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Abstract
Objective: Blood supply to the meniscus determines its recovery and is a reference for treatment planning. This study 
aimed to apply tissue clearing and three-dimensional (3D) imaging in exploring the quantitative distribution of blood 
vessels in the mouse meniscus. 
Materials and Methods: In this experimental study, tissue clearing was performed to treat the bilateral knee joints of 
transgenic mice with fluorescent vascular endothelial cells. Images were acquired using a light sheet microscope and 
the vascular endothelial cells in the meniscus was analysed using 3D imaging. Quantitative methods were employed 
to further analyse the blood vessel distribution in the mouse meniscus.
Results: The traditional three-equal-width division of the meniscus is as follows: the outer one-third is the red-red zone 
(RR), the inner one-third is the white-white zone (WW), and the transition area is the red-white zone (RW). The division 
revealed significant signal differences between the RW and WW (P<0.05) zones, but no significant differences between 
the RR and RW zones, which indicated that the division might not accurately reflect the blood supply of the meniscus. 
According to the modified division (4:2:1) in which significant differences were ensured between the adjacent zones, 
we observed that the width ratio of each zone was 38 ± 1% (RR), 24 ± 1% (RW), and 38 ± 2% (WW). Furthermore, the 
blood supply to each region was verified. The anterior region had the most abundant blood supply. The fluorescence 
count in the anterior region was significantly higher than in the central and posterior regions (P<0.05). The blood supply 
of the medial meniscus was superior to the lateral meniscus (P<0.05).
Conclusion: Analysis of the blood supply to the mouse meniscus under tissue clearing and 3D imaging reflect 
quantitative blood vessel distribution, which would facilitate future evaluations of the human meniscus and provide 
more anatomical references for clinicians.
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Introduction
The meniscus consists of two wedge-shaped 

fibrocartilage discs located in the medial and lateral spaces 
between the femoral condyle and the tibial plateau of the 
knee joint, covering the tibial plateau. Its main functions 
are to conduct load, absorb shock, and maintain joint 
stability (1, 2). In the general population, approximately 
6% of acutely injured knees sustain a meniscus repair (3). 
Blood supply to the meniscus is a key factor in healing 
after an injury (4-6). Owing to the limited blood supply 
of the peripheral structures, the meniscus is a relatively 
avascular structure supplied by the medial and lateral 

genicular arteries. These arteries are the branches of the 
popliteal artery, which enter the meniscus at its periphery 
and spread radially toward its centre, and provide major 
vascularization to the inferior and superior aspects of each 
meniscus (7, 8). Traditionally, the meniscus is divided 
into three zones of equal width (three-equal-width) based 
on qualitative observation and general description. The 
outer one-third of the meniscus is the red-red zone (RR), 
the inner one-third is the white-white zone (WW), and 
the transition area between the RR and WW zones is the 
red-white zone (RW) (9-11). However, there is a lack of 
quantitative research on the blood supply to the meniscus.
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Different locations of meniscal lesions correspond 
to various treatment strategies, including surgical and 
non-surgical therapies. For example, injuries in the RR 
zone are usually treated with meniscal repairs, whereas 
injuries in the WW zone require meniscectomies and 
have high failure rates (12). Although meniscectomy 
is still an option for injuries in the WW and RW zones, 
there is a growing consensus in favour of nonoperative 
therapy or meniscal repair (13-15). Moreover, successful 
outcomes in patients treated with physiotherapies and 
biological agents, such as fibrin glue, fibrin clots, platelet-
rich plasma, and stem cells, suggest that the WW zone 
may also have a substantial blood supply (16-18). In 
order to guide the selection and promote the development 
of meniscal treatments, it is necessary to conduct more 
thorough and accurate research on the blood supply to the 
meniscus by using the most advanced technology.

Tissue clearing is an innovative technology used to 
study the three-dimensional (3D) structure of organisms. 
Unlike conventional methods, such as histopathologic 
examinations, tissue clearing can preserve the microscopic 
characteristics of the tissue. After clearing the tissue, 
computer software displays the 3D structure and spatial 
distribution of the microstructures, including vascular 
endothelial cells. Currently, this technique is employed 
for imaging of bones, teeth, and other hard tissues, and 
it enables innovative 3D imaging of the meniscus and 
quantitative analysis of its blood supply (19). This study 
is the first to apply both tissue clearing and 3D imaging to 
investigate the blood supply in the mouse meniscus.

In this study, transgenic mice were used because their 
vascular endothelial cells fluoresce red upon exposure 
to specific laser irradiation after induction. Transgenic 
mice display vascular endothelial cells more accurately 
with higher sensitivity than traditional methods such as 
antibody staining and ink staining. Therefore, in order 
to better understand the precise vascular anatomy of the 
meniscus, the combination of tissue clearing and 3D 
imaging in transgenic mice could provide quantitative 
analysis of the distribution of blood vessels in the meniscus. 
Quantitative analysis of the blood supply to the mouse 
meniscus could have implications for understanding the 
blood supply to the human meniscus. Thus, it has clinical 
relevance and aids clinical decision-making in adopting 
optimal therapies for meniscal injury (20-22).

Materials and Methods
Animal model

Three healthy, six-month-old transgenic male mice (34-
40 g, Tie2-Gt(ROSA) 26Sortm14 (CAG-tdTomato) Hze, 002856) 
were purchased from The Jackson Laboratory (SH) 
(Shanghai-China). The Housing conditions were natural 
light, temperature 21-23, 40-60% humidity, ad libitum 
feeding, and without specific motion training. The vascular 
endothelial cells of all transgenic mice were induced to 
emit red fluorescence by daily intraperitoneal injections 
of 100 µL tamoxifen (Sigma, USA) at a concentration of 
20 mg/mL [the solvent was a 1:9 mixture of anhydrous 

ethanol (China McLean) and corn oil (Sigma, USA)] 
for seven days. After the seven-day induction, all mice 
were subjected to perfusion sampling. Each transgenic 
mouse was anesthetized by an intraperitoneal injection 
of 2% pentobarbital sodium solution (30 mg/kg), and the 
sternum was fixed under deep anaesthesia. The sternal 
cavity was opened near the xiphoid process at the lower 
end of the sternum using surgical scissors, and the heart 
was fully exposed. The left ventricle was rapidly perfused 
with 50 mL precooled (4˚C) phosphate buffered saline 
(PBS, China Biosharp) that contained 10 U/mL heparin 
sodium (China Biosharp) in a perfusion needle, and the 
right atrial appendage was cut. The lower limbs of the 
animals quivered slightly after the use of 20-30 mL of 4% 
paraformaldehyde (China McLean), precooled at 4˚C, and 
the increased stiffness of the animal’s body after perfusion 
indicated a successful perfusion. After perfusion, the 
attached muscles around the joints were removed and 
the bilateral knee joints were harvested and fixed in 4% 
paraformaldehyde at 4˚C for seven days. There were six 
menisci in total.

Study design
This study was approved by the Animal Ethics Committee 

of the Fudan University (Shanghai, China), and the animals 
were treated according to the approved experimental protocols 
(202212009Z). The bilateral knee joints of all mice were 
treated using a tissue clearing technique, followed by imaging 
studies using a light sheet fluorescence microscope. After all 
the knees were 3D imaged, data on the mouse meniscus and 
detailed parameters of the meniscus were obtained. Finally, 
according to the count of the vascular endothelial cell signals 
in the meniscus, all data were analysed using Imaris 9.8.0 
(Oxford Instruments, Abingdon, UK) to quantitatively 
describe and summarise the blood supply of the menisci.

Tissue clearing
Polyethylene glycol (PEG) combined with a 

Poly (Ethylene Glycol)-Associated Solvent System 
(PEGASOS) for tissue clearing can be used for imaging 
of bones, teeth, the brain, muscles, and other tissues (23). 
PEGASOS was chosen after taking into consideration 
the thickness of the sample, higher calcium content, and 
hardness of the knee joint compared to other tissues. 
The steps in PEGASOS include clearing fluid changes, 
decalcification, washing of samples, decolorization, 
gradient tB degreasing, dehydration, transparency, and 
preservation (Fig.1). The knee joints of all the mice 
were imaged using LS18 light-sheet microscope (Nuohai 
Life Science, China) located at the university. All knee 
joints were fixed on a carrier table with silica gel, and 
the imaging chamber was filled with sufficient imaging 
solution (equal refractive index BB-PEG) for imaging 
under an optical microscope. A 4× magnification was 
selected for the imaging system, and the movement and 
focus of the flat light film on the X, Y, and Z axes were 
adjusted to determine the preservation of the parameters of 
the intact mouse knee joint imaging range. After checking 
the unilateral excitation light, the laser channel was 
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selected based on the type of autofluorescence of the 
transgenic mouse. Then, a 10% overlap was selected 
according to the experimental requirements and sample 
size before scanning. After scanning, the images of each 
knee joint were first combined using a software program, 
and then the combined files were transformed into an IMS 
format by the Imaris Converter. Imaris Stitcher software 
was used according to the actual situation of the tissue 
samples. Finally, the obtained images were analysed using 
Imaris 9.8.0.

Three-dimensional imaging and quantitative analysis 
of mouse meniscus 

The surface function of Imaris 9.8.0 was used to 
identify the edge of the meniscus in the 3D images of 
the knee joint and to subsequently outline the meniscus 
(Fig.1). The red fluorescence signal that represented 
vascular endothelial cells in the meniscus was identified 
and collected using the Spot function. The signals of 
each meniscus were collected and analysed thrice to 
ensure the stability of the results. All fluorescence 
counts were considered skewed based on data features. 

Log transformation (log2 N), was used to deal with the 
skewed fluorescence count data from the outer edge of 
the meniscus to the inner edge to ensure a significant 
difference among the three zones based on the results 
of our study. The skewed data were divided into three 
equal parts (1:1:1) in log transformation (log2 N), which 
aimed to divide the meniscus into three zones based 
on the traditional division. Considering that the lowest 
value was 2, the actual ratio was calculated to be 4:2:1 
(24, 25). Based on the fluorescence count collected by 
the software, the distribution of blood vessels on the 
meniscus was analysed as follows: i. A comparison of the 
traditional three-equal-width division with the modified 
division based on 3D imaging and quantitative analysis 
and ii. Observation of the difference in blood vessels 
according to the anterior, body, and posterior regions iii. 
Observation of the difference in blood vessels according 
to the medial and lateral meniscus (5). The photo and 
video functions of Imaris 9.8.0 were used to capture and 
film the fluorescence signals of the meniscus vascular 
endothelial cells and the overall 3D contours (Fig.2, 
Supplementary Video 1, See Supplementary Online 
Information at www.celljournal.org).

Fig.1: The brightfield images of mouse knee joint before and after tissue clearing and three-dimensional (3D) imaging of mouse meniscus. A. Before tissue 
clearing. B. After clearing. C. Mouse knee joint (scale bar: 500 µm). D. Mouse knee joint and meniscus (scale bar: 500 µm). E. Mouse meniscus (scale bar: 
400 µm).
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Fig.2: Schematic diagram of meniscus divisions in the mouse knee joint. A. Three-equal-width division. B. Modified division. C. Meniscus (anterior region; 
central region; posterior region). D. Meniscus (medial; lateral). RR; Red-red zone, RW; Red-white zone, and WW; White-white zone.

Statistical analysis
The collected meniscus fluorescence signals were 

statistically analysed using Microsoft Excel 2021 and 
StataSE 16.0, and plotted using GraphPad Prism 9 
(GraphPad Software, USA). Normality of the data was 
tested using the Shapiro-Wilk test. The measurement 
data was Normally distributed data are written as mean 
± SD. Based on the normality and homogeneity of the 
variance, we used a single-factor analysis of variance 
(one-way ANOVA) to compare multiple groups (n=3) and 
Tukey’s test for multiple comparisons. An unpaired t test 
was applied to compare the two groups (n=2, independent 
samples). All the tests were performed bilaterally. P<0.05 
indicated statistical significance.

Results

Fluorescence count of traditional three-equal-width 
division of mouse meniscus

Supplementary Data show the fluorescence counts of 
the RR, RW, and WW zones according to the traditional 
three-equal-width division of the meniscus. The mean 
fluorescence counts were 1949 ± 444 (RR zone), 1528 
± 449 (RW zone), and 310 ± 110 (WW zone). The 

fluorescence count in the RR zone was not significantly 
greater than the RW zone (one-way ANOVA-Tukey’s 
test, P>0.05), whereas the fluorescence count in the RW 
zone was significantly greater than the WW zone (one-
way ANOVA-Tukey’s test, P<0.05). In addition, the 
fluorescence count in the RR zone was significantly higher 
than that in the WW zone (RR zone: 1949 ± 444, WW 
zone: 310 ± 110, one-way ANOVA-Tukey’s test, P<0.05). 
The preceding data implied that there was no variation 
in the blood vessels between the RR and RW zones in 
the traditional division; therefore, the traditional division 
might not reflect the blood supply of the meniscus (Fig.3).

Fluorescence count of the modified division of mouse 
meniscus

The total fluorescence signal of each meniscus was 
counted and the width ratios of the modified RR, 
modified RW, and modified WW zones were calculated to 
distinguish variations in blood supply between adjacent 
zones in a 4:2:1 ratio (Tables S1-3, See Supplementary 
Online Information at www.celljournal.org). The mean 
fluorescence counts of all three mouse menisci in the 
modified zones were 2163 ± 570 (RR), 1081 ± 269 (RW), 
and 542 ± 138 (WW). There was a significant difference 
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in the fluorescence counts among the three zones (one-way 
ANOVA-Tukey’s test, P<0.05). Based on the data, the width 
ratios of the modified zones were 38 ± 1% (RR), 24 ± 1 
(RW), and 38 ± 2% (WW). The width ratios of the modified 
RR and modified WW zones were wider than their ratio 
(33.3%) in the traditional division, whereas the modified 
RW zone was narrower than its original size. Therefore, 3D 
imaging and quantitative analysis showed that the modified 
division could better reflect the distribution of blood vessels 
in the mouse meniscus (Fig.4).

Fluorescence counts of anterior, central, and posterior 
regions of mouse meniscus

The fluorescence counts in the anterior, central, and 
posterior regions of the menisci are shown in the Tables 
S1-3 (See Supplementary Online Information at www.
celljournal.org). The mean fluorescence counts for these 
regions were 1915 ± 550 (anterior), 567 ± 64 (central), 
and 1319 ± 375 (posterior). Based on the above data, 
the fluorescence intensity of the anterior region of the 
meniscus was greater than the posterior region, and the 

signal intensity of the central region was lower than 
the posterior region. Both variables were statistically 
significant (one-way ANOVA-Tukey’s test, P<0.05). 
These results suggest that the number of blood vessels in 
the anterior region of the meniscus was greater than that 
in the posterior region, and the number of blood vessels 
in the posterior region was greater than that in the central 
region (Fig.5).

Fluorescence count of the medial and lateral meniscus 
in mouse

The fluorescence counts of the medial and lateral 
menisci of the mouse are shown in the Tables S1-3 (See 
Supplementary Online Information at www.celljournal.
org). The mean fluorescence counts of the medial meniscus 
and lateral menisci of all three mice were 2516 ± 971 and 
1287 ± 192, respectively. The fluorescence count of the 
medial meniscus was significantly higher than the lateral 
meniscus (unpaired t test, P<0.05). These results suggest 
that the number of blood vessels in the medial meniscus 
is greater than the lateral meniscus (Fig.6).

Fig.3: Three-equal-width division of the meniscus. A-C. Three-dimensional (3D) imaging of three-equal-width division of the meniscus (scale bar: 400 
µm). D. Statistical chart of fluorescence counts of the three-equal-width division. E. Statistical chart of the width of the three-equal-width division. ***; 
P<0.001, ****; P<0.0001, RR; Red-red zone, RW; Red-white zone, and WW; White-white zone.
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Fig.4: Modified division of the meniscus. A-C. Three-dimensional (3D) imaging of the modified division of the meniscus (scale bar: 400 µm). D. Statistical 
chart shows the fluorescence count of the modified division. E. Statistical chart of the width ratio of the modified division. ***; P<0.001, ****; P<0.0001, 
RR; Modified red-red zone, RW; Modified red-white zone, and WW; Modified white-white zone.

Fig.5: Blood supply of the anterior, central, and posterior regions of the meniscus. A-C. Three-dimensional (3D) imaging of blood supply to the anterior, 
central, and posterior regions of the meniscus (scale bar: 400 µm). D. Statistical chart shows the blood supply of the anterior, central, and posterior regions 
of the meniscus. **; P<0.01, ****; P<0.0001, PR; Posterior region, CR; Central region, and AR; Anterior region.
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Fig.6: Blood supply of the medial and lateral meniscus. A-C. Three-dimensional (3D) reconstruction of the blood supply of the medial and lateral meniscus 
(scale bar: 400 µm). D. Statistical chart shows the blood supply of the medial and lateral meniscus. ***; P<0.001, MM; Medial meniscus, and LM; Lateral 
meniscus.

Discussion
Meniscal lesions caused by trauma and degeneration 

are among the most common types of knee joint injuries. 
Without prompt and proper treatment there is accelerated 
cartilage degeneration and loss, which leads to structural 
damage and dysfunction of the knee joint and, in severe 
cases, disability (26). Patients often require long-
term treatment and perhaps face the possibility of knee 
arthroplasty once other treatments fail (27, 28). Basic 
research has demonstrated the crucial role of the meniscus 
in knee homeostasis (21). It has also shown that certain 
lesions have the potential to heal and thus can be repaired 
(12). Vascular supply is believed to be a key factor in 
enabling meniscal repair (29, 30). The main surgical 
treatment options that include arthroscopic meniscus repair 
and partial, subtotal, and total meniscectomies are based 
on lesion location, particularly in terms of vascularized 
or non-vascularized zones, on which healing depends 
(12, 17). According to the European Society for Sports 
Traumatology, Knee Surgery and Arthroscopy (ESSKA) 
meniscus consensus, longitudinal vertical tears caused by 
trauma in the RR zone are positive predictors of healing 
if the injury is treated properly in its initial stage and 

should not be regarded as an absolute contraindication 
for meniscal repair (12, 17). Trauma in the RW zone was 
also an indication for higher success rate for meniscal 
repairs (31, 32). However, tears in the WW zone have 
inferior healing capability (12, 15). Therefore, the choice 
of nonoperative treatment or arthroscopic surgery should 
depend on the blood supply to the injury locations (22); 
hence, the blood supply to the meniscus deserves further 
study.

The vascularity of the menisci has been studied 
for nearly 100 years using various experimental 
methods such as haematoxylin and eosin staining (33), 
immunohistochemical staining (11), and ink staining 
(22). Distribution of vascularity appears to recede from 
the peripheral to the central zone (34, 35). Arnoczky and 
Warren (21) were the pioneers who used ink staining 
to provide a detailed description of microvascularity. 
Their study laid a solid foundation for understanding 
the anatomy to approach meniscal repair and originated 
the “RR,” “RW,” and “WW” terminology that depicted 
the perceived presence of blood supply in the meniscus. 
Their study showed that the absolute vascularized area, 
or RR zone, was approximately 3 mm in width near the 
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articular capsule; the absolute non-vascularized area 
(above 5 mm) was defined as the WW zone; and the 
relative vascularized area (5 mm apart) was defined as the 
RW zone (20). However, the blood supply to the meniscus 
warrants further study because ink staining may not 
sufficiently infiltrate the vascular endings (11). Day et al. 
(9) reported similar findings in an anatomical cadaveric 
study. This led to singular classification systems that 
divide the meniscus into several zones based on its blood 
supply (8, 10). Differentiation among the three-equal-
width zones (RR, RW, and WW) is widely used, although 
the division cannot adequately depict the distribution of 
blood vessels in the meniscus. Based on the division and 
from the perspective of meniscus healing after an injury, 
it has been determined that one-third of the outer edge of 
the meniscus tends to heal well due to a sufficient blood 
supply, whereas one-third of the inner meniscus tends to 
heal slowly due to an inadequate blood supply (11, 36). 
These studies provided a general description of the blood 
supply to the meniscus and played a vital role in clinical 
guidance.

Intuitive quantitative research could reveal the law of 
blood supply of the meniscus that corresponds to division, 
and depict and assess the blood supply of the meniscus 
in another dimension as a supplement to the classical 
division. Researchers have used a light sheet microscope 
to photograph all of the tissue layers. Computer software 
synthesized the layered images to provide 3D structural 
imaging of the knee joint of the mouse. This study aimed 
to analyse the distribution of blood vessels in transgenic 
mice (Tie2-Gt (ROSA) 26Sortm14 (CAG-tdTomato) Hze,002856). 
Therefore, 3D imaging combined with tissue clearing in 
transgenic mice can enable a precise study of the blood 
supply to the meniscus.

In the current study, we used 3D imaging after tissue 
clearing to conduct a quantitative analysis of the blood 
supply to the mouse meniscus. First, we observed that the 
blood vessels in the mouse meniscus gradually decreased 
from the outer edge to the inner edge. Second, the modified 
divisions were adjusted based on log transformation 
(4:2:1, P<0.05). The width ratios of the modified division 
were 38 ± 1% (RR), 24 ± 1% (RW), and 38 ± 2% (WW), 
which more accurately displayed the distribution of blood 
vessels and provided more evidence for evaluating the 
meniscal blood supply. Therefore, clinical treatment 
based on blood supply illustrated by 3D imaging may be 
more suitable for patients. This can be used as a guide for 
the development of surgical strategies and conservative 
treatment. In contrast to a previous conclusion about 
the lack of a blood supply in the WW zone, Ribera et 
al. (37) reported the presence of vessels in this zone. In 
this study, a few signals were detected in the WW zone 
near the centre of the tibial plateau, which suggested that 
the vasculature from the peripheral zone penetrated the 
modified WW zone and that the modified WW zone might 
have healing potential (38). Finally, we observed the blood 
vessel distribution between the different structures of the 
meniscus. There were more blood vessels in the anterior 

region of the meniscus compared to the posterior region, 
and more blood vessels in the posterior region than the 
central region, which suggested that the blood supply of 
the medial meniscus was better than the lateral meniscus, 
and injuries to the lateral meniscus were more difficult to 
heal than injuries to the medial meniscus. These findings 
confirmed the results of previous studies (22, 39).

This study has certain limitations. First, we conducted 
this experiment on mice because of the experimental 
limitations for tissue clearing and the restrictions for 
transgenic technology in humans. Therefore, it is 
necessary to extrapolate this model to the clinical situation 
with caution (21). Second, the presence of vascular 
endothelial cells may not necessarily indicate functional 
vascularization (40). Third, the sample size (six menisci) 
was small, which might result in bias. Fourth, considering 
that mice and humans have different leg forms and 
walking patterns, additional behavioural training should 
be implemented to maximize the similarity of the leg 
forms and walking patterns of mice to humans. Thus, 
instead of being a substitute for clinical experience, 
prudent orthopaedists should look upon these results as 
a foundation to predict a fundamental understanding of 
the meniscus in terms of its biological capabilities and 
vascular anatomy.

Conclusion
A combination of tissue clearing and 3D imaging 

technology in transgenic mice was used for quantitative 
analysis of the blood supply to the meniscus. In the 
modified division, the ratio of the RR zone to the WW 
zone was higher and that of the RW zone was lower 
compared to the traditional division. This study provided 
more precise insight into the blood supply to the mouse 
meniscus, and can provide a foundation for future research 
on the human meniscus.
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