
to couple the imaging area of the mouse knee joint to the transducer. The 
imaging range was 10 * 10 mm2, the scanning speed was 10 mm/s, and 
the step size was 8 µm for the X-axis and 10 µm for the Y-axis. Simul
taneously, the laser excited the scanning system and the data acquisition 
system simultaneously. The acquired PA signals were amplified by an 
amplifier (50 dB gain, LNA-650, RF Bay, USA) and the amplified PA 
signal was digitized by a data acquisition card (250 MS/s, m3i.3221, 
Spectrum, Germany). The scanning system and the acquisition system 
were driven by linear motors. Each laser pulse produced an A-line signal 
in the one-dimensional depth direction. At the same time, a 2D trans
verse scan obtained 3D data information constructed from the A-line 
signal, and the PA/US signal was reconstructed by an algorithm to 
obtain the PA/US image information of the knee joint from the super
ficial to the deeper layers. 

2.4. Statistical analysis 

One-way analysis of variance (ANOVA) was performed using Bon
ferroni post hoc test to compare data from multiple samples, significance 
level was set at P < 0.05, and all data were expressed as mean 
± standard deviation (SD), using SPSS 27.0 software (SPSS Inc. Chicago, 
IL). 

3. Results 

We first obtained photoacoustic images of the mouse hind paw 
[Fig. (2)]. Our system could distinguish the intensity and range of the 
photoacoustic signals of the hind paw at various stages of the disease, 
allowing us to analyze the internal vascular diameter of the paw, and the 
degree of swelling of the paw. Fig. 2(A)–(E) show macrophotographs of 
the hind paw of normal DBA/1 mice and mice with scores 1–4, respec
tively, a result based on the subjective grading system as described in the 
Methods section. Fig. 2(F)–(J) show PA maximum amplitude projection 
(MAP) images demonstrating the hind paw morphology of the mice, 
such as toe diameter, scale arrangement, and density of the skin surface 
and superficial skin vessels. The RA mice with a score of 4 have a 
significantly increased toe diameter compared to normal mice, which is 
consistent with the subjective grading system score, and there is swelling 
throughout the hind paw. RA mouse with a score of 4 has the most se
vere disease state, with severe swelling and erythema on the feet. The 
amplitude of photoacoustic signal on skin surface is relatively large, so 
no obvious vascular tree can be observed in the MAP image. Only after 
removing the strong signal on the skin surface, more blood vessels 
appear in Fig. 2O. We focused on the toe diameters and counted the 
diameters of the second to fourth toe [Fig. 2(U)], which were repeatedly 
measured three times for each toe in the upper middle and lower posi
tions as in Fig. 2(J). The corresponding quantitative results [Fig. 2(V)], 
show that the toes 1–3 diameters of mice increased with the increase of 
RA disease score. As the disease fraction of the mice increased, so did 
their toe diameter, and the disease scores were closely correlated with 
toe diameter (r2 = 0.94) [Fig. 2(X)]. In addition, to show the physio
logical status and morphology of the subcutaneous blood vessels as well, 
the PA images after removing the skin surface were performed [Fig. 2 
(K)–(O)]. Similarly, the subcutaneous vessels of mice with a score of 4 

have significantly wider diameter and richer photoacoustic signals, such 
as in Fig. 2(O), which can clearly distinguish the morphology, alignment 
and photoacoustic signal intensity of the subcutaneous vessels. We 
selected essentially the same area of the hind paw of mice with different 
RA grades (e.g., the white rectangular area in Fig. 2(K)–(O) and per
formed threshold-based segmentation of this area to highlight the 
vascular morphology [Fig. 2(P)–(T)]. In this image, the morphology of 
the vessels can be clearly observed, for which we selected the major 
vessels in each image, a total of five loci (e.g., the short red line in Fig. 2 
(P)–(T)) for statistical analysis [Fig. 2(W)], from which it shows that an 
increase in vessel diameter correlates with an increase in score level (r2 

= 0.98) [Fig. 2(X)]. 
More importantly, we carried out photoacoustic imaging of knee 

joints in normal and RA mouse models with different RA grades. Fig. 3 
shows the PA imaging results of knee joints in DBA/1 mice. Fig. 3(A)–(E) 
shows the PA MAP results of the knee joint in different disease states. 
Due to individual differences in mice, the maximum projection infor
mation of knee joint is different, but the great saphenous vein (the 
thicker blood vessels at the bottom of the figure) can be clearly imaged, 
demonstrating the imaging resolution and imaging depth of our system. 
The XZ cross-sectional MAP images of fifty continuous PA B-mode im
ages at the dotted line position are shown in Fig. 3(F)–(J). In the pho
toacoustic signal inside the knee joint (the area outlined by the white 
dotted line), the photoacoustic signal intensity and signal area, in the 
knee joint of the RA mouse, increase with the increase in disease score 
compared with the normal mouse [Fig. 3(V)]. We also processed the 
photoacoustic information of the YZ cross-sectional MAP images [Fig. 3 
(K)–(O)]. The photoacoustic signal intensity and area of the YZ cross 
section were also quantitatively analyzed [Fig. 3(W)]. The location of 
the photoacoustic signal within the knee joint in the YZ section (the area 
outlined by the white dashed line) is the same as that in the XZ section. 
The intensity of the photoacoustic signal and the volume of the signal 
area within the knee joint were increased compared to normal mice. 

However, it is worth noting that we used a square (10 mm * 10 mm) 
image acquisition area for photoacoustic signal acquisition. Interest
ingly, the YZ section seems to have a larger photoacoustic signal area 
than the XZ section. We think this is related to the morphology of the 
new pannus in the RA knee joint, and is worthy of further exploration. 
Fig. 3(P)–(T) shows depth-encoded horizontal-sectional images of 
normal and different RA disease scores knee joint. We performed image 
reconstruction for different depths of the knee joint, for RA mice, were 
able to find significant vascular photoacoustic signals at 1.5–2.1 mm in 
depth [Fig. 3(Q)–(T)], and the area of photoacoustic signals in the knee 
joint of RA mice increased with increasing disease score compared to 
normal mice [Fig. 3(P)]. In order to visualize the photoacoustic signal 
within the knee joint more visually, as in Fig. 3(U) we built a 3D image of 
the mouse knee joint with a score of 4. The photoacoustic signal of the 
skin (indicated by the black arrow) can be clearly distinguished, and a 
distinct vascular opacification in the photoacoustic signal is visible 
below the skin signal (black dashed circle ROI area in Fig. 3(U)). This 
clearly illustrates the imaging capability and quality of our system for 
RA knee vascular opacification. 

The B-mode observation of the knee joint is shown in Fig. 4(A)–(E). 
The triangular area consisting of the tibiofemoral tendon (dark hypo
echoic area parallel to the skin surface), tibia and femur (red triangular 
area in Fig. 4(F)) is defined as the TTF (tibiofemoral tendon-tibia- 
femur). Fig. 4(F) shows that the TTF area in normal mice is a homoge
neous and bright acute triangular area with no significant synovial 
erosion or bone destruction. Fig. 4(G)–(J) are B-mode US imaging results 
of the knee joint of DBA/1 RA mice with scores of 1–4, respectively. As 
shown in Fig. 4(G), the low echo area attached to the surface of the 
femur and tibia can be seen in the TTF area of mice with a score of 1 
(green area in the figure, determined by Pair software), and shows 
diffuse synovial edema. Fig. 4(H) shows that in the TTF area of mice with 
an RA score of 2, the hypoechoic area further expands along the bone 
surface and tends to extend to the center of the TTF area. Mode B of the 
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knee joint of mice with score of 3 is shown in Fig. 4(I). There is a low 
echo area with obvious expansion toward the center, and the density of 
the low echo area is higher than that of mice with scores of 1–2. Fig. 4(J) 
shows the B-mode image of a mouse knee joint with a score of 4. In the 
disease state with this score, the TTF area is significantly expanded and 
is basically filled with TTF area, with the remaining area only 
comprising a small part. The results of the hypoechoic area were 
counted and displayed in Fig. 4(K), and the correlation between the area 
and the grading was analyzed. Compared with normal mice, the hypo
echoic area increased with the grading (r2 = 0.87) [Fig. 4(L)]. Knowing 
the proportion of synovial erosion area helps to grade the disease, as 
shown in Fig. 4(M), which demonstrates the proportion of hypoechoic 
areas in the TTF area due to synovial erosion. While RA will lead to joint 
narrowing, knowing the length of the joint gap will help to better grasp 

the disease status. Measuring the joint gap length in mice with different 
disease grades indicated that the joint gap length and the disease grade 
roughly showed a negative correlation (r2 = 0.84) [(Fig. 4(N) and (O)]. 

The results of the PA/US dual-mode imaging are presented in Fig. 5 
(A)–(E). On the bimodal imaging results, localization by B-mode de
lineates the TTF region (blue triangular area in Fig. 5(A)–(E)), within 
which the photoacoustic signal is visible (red area). In photoacoustic 
image of the normal mouse, a very small amount of punctate photo
acoustic signal can be seen within the TTF region [Fig. 5(A)]. In the RA 
mouse, two to three larger areas of punctate photoacoustic signal 
attached to the femoral and tibial joint surfaces can be seen within the 
TTF region in mice with a score of 1. In mice with a score of 2, more 
areas of dotted lamellar photoacoustic signals can be seen in the TTF 
area attached to the femoral and tibial articular surfaces. In mice with a 

Fig. 3. In vivo imaging of the knee joint in DBA/1 mice. (A–E) XY-plane maximum projections of in vivo photoacoustic imaging of the knee joint in DBA/1 mice. 
(F–J) XZ-plane cross-sections of photoacoustic imaging of DBA/1 mice with different degrees of disease. (K–O) Photoacoustic YZ-plane cross-sections of DBA/1 mice 
with different degrees of disease. (P–T) Depth-coded images of DBA/1 mice with different degrees of disease in the XY plane at 1.5–2.1 mm. (U) Three-dimensional 
image of the knee joint of a mouse with a score of 4. (V) Statistical maps of photoacoustic signal intensity and blood flow signal areas in X-Z plane. n = 3, 
①p < 0.0001, ②p < 0.0001, ③p < 0.0001, ④p < 0.0001, ⑤p < 0.0001, ⑥p < 0.0001, ⑥p < 0.0001, ⑦p < 0.0001. (W)Statistical maps of photoacoustic signal 
intensity and blood flow signal areas in X-Z plane. n = 3, ①p < 0.0001, ②p < 0.0001, ③p < 0.0001, ④p < 0.0001, ⑤p < 0.0001, ⑥p < 0.0001, 
⑦p < 0.0001, ⑧p < 0.0001. 
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score of 3, linear areas of photoacoustic signal along the femoral and 
tibial joint surfaces can be seen in the TTF region. In mice with a score of 
4, a patchy area of photoacoustic signal extending toward the center of 
the joint cavity can be seen in the TTF area. 

The results of H&E staining were demonstrated in Fig. 5 (F)–(J). As 
shown in the H&E stained images, mice with scores of 1 and 2 have less 
severe disease and a more normal knee joint space, but mice with a score 
of 3 and 4 have a significantly narrower knee joint space. Compared 
with normal mice, the neovascularization in the synovium, meniscus 
and subchondral bone gradually increased in the RA mouse model. Fig. 5 
(K) shows the TTF region map of normal and RA mice. Compared with 
normal mice, the photoacoustic signal region area of RA mice increases 
with the increase of disease score. We calculated the area of the pho
toacoustic signals, which reflects the extent of pannus in the knee joint 
[Fig. 5(L)]. Fig. 5(L) also shows the intensity of the photoacoustic signal, 
which reflects the density, diameter, and flow of blood vessels. The area 
and intensity of the photoacoustic signal are positively correlated with 
disease score, as shown in Fig. 5(M). Compared with the photoacoustic 
signal area (r2 = 0.82), the photoacoustic signal intensity seems to be 
able to better predict the severity of disease (r2 = 0.98). 

4. Discussion 

The diagnosis and monitoring of RA in animals currently relies on 
subjective scoring and pathological examination. Subjective scoring is 
subject to human factors, and pathological examinations are invasive 
and invasive and cannot be used for long-term monitoring purposes [19, 
30]. The need for safer and more convenient diagnostic and monitoring 
methods is particularly urgent. 

Herein, we report a study using PA/US dual-mode system to image 
pannus, joint structures, and cartilage in the knee joint of a DBA/1 

mouse model of RA. Compared with previously reported findings, our 
imaging results have higher resolution and more precise localization of 
the photoacoustic signal [29,43]. Increased hind paw vessel diameter 
stimulated by inflammatory factors, increased hind paw thickness and 
hind paw toe diameter are characteristic lesions of RA. We quantified 
blood vessel diameter and hind paw toe diameter under PA and US, and 
correlated blood vessel diameter and toe diameter of hind paw with the 
disease grade of mice. As far as we know, this has not been reported 
before. Compared with the previously reported subjective assessment 
scoring system for arthritis severity, we achieved a quantitative analysis 
of joint and toe deformities caused by RA, excluding human subjective 
factors, and a more accurate grading of RA in mice. This study focused 
on the photoacoustic imaging of pannus and ultrasonic imaging of joint 
structure of the knee joint. The synovial blood vessels proliferating in the 
knee joint of RA mice are rich in hemoglobin. Hemoglobin, a natural 
photoacoustic imaging agent, has a high absorption peak near 532 nm, 
which enables us to render the signal of vascular opacities well without 
additional contrast agent. In the RA model, pannus persists and develops 
through the supply of inflammatory cells, cytokines and nutrients in the 
synovium. After CIA induction, the number of new blood vessels in the 
synovium will increase with time. Vascularization is also associated with 
the severity of arthritis and can be assessed by subjective assessment 
scoring system or histological scores. However, the strength of the PA 
signal mainly depends on the concentration of hemoglobin in the blood 
vessels. The PA signal represents the difference in the number and 
density of synovial hyperplasia and new blood vessels, the range of 
blood flow signals detected in photoacoustic imaging will reflect the 
severity of the disease which is verified on the HE slices in Fig. 5(F)–(J). 
However, due to the limited imaging depth of the 532 nm laser, our 
results can only show approximate photoacoustic signals in the TTF 
area, and cannot quantitatively analyze vascular morphology, such as 

Fig. 4. B-mode images of ultrasound showing synovial erosion in the joint cavity. (A) DBA/1 ultrasound of a normal mouse knee joint showing articular cavity 
morphology. (B) Score 1 DBA/1 ultrasound of joint cavity morphology. (C) Score 2 DBA/1 ultrasound joint cavity pattern. (D) Score 3 DBA/1 ultrasound joint cavity 
pattern. (E) Score 4 DBA/1 ultrasound joint cavity pattern. (F–J) B-scan images showing synovial erosion. The green area is a low signal area due to synovial erosion. 
(K–L) Statistical results of synovial erosion area in the joint cavity with different disease scores and correlation between erosion area and score (r2 = 0.93). n = 5, 
①p < 0.0001, ②p < 0.0001, ③p < 0.0001, ④p < 0.0001. (M) Proportion of synovial erosion area in the TTF area. (N–O) Statistical results of joint cavity gap length 
with different disease scores and correlation between joint cavity gap length and scores (r2 = 0.84). n = 3, ①p < 0.0001, ②p < 0.0001, ③p < 0.0001, ④p < 0.0001. 
F: femur; T: tibia; TTF: tibiofemoral tendon-tibia-femur. 
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diameter and curvature. We have previously reported surprising results 
using a 532/1064 nm dual wavelength laser imaging system for full skin 
imaging [20]. The 532/1064 nm dual wavelength may be able to 
compensate for the current shortcomings and achieve deeper and more 
accurate photoacoustic imaging of RA vascular opacities. 

During RA progression, the synovium undergoes pathological 
changes that cannot be ignored [53]. The synovium is the main target of 
inflammation in RA, and it has been demonstrated that the RA synovium 
exhibits proliferation and neovascularization, which is thought to be 
accompanied by abnormal production of immune cell accumulation; it is 
mainly promoted by cytokines, growth factors, and hypoxia-inducing 
factors secreted by macrophages and fibroblasts involved in the syno
vium; as the abnormal neovascularization is at an immature stage, it 
allows leukocytes to migrate, which leads to the transformation of the 
neovascularization into an aggressive vascular opacity that damages 
articular cartilage and bone [54,55]. Limited by the imaging capability 
of single-array ultrasound, cartilage and bone damage cannot be clearly 
demonstrated, but cartilage and bone damage can be judged by the 
discontinuity and signal intensity of the bone. The aggressive opacities 
show up as low signal areas in B-mode imaging. Based on the low echo 
area between femur and tibia, as shown in Fig. 4(A)–(E), allows us to 
make quantitative analysis of synovial hyperplasia and erosion. B-mode 
reflects the state of the synovium, and the B-mode score has good cor
relation with the subjective scoring system, this will allow local 
assessment of the disease state by ultrasound, which is well confirmed 
by HE staining [Fig. 5 (F) and (J)]. 

5. Conclusion 

In conclusion, our results have demonstrated that PA/US dual-mode 
imaging is a valuable method for assessing RA lesions in mice. PA offers 
the advantage of visualizing and analyzing the neovascularization 
within the RA knee, and US can also quantify erosive vascular opacities 
within the knee joint. This study has not only provided more tools and 
possibilities for the research of RA mouse models, but also assisted the 
evaluation of potential drugs. 
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Fig. 5. Photoacoustic-ultrasound dual-mode examination of the knee joint in RA DBA/1 mice. (A–E) Photoacoustic sonograms of the knee joint in RA DBA/1 mice in 
normal and different disease states. (F–J) H&E staining of knee joints in normal and RA mice. All the scale bar is 100 µm. Red arrow: neovascularization in the 
synovial membrane; Blue arrow: neovascularization in the meniscus; Yellow arrow: neovascularization in subchondral bone. (K) PA/US dual-modality imaging result 
maps of the TTF region of the knee joint in mice with different disease states. (L) Photoacoustic signal intensity and blood flow signal area of TTF region in mice with 
different disease states. n = 5, ①p = 0.001, ②p = 0.018, ③p < 0.0001, ④p = 0.001, ⑤p < 0.0001, ⑥p < 0.0001, ⑦p < 0.0001. (M) Correlation of photoacoustic 
signal intensity (r2 

= 0.99) and blood flow signal area (r2 
= 0.70) with disease scores in the TTF region of mice. 
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