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Abstract 26 

Objective: Development of the knee joint was morphologically investigated, and 27 

the process of cavitation was analyzed by using episcopic fluorescence image 28 

capture (EFIC) to create spatial and temporal three-dimensional (3D) 29 

reconstructions. 30 

Methods: Knee joints of Wister rat embryos between embryonic day (E)14 and 31 

E20 were investigated. Samples were sectioned and visualized using an EFIC. 32 

Then, two-dimensional image stacks were reconstructed using Osirix software, and 33 

3D reconstructions were generated using Amira software. 34 

Results: Cavitations of the knee joint were constructed from five divided portions. 35 

Cavity formation initiated at multiple sites at E17; among them, the femoropatellar 36 

cavity was the first. Cavitations of the medial side preceded those of the lateral 37 

side. Each cavity connected at E20 when cavitations around the anterior and 38 

posterior cruciate ligaments were completed.  39 

Conclusion: Cavity formation initiated from six portions. In each portion, 40 

development proceeded asymmetrically. These results concerning anatomical 41 

development of the knee joint using EFIC contribute to a better understanding of 42 

the structural feature of the knee joint. 43 

 44 

Keywords: episcopic fluorescence image capture, knee joint, joint cavity, 45 

development 46 

 47 

Running title: 3D reconstruction of the knee joint  48 

 49 

Abbreviations: 50 

femoropatellar cavity (FPC), medial femoromeniscal cavity (mFMC), lateral 51 

femoromeniscal cavity (lFMC), medial meniscotibial cavity (mMTC), lateral 52 

meniscotibial cavity (lMTC), circumligament cavity (CLC), anterior cruciate ligament 53 

(ACL), posterior cruciate ligament (PCL), medial meniscus (MM), lateral meniscus 54 
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(LM), episcopic fluorescence image capture (EFIC), embryonic day (E), three-55 

dimensional (3D), hematoxylin and eosin (H&E), confidence interval (CI) 56 

57 
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Introduction 58 

The synovial joint is a complex multi-tissued organ that is essential for skeletal 59 

function1. Synovial joints arise through two main processes. In long bone elements, 60 

cartilaginous differentiation occurs across the location of the prospective joint that 61 

then segments secondarily1-3. Cavitation of the joint follows, driven by selective 62 

high-level synthesis of hyaluronan by interzone cells and presumptive synovial 63 

cells4. This process has fascinated developmental biologists for decades5-7. 64 

 The knee joint—one of the largest synovial joints—consists of distinct 65 

tissues including bones, articular cartilages, ligaments, synovial membrane, 66 

cruciate ligaments, menisci, and other components that interact to mechanically 67 

stabilize the joint and allow smooth motion5. The joint cavity of the knee is 68 

anatomically complicated and involves the space between the tibial plateaus, two 69 

femoral condyles, and the patella. The cavity is divided into at least five parts 70 

during the developmental stage, including the femoropatellar cavity (FPC), medial 71 

femoromeniscal cavity (mFMC), lateral femoromeniscal cavity (lFMC), medial 72 

meniscotibial cavity (mMTC), and lateral meniscotibial cavity (lMTC)7.  73 

 The initiation, and spatial and temporal formation of the cavity is an 74 

important issue in joint development. Development of the joint cavity has been 75 

described in several different species, including rats8 and humans9. However, the 76 

timing of cavity formation is ambiguous and discrepant, and the schedule of 77 

formation of the five parts has not been fully investigated. Ito and Kida reported 78 

that formation of the knee joint cavity in rats seemed to start at embryonic day 79 

(E)16.5 in paraffin-embedded sections, but that lacunal spaces were confirmed 80 

between spindle cells at E18.5 in resin-embedded sections8. Their study indicates 81 

that an artificial cleft during histologic preparation may interfere with the judgment 82 

of joint cavity formation.  83 

 Episcopic three-dimensional (3D) imaging involves novel techniques that 84 

create volume data by capturing images of subsequent surfaces of blocks 85 

containing histologically processed and embedded specimens during their physical 86 
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sectioning on microtomes. Such techniques have been used for creating 3D 87 

computer models in morphologic studies10, 11. Of the techniques, episcopic 88 

fluorescence image capture (EFIC)12, 13 and high-resolution episcopic microscopy14 89 

have been successfully applied in recent research, while other applications, such 90 

as fast 3D serial reconstruction15, surface imaging microscopy16, 17, and serial 91 

block-face scanning electron microscopy18, are not yet routine and only preliminary 92 

results are currently available. 93 

 EFIC was designed for analyzing the morphology of the organ systems of 94 

normal and malformed embryos12-13, 19. The specimens are embedded in a reddish-95 

stained medium on a wax base. Then, monochrome light is applied to the block 96 

surface in order to excite autofluorence of the tissues. EFIC has higher image 97 

resolution than other 3D imaging modalities, such as magnetic resonance 98 

microscopy12, 20-22, with fewer artifacts compared with conventional histologic 99 

methods. EFIC utilizes autofluorescent signal originating from pyridine 100 

nucleotides12, 20, which exist in every cell of the body. High-intensity regions imply 101 

high cell density or high proliferation rate. The structural components of the knee 102 

during the prenatal period have been visualized, but never using EFIC. For 103 

example, with EFIC, the joint cavities may be clearly recognizable as low-density 104 

areas because they contain few cells. 105 

 In the present study, taking advantage of EFIC, development of the knee 106 

joint was morphologically investigated, and the process of cavitation was analyzed 107 

using spatial and temporal 3D reconstructions. 108 

 109 

Materials and Methods 110 

Animals 111 

Fifty hindlimbs (25 right, 25 left) were removed from 25 white Wister rat embryos 112 

between E14 and E20, except for E15 (E14, n = 3; E16, n = 2; E17, 18, 19, 20, n = 113 

5 each). Wister rats were obtained from SHIMIZU Laboratory Supplies Co., Ltd 114 

(Kyoto, Japan). All of the mother rats were sacrificed by pentobarbital sodium 115 
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overdose before caesarean section. Whole rat embryos were fixed immediately 116 

after removal from the uterus in 4% paraformaldehyde at 4°C overnight before 117 

dissecting the hindlimbs. Samples of the knee joint then were dehydrated in graded 118 

ethanol and xylene, according to conventional histologic processes. 119 

 120 

Preparation and workflow for EFIC 121 

 Preparation of the samples for EFIC was performed as described 122 

elsewhere12, 13, 19-21, with some modifications. Briefly, for EFIC, the dehydrated 123 

samples were infiltrated and embedded in 70.4% paraffin wax, containing 24.9% 124 

Vyber, 4.4% stearic acid, and 0.4% Sudan IV21. Incorporation of Sudan IV in the 125 

paraffin wax blocks fluorescence bleed-through from deeper layers of the tissue20, 126 

21. The paraffin blocks were sectioned using a Leica SM2500 sliding microtome 127 

(Leica Microsystems, Bannockburn, UK) at 5-7 μm. Autofluorescence at the 128 

paraffin block face was visualized using epifluorescence imaging with mercury 129 

illumination and a discosoma Redfilter (excitation/emission of 545/620 nm, 130 

respectively). Fluorescent images were captured using a Hamamatsu ORCA-ER 131 

low-light CCD camera (HAMAMATSU Photonics K.K., Shizuoka, Japan). The 132 

resolution of the camera was 300 pixels/inch, and pixel size was 1344 × 1024 133 

pixels. The field of view ranged between 2352 × 1792 μm and 5672 × 4321 μm. 134 

Digital images of the tissues on the surfaces of the blocks containing the 135 

specimens were captured with the camera sitting on a magnifying optic10, 12, 13, 19-21. 136 

The optical pathway of the optic was aligned precisely perpendicular to the block 137 

surface. After capturing an image of the block face, a small slice of the block was 138 

removed using the microtome blade. This slice permitted preservation of histologic 139 

sections for hematoxylin and eosin (H&E) staining. Then, a digital image of the 140 

freshly cut block surface was captured and the next slice of embedding block was 141 

removed. This procedure was repeated until the region of interest was sectioned 142 

and a stack of aligned digital images showing subsequent block faces with tissues 143 
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of the specimens was produced. Optical magnification ranged between ×25 and 144 

×60, whereas the digital resolution ranged between 1.75 and 4.22 μm2/pixel.  145 

 146 

Analysis 147 

Two-dimensional (2D) image stacks obtained by EFIC were reconstructed using 148 

Osirix 4.0 (Pixmeo SARL, Geneva, Switzerland). These 2D images were 149 

resectioned digitally to generate sagittal, transverse, and coronal sections. The 150 

parts of interest of the knee, such as cavity, ligament, and meniscus, were 151 

segmented on 2D serial sections manually and then reconstructed three-152 

dimensionally without smoothing using AMIRA 5.4.0 software (Visage, Berlin, 153 

Germany). Manual segmentation of each lesion was performed by three individual 154 

researchers (RT, ZX, and HS), according to the criteria for that anatomic portion, 155 

and assessed by two individual observers (TA and TT). The results of 156 

segmentation were almost equal. Volume of the joint cavity was calculated as an 157 

integration of the area on 2D serial images using the same software.  158 

 159 

Ethics 160 

All of the experiments with animals were approved by the Institutional Animal 161 

Research Committee and performed according to the Guidelines for Animal 162 

Experiments of Kyoto University. 163 

 164 

Statistical analysis 165 

All data are shown as mean ± SD. The software program SPSS Statistics (IBM, 166 

Armonk, NY) was used for statistical analysis. Differences in volume between the 167 

femoropatellar cavity (FPC) and the other five cavities (described in the Results 168 

section) at each developmental stage was assessed using the Student’s t test. 169 

Significant differences between the FPC and the other cavities at the same time 170 

interval were expressed using a length of the 95% confidence interval (CI). One-171 
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way analysis of variance (ANOVA) and the Tukey-Kramer test were performed to 172 

examine differences in cavity volume among developmental stages. 173 

 174 

Results 175 

Comparison of EFIC and H&E staining 176 

Major components of the knee joint were distinguishable as different signal 177 

intensities on EFIC after the E17 stage (Figure 1). The periosteum (Figure 1A) and 178 

ligaments (Figure 1A, asterisk) showed relatively high autofluorescent intensity due 179 

to dense distribution of the cells, whereas, cartilaginous anlagen showed lower 180 

autofluorescent intensity (Figure 1A). Each component of the knee joint was clearly 181 

distinguishable by its intensity according to the proceeding of development. The 182 

cavity had low intensity (Figure 1B, arrow), while the border of the cavity had high 183 

intensity (Figure 1B, arrowhead). In particular, just before cavity formation (Figure 184 

1C [ii], arrowhead), the signal intensity of the border increased (Figure 1C [i], 185 

arrow). 186 

 187 

Morphogenesis of the knee joint 188 

Development of the knee joint cavity from E16 to E20 was precisely observed 189 

using EFIC and then analyzed with 3D reconstructions. 190 

 The structures of bone anlagen and interzone were not observed in the 191 

presumptive areas of limb bone formation in all three specimens at E14 (data not 192 

shown).  193 

 A low-intensity area corresponding to chondrification was observed in the 194 

femur, tibia, and fibula in the two specimens at E16 (Figure 2A). A three-layered 195 

structure corresponding to interzone also was seen between the femur and tibia in 196 

the two specimens at E16 (Figure 2B). First, we observed a couple of samples at 197 

each embryonic stage. However, the joint cavity was not observed before E16. 198 

Therefore, the sample number was added (n = 5) and quantification of the joint 199 

cavity was performed in the samples after E17. 200 
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 The joint cavities were named based on position and place according to 201 

Gray’s description7: femoropatellar cavity (FPC), medial femoromeniscal cavity 202 

(mFMC), lateral femoromeniscal cavity (lFMC), medial meniscotibial cavity (mMTC), 203 

lateral meniscotibial cavity (lMTC), and circumligament cavity (CLC). Analogues of 204 

the anterior cruciate ligament (ACL) and posterior cruciate ligament (PCL) were 205 

initially recognizable as faint lines with high intensity at E17 (Figure 3A [ii]). The 206 

lateral meniscus (LM) (Figure 3A [i]) and medial meniscus (MM) (Figure 3A [iii]) 207 

were recognizable as a high-intensity triangular shape connecting to the surface 208 

mesenchymal tissues at the joint. The patella was observed as a low-intensity area, 209 

whereas, the patellar ligament was seen as a relatively high-intensity area (Figure 210 

1B [i], Figure 3A [ii]). The initial joint cavity formed simultaneously at the FPC, 211 

mFMC, and lFMC in 4 out of 5 specimens (Figure 3A, B). The FPC had a notch-212 

like formation from both the cranial and caudal sides of the patella (Figure 1B [i], 213 

Figure 3A [ii]). The mFMC was observed as a large distinct cavity, while the lFMC 214 

was seen as several small dots. No cavities were observed around the ACL or PCL 215 

in the 5 specimens. 216 

 Initiation of cavitation at the mMTC and lMTC was detected for the first 217 

time in 3 out of 5 specimens at E18 (Figure 4A [iii]). The FPC and mFMC became 218 

large distinct cavities, but the lFMC was still small. A lining of high intensity around 219 

the cavity also was detected. At this stage, small cavities around the ACL and PCL 220 

were detected in 4 out of 5 specimens. This cavity could not be classified into the 221 

traditional five classifications (i.e., FPC, mFMC, lFMC, mMTC, and lMTC), so we 222 

named it the circumligament cavity (CLC). 223 

 Each component of the knee joint—femur, tibia, fibula, ligaments, and 224 

menisci—were well defined at E19 (Figure 5). The patella also was clearly 225 

differentiated, the ACL and PCL became sharp and thick, and the FPC became a 226 

large space. The mMTC and lMTC became large and connected with the mFMC 227 

and lFMC, respectively, in 3 out of 5 specimens. The cavities of the medial side 228 

were always larger than those of the lateral side. At this stage, the knee cavity was 229 
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separated into three parts since the cavities around the ACL and PCL were limited. 230 

 Autofluorescent intensity at both cruciate ligaments and the lining around 231 

the cavity increased, showing a contrast to other tissues, at E20 (Figure 6A). 232 

Although the cruciate ligaments were initially observed as an area of high intensity 233 

at E17 (Figure 3), they were clearly recognizable as mature constructs at E20 234 

(Figure 6A [ii]). Cavitations around the ACL and PCL proceeded, connecting all 235 

cavities together. 236 

 237 

Morphometry of cavity formation 238 

The volume of the FPC and the other five cavities (mFMC, lFMC, mMTC, lMTC, 239 

and CMC) at each developmental stage was measured (Figure 7). The volume of 240 

the FPC increased significantly between E17 and E20 (p = 0.002), E18 and E20 (p 241 

= 0.003), and E19 and E20 (p = 0.009). The volume of the other five cavities also 242 

increased significantly between E17 and E20 (p = 0.007), E18 and E20 (p = 0.009), 243 

and E19 and E20 (p = 0.047). The volume of the FPC preceded that of the other 244 

cavities, but not to a significant degree (E17: 95% CI, -1.043-1.480; E18: 95% CI, -245 

1.859-4.447; E19: 95% CI, -0.064-8.367; E20: 95% CI, -24.660-36.789).   246 

  247 

Discussion 248 

In the present study, the spatial and temporal process of knee joint cavity formation 249 

was described using EFIC and 3D reconstructions. The primary findings were as 250 

follows: Cavitation began from six portions, including the cranial and caudal sides 251 

of the FPC, mFMC, and lFMC, at E17. Cavitation of the MTC followed at E18. 252 

Cavitations of the medial side of the MTC preceded those of the lateral side. All 253 

cavities were connected at E20 when cavitations around the ACL and PCL were 254 

completed.  255 

 The EFIC system had several advantages in the present analysis. Joint 256 

cavities are mechanically fragile and prone to interference by artifacts during 257 

histologic preparation. In this regard, EFIC has a great advantage in that much 258 
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fewer artifacts are expected compared with conventional histologic methods10, 12, 13, 259 

19-22. The firm embedded block was imaged and no staining was required in EFIC, 260 

whereas, thin sectioned samples were observed after staining in the conventional 261 

histologic method. In addition, joint cavities were clearly recognizable as very low–262 

density areas in EFIC, as expected. High-intensity regions on EFIC images imply 263 

high cell density or high proliferative rate12, 20. In this point of view, it should be 264 

noted that the border of the cavity was highlighted as a linear structure with high 265 

intensity, indicating the presence of well-proliferating cell groups (Figure 1B, C). In 266 

histologic analysis, a single-layered cell was recognizable after E17 (Figure 1B [ii], 267 

arrowhead). The process of cavitation seems to be affected by multiple factors, 268 

including mechanical forces generated from muscle contraction23, increase of 269 

hyaluronan and hyaluronan-binding protein synthesis24, 25, and decrease of 270 

collagen fibrils in the interzone8. Ito and Kida reported that the mechanism of joint 271 

cavitation was based on proliferation and immigration of cells in the intermediate 272 

zone rather than apoptotic cell death8. Whether or not the cells at the high-intensity 273 

line are involved in the process of cavitation is subject to further study. 274 

 EFIC data may suggest the existence of a novel proliferative area, which 275 

had not been properly recognized before. Each component of the joint had 276 

changing signal intensity during development. The triangular area, which became 277 

the meniscus at later stages, was recognizable as an area of high intensity (Figure 278 

1C [i], asterisk). A high-intensity area was detected at the peripheral area of the 279 

triangle facing the joint cavity (Figure 1C [i], arrowhead), demonstrating the 280 

initiation of joint cavity formation. This area later connected to the high-intensity 281 

lining at the border of the cavity. The migration of cells from the intermediate zone 282 

to around the cavity has been shown in a previous study8. The migrated cells may 283 

accumulate and increase the density of the cells, especially in the peripheral area 284 

of the triangle. The cruciate ligaments were another component in which the signal 285 

intensity gradually increased until E20. Usually, the cell density of the ligaments is 286 

low in adults. The kinetics of the cells in the ligaments during development is 287 
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variable and worth studying. 288 

 The formation of suprapatellar and popliteal cysts is a clinically 289 

pathogenic condition26. Crnković mentioned that the suprapatellar cyst developed 290 

in the embryonic stage as a separate synovial lesion26. The suprapatellar cyst 291 

perforates and communicates with the patellofemoral compartment in the fifth 292 

month of fetal life26. Although we could not observe a clear septum between the 293 

suprapatellar cyst and the FPC, the finding of active cavity formation may support 294 

the results of the report and lead to better understanding of formation of 295 

suprapatellar and popliteal cysts.    296 

 In the current study, formation of the medial condyle and mFPC preceded 297 

that of the lateral portion. In humans, development of the medial condyle precedes 298 

that of the lateral condyle27, but it remains unknown whether or not the mFPC 299 

precedes the lFPC. In adult humans, the structure of the knee joint is asymmetric27, 300 

28. This asymmetry is clinically important as it influences the mechanism, capability, 301 

and also disease of the knee joint; even bilateral variation of the knee joint is the 302 

lowest in the human body29. For example, asymmetry of the trochlear groove 303 

influences patellar tracking. The patella starts from a slight lateral tilt and then tilts 304 

medially until 40°of flexion, laterally until 100°of flexion, then sharply medially 305 

beyond 100° of flexion30. This abnormal tracking induces osteoarthritis of the 306 

patellofemoral joint. Although the structure of the knee joint is different between 307 

mice and humans, surgical traumatic osteoarthritis models in mice have been 308 

recognized as useful for human osteoarthritis models30-33.  309 

 In summary, the spatial and temporal process of knee joint cavity 310 

formation in rat embryos between E14 and E20 was described with 3D 311 

reconstructions. Cavitation began from five separate portions at E17, and 312 

proceeded asymmetrically. All cavities were connected at E20 when cavitations 313 

around the ACL and PCL were completed. The EFIC system had advantages in 314 

the present 3D analysis. These results will contribute to a better understanding of 315 
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the structural feature and pathology of the knee joint. 316 

 317 

 Conclusion 318 

Cavity formation initiated from six portions. In each portion, development 319 

proceeded asymmetrically. These results concerning anatomic development of the 320 

knee joint using EFIC will contribute to a better understanding of the structural 321 

feature of the knee joint. 322 
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Figure Legends 345 

Figure 1. Episcopic fluorescence image capture (EFIC) and corresponding 346 

histologic section with hematoxylin and eosin staining 347 

A: Representative sagittal section of the knee joint at embryonic day (E) 20, 348 

captured using EFIC (i), and corresponding histologic section with hematoxylin and 349 

eosin (H&E) staining (ii). Major components of the knee joint were recognizable on 350 

both EFIC image and histologic section. The cross section of the posterior cruciate 351 

ligament is shown as an area of high intensity (*). Magnification ×50. Resolution = 352 

2.11 μm2/pixel. Bar = 100 μm. 353 

Abbreviations: F, femur; FPC, femoropatellar cavity; mFMC, medial 354 

femoromeniscal cavity; MM, medial meniscus; mMTC, medial meniscotibial cavity; 355 

P, patella; T, tibia.  356 

B: Sagittal section of the knee joint at E17, captured using EFIC (i), and 357 

corresponding histologic section with H&E staining (ii). The arrow represents the 358 

cavity, while the arrowhead represents the border of the cavity. Magnification ×100. 359 

Resolution = 1.06 μm2/pixel. Bar = 100 μm. 360 

C: Sagittal section of the knee joint at E20, captured using EFIC (i), and 361 

corresponding histologic section with H&E staining (ii). The arrow represents the 362 

cavity, while the arrowhead represents the border of cavity. The anlage of the 363 

meniscus is shown as an area of high intensity (*). Magnification ×200. Resolution 364 

= 1.06 μm2/pixel. Bar = 100 μm. 365 

 366 

Figure 2. Episcopic fluorescence image capture (EFIC) at embryonic day (E) 367 

16 368 

Representative sagittal section of the right knee joint at E16 (i), and higher 369 

magnification (ii). Chondrification of the femur (F), tibia (T), and fibula (not shown) 370 

can be observed. A three-layered structure can be seen between the femur and 371 

tibia, indicating the interzone (IZ). Magnification ×25. Resolution = 4.22 μm2/pixel. 372 

Bar = 100 μm. 373 
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 374 

Figure 3. Episcopic fluorescence image capture (EFIC) at embryonic day (E) 375 

17 376 

A: Representative lateral (i), intermediate (ii), and medial (iii) sagittal sections of the 377 

right knee joint at E17. Magnification ×60. Resolution = 1.75 μm2/pixel. Bar = 100 378 

μm. 379 

Abbreviations: ACL, anterior cruciate ligament; F, femur; Fi, fibula; FPC, 380 

femoropatellar cavity; lFMC, lateral femoromeniscal cavity; LM, lateral meniscus; 381 

mFMC, medial femoromeniscal cavity; MM, medial meniscus; P, patella; PCL, 382 

posterior cruciate ligament; T, tibia. 383 

B: Three-dimensional reconstruction of the right knee joint at E17. 384 

White, femur; green, femoropatellar cavity; purple, lateral and medial 385 

femoromeniscal cavities. 386 

 387 

Figure 4. Episcopic fluorescence image capture (EFIC) at embryonic day (E) 388 

18 389 

A: Representative lateral (i), intermediate (ii), and medial (iii) sagittal sections of the 390 

right knee joint at E18. Magnification ×50. Resolution = 2.11 μm2/pixel. Bar = 100 391 

μm. 392 

Abbreviations: ACL, anterior cruciate ligament; CLC, circumligament cavity; F, 393 

femur; Fi, fibula; FPC, femoropatellar cavity; LM, lateral meniscus; mFMC, medial 394 

femoromeniscal cavity; T, tibia. 395 

B: Three-dimensional reconstruction of the right knee joint at E18. 396 

White, femur; green, femoropatellar cavity; purple, lateral and medial 397 

femoromeniscal and circumligament cavities. 398 

 399 

Figure 5. Episcopic fluorescence image capture (EFIC) at embryonic day (E) 400 

19 401 

A: Representative lateral (i), intermediate (ii), and medial (iii) sagittal sections of the 402 
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right knee joint at E19. Magnification ×45. Resolution = 2.34 μm2/pixel. Bar = 100 403 

μm. 404 

Abbreviations: ACL, anterior cruciate ligament; CLC, circumligament cavity; F, 405 

femur; Fi, fibula; FPC, femoropatellar cavity; lFMC, lateral femoromeniscal cavity; 406 

LM, lateral meniscus; lMTC, lateral meniscotibial cavity; mFMC, medial 407 

femoromeniscal cavity; MM, medial meniscus; mMTC, medial meniscotibial cavity; 408 

PCL, posterior cruciate ligament; T, tibia. 409 

B: Three-dimensional reconstruction of the right knee joint at E19 410 

White, femur; green, femoropatellar cavity; purple, lateral and medial 411 

femoromeniscal, lateral and medial meniscotibial, and circumligament cavities. 412 

 413 

Figure 6. Episcopic fluorescence image capture (EFIC) at embryonic day (E) 414 

20 415 

A: Representative lateral (i), intermediate (ii), and medial (iii) sagittal sections of the 416 

right knee joint at E20. Magnification ×50. Resolution = 2.11 μm2/pixel. Bar = 100 417 

μm. 418 

Abbreviations: ACL, anterior cruciate ligament; CLC, circumligament cavity; F, 419 

femur; Fi, fibula; FPC, femoropatellar cavity; lFMC, lateral femoromeniscal cavity; 420 

LM, lateral meniscus; lMTC, lateral meniscotibial cavity; mFMC, medial 421 

femoromeniscal cavity; MM, medial meniscus; mMTC, medial meniscotibial cavity; 422 

P, patella; T, tibia. 423 

B: Three-dimensional reconstruction of the right knee joint at E20. The patella is 424 

not fully reconstructed and is seen only partially. 425 

White, femur; green, femoropatellar cavity; purple, lateral and medial 426 

femoromeniscal, lateral and medial meniscotibial, and circumligament cavities; 427 

orange, patella; light blue, anterior cruciate ligament; blue, posterior cruciate 428 

ligament.  429 

 430 

Figure 7. Morphometry of cavity formation in each developmental stage 431 
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Volume of the FPC (green) and the other five cavities (purple, mFMC, lFMC, 432 

mMTC, lMTC, and CLC) at each developmental stage was measured. 433 

Values are mean ± 95% confidence interval.  434 

Abbreviations: CLC, circumligament cavity; FPC, femoropatellar cavity; lFMC, 435 

lateral femoromeniscal cavity; lMTC, lateral meniscotibial cavity; mFMC, medial 436 

femoromeniscal cavity; mMTC, medial meniscotibial cavity.  437 

438 
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