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The menisci of the knee are crescent-shaped structures that contribute to load 

distribution and stability of the tibiofemoral joint. The kinematics of menisci are of 

particular interest, but there remains a lack of robust evidence regarding meniscal 

translation in the healthy knee for comparative purposes.  One of the greatest 

challenges in doing a study of the menisci is the lack of visibility and contrast between 

neighboring anatomies in the MRI. The purpose of this study is to set up a meniscal 

study framework by investigating the kinematics of the meniscus in dogs and 

developing an automatic segmentation algorithm to guide future studies.  This 

information may be valuable because the dog has been extensively used as an 

experimental model to study meniscal treatments. In this study, menisci from 16 

cadaveric dog knees were analyzed by 3T MR system with proton density sequence in 

the sagittal plane at four different knee positions. Prior to MR imaging, each knee was 

placed into a loading jig to mimic weight-bearing conditions. After imaging, the MRIs 

were manually segmented and the kinematics were observed. The manually segmented 

models were used to develop a statistical shape model, which was deformed to match 

the menisci in the MRI, automatically. The automatic segmentation scheme was 
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validated for their shapes and sizes by comparing with manually segmented models. In 

results, the meniscal displacements were much larger than in humans, displacing 

13.5mm and 13.7mm posteriorly on average for the lateral and medial menisci  during 

flexion (p=0.90). The mean and standard deviations for Dice overlap index were 81.8% 

3.0% and 81.9% 1.9% and absolute surface distance of 0.43mm 0.1mm and .48mm 

0.1mm between manual and automatic segmentations. Through this study we have 

successfully provided the capabilities to automatically segment the menisci and the 

meniscal kinematic data for comparative purposes for future studies. 
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CHAPTER 1 
INTRODUCTION 

Background 

Menisci   

The menisci of the knee are crescent-shaped structures that contribute to load 

distribution, lubrication, proprioception and stability of the tibiofemoral joint (Kurosawa et 

al., 1980, Mow et al., 2005, Mcdermott et al. 2008). They are located between the femur 

and tibia. Because of their unique geometry, the menisci improve congruity and provide 

greater articular contact area between the femoral condyles and tibial plateaus. The 

main functions of the menisci are to protect the articular cartilage by minimizing contact 

stress by maximizing contact area within the knee. 

The knee is comprised of two menisci, the medial and lateral. The medial 

meniscus covers about 50% and the lateral covers about 70% of their compartments on 

the tibial plateau (Fox, 2007). During full extension, 50% of the body weight is 

transmitted through the menisci and increases to 85% during 90° flexion (Fox, 2007; 

Ahmed, A.M. et al. 1983).  At the macroscopic level, the meniscus can be divided into 

three parts, the anterior horn, posterior horn, and the body, with two different zones, the 

white zone and red zone as shown in Figure 1-1 (Anderson, 2002).  At the microscopic 

level, the meniscus is more than 90% type 1 collagen arranged in bundles that course 

circumferentially (Lee 2000). The circumferential collagen bundles deform with axial 

loading, which evenly distributes the load across the joint surface (Anderson 2002). 

Total or partial loss of meniscus due to injury or meniscectomy results in increased 

force observed by the articular cartilage. Degeneration of the meniscus can lead to 

progression of osteoarthritis in the knee joint (Burr et al, 1984). 
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Osteoarthritis  

Osteoarthritis (OA) is the most common form of knee arthritis and is the leading 

cause of chronic disability in the United States (CDC 2001). OA is a disease that slowly 

causes joint degeneration through mechanical and biologic mechanisms. OA is the 

leading indication for joint replacement surgery in the United States, and 905,000 knee 

replacements were performed in 2009 at a cost of $42.3 billion (Murphy et al., 2000). It 

is reported that 9.3 million U.S. adults had symptomatic knee OA in 2005 (Lawrence et 

al., 2008).   

A significant loss of the meniscal tissue due to injury or degeneration leads to 

osteoarthritis in the knee (Burr et al, 1984). Exact causes for meniscal degeneration are 

still unknown and no cause-and-effect relationship between meniscal injury and 

development of OA has been established. There are a few different options for treating 

meniscal injury, including total or partial meniscectomy, meniscal repair, meniscal 

transplant and regeneration.   

Treatment of Meniscal Tears  

Total and partial meniscectomy is a procedure that consists of total or partial 

resection of the torn part of the meniscus.  However, because a portion of meniscus is 

cut out and tissue is reduced, the remaining tissues are forced to absorb more load with 

lower mechanical integrity. There are extensive studies, with numerical and 

experimental models, reporting that total meniscectomy can accelerate development of 

OA (Englund and Lohmander, 2004). Also, partial meniscetomy does not eliminate the 

risk of OA (Englund, et al., 2003). It has been reported that 16% to 34% of meniscal 

removal increases the contact forces on the articular cartilage by 350% (Seedhom et 

al., 1979).  However, partial meniscectomy is still the most common form of treatment 
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for meniscal injury or meniscal tear and there are about 700,000 meniscectomies done 

annually in the U.S alone at an estimated cost of $4 billion (Cullen et al., 2006). 

Meniscal repair is a meniscus-preserving technique that treats the torn meniscus 

typically by suture repair. Young patients with recent injuries are good candidates for 

meniscal repairs. Generally, there are 3 different types of fixation for meniscal repairs, 

but only the “all-inside” fixation is considered a valuable treatment option for most 

patients with meniscal tears (Hoffelner et al. 2011). One critical drawback with meniscal 

repair is that the meniscus can only heal itself in the red (vascular) zone, which is the 

outer part of the meniscus and is only comprised of one third of the meniscal body 

(Tudor et al. 2014).  When menisci cannot be preserved, meniscal transplant is a 

treatment option. This technique typically uses one of four different types of allografts: 

cryopreserved, deep-frozen (frozen fresh), fresh, and lyophilized (dried frozen) 

(Lubowitz et al. 2007).  Meniscal transplant has been shown to partially replace the 

function of the normal meniscus, with concomitant improvements in pain and knee 

function (Felix et al., 2003). Some of the limitations of this procedure include tissue 

availability, risk of immune reaction, risk of disease transmission, and graft sizing 

(Lubowitz et al. 2007). Also, long-term protection from joint degeneration is not yet 

proved and further research is needed (Wirth et al., 2002, Felix et al., 2003). 

Due to the growing interest in meniscal tissue preservation techniques and the 

limitations of meniscal repair and allograft supply for transplants, some researchers 

have focused their interests on tissue regeneration and artificial tissue engineering.  The 

potential possibilities using this treatment are for improving biological bonding for 

repairable meniscal tears and partial or total tissue regeneration to restore the removed 
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tissues after partial or total meniscectomy (Scotti 2013).  There has been extensive 

study of tissue regeneration/engineering, and a detailed review recently has been 

written by Scotti et al. Unfortunately, there are apparently no published studies proving 

any of these treatment options are effective in preventing OA development. More 

investigations are needed to determine the most effective treatment options.   

Biomechanical Studies  

Kinematics. Many biomechanical studies have been done to better understand 

the kinematics and joint contact mechanics of the healthy, injured, and surgically treated 

knees.  Studies of the meniscal kinematics allow us to understand its behavior during 

different actives.  Learning about meniscal kinematics of a healthy patient will give the 

gold standard and ideal comparison and goal when treating patients with meniscal 

injuries.  Also, learning about different types of injuries and how they affect the meniscal 

and knee kinematics will help during initial diagnosis process and the success of the 

treatments post operatively.   

Contact mechanics. There have been studies done using experimental model 

using in-vivo and in-vitro human patients and using in-vivo and in-vitro animal models. 

These models help us to understand the anatomy and its biology in the macro and 

micro level.  Experimental models also give us the capabilities to measure stress, strain, 

volume, material and mechanical properties numerically.  For those properties and 

measurements that are readily available and obtainable experimentally, numerical 

models have been developed for estimation and prediction capabilities.   

Magnetic Resonance Imaging  

Magnetic Resonance Imaging (MRI) system provides high quality images of the 

internal structures in two or three dimensions. This is a non-invasive technique that is 
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comparable with Computer Tomography (CT) x-ray scans but without ionizing radiations 

that presents risk of cancer.  The MRI scanner creates strong external magnetics field, 

1 to 10 Tesla, around the patient that aligns the hydrogen atoms in the same direction.  

The images of the internal structures are created by collection the radio signals from the 

nuclei as it realigns into proper positions after the pulse of radio waves from the scanner 

knocks the particles out of alignment.  

MRI may be used in situations where organs or soft tissues are being studied.  In 

orthopedics, MRI are used to examine bones, joints, and soft tissues such as cartilage, 

muscles and menisci in the knee for diagnosing injuries, OA or other joint degenerated 

diseases.  There has been extensive studies done on different MRI scanning protocols 

to determine the combinations needed when imaging different soft tissues and bones in 

the body.   

Medical Image Segmentation  

Segmentation is a process that creates a 3D model from stacks of multiple 2D 

images.  In the medical field, segmentation is used to turn stacks of 2D images from 

devices such as MRI and CT scanners into a 3D model of internal organs, blood 

vessels, bones, and other soft tissues like cartilage and menisci.  There has been an 

extensive research done on both manual and automatic medical image segmentations 

algorithms (Fu and Mui, 1981; Mclnerney and Terzopoulos, 1996; Pham DL et al. 2000; 

Mitchell et al., 2001; Fripp et al. 2010; Zhang et al., 2013; Paproki et al., 2014; Yin et al, 

2010). Segmentations assist in numerous biomedical image applications such as 

quantifications of tissue volume (Stone et al., 1994; Bower et al., 2007), study of the 

anatomical structures (Wirth et al., 2010, Thompson et al. 1991), and kinematics (Vedi, 

et al., 1999; Yao et al., 2008).  It is also used to better visualize the human anatomy 
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during diagnosis and for research.  Conventionally, segmentations were not need during 

medical image analysis for assisting with diagnosis and treatment planning, but with 

advances in technology segmentations are used to obtain more clear information from 

medical images to obtain accurate diagnosis and treatments.   

There are many different methods of image segmentations such as using 

deformable models, region based, intensity based, model-based and graph cut etc.  

Currently most popular automatic segmentation algorithms are model-based 

segmentations like Active shape model (ASM) and active appearance model (AAM), 

which uses statistical shape models (SSM) (Cootes et al., 1995, Fripp et al., 2010, 

Paparoki et al., 2014).  At the 2010 MICCAI conference, a competition for knee 

segmentation was held at a workshop “Medical Image Analysis for the clinic – A Grand 

Challenge” (Heimann et al., 2010) and model based automatic segmentation method 

ranked the highest in terms of accuracy (Seim et al., 2010; Vincent et al., 2010) .  ASM 

was first proposed by Cootes and Taylor and the term was adopted to make the 

distinction between their method and Active Contour Model (snakes) (Cootes et al., 

1995).  The basic idea of ASM is to fit a model in an image by deformation. The key is 

that the model can only deform in the ways found in the training sets, giving it a shape 

constraints to the deformable model.  ASM uses SSM where Cootes and Taylor called 

Point Distributed Model (PDM), which is a model represented by point cloud.  The 

shape constraints are applied by training the base model by aligning with the same or 

similar models that has been deformed and calculating the variance of the points and 

restricting the model to only move the way it was trained. One of the major limitation for 

ASM is that it does not consider the image intensity information, so it is difficult to obtain 
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accurate segmentations for image with less prominent edges, however it is relatively 

fast and simple. 

Statistical Shape Model (SSM)  

SSM is a shape described by a trained mean shape plus the shape variation of 

each orthogonal mode, P𝑚, times the shape parameter, 𝑏𝑚 , that control the modes of 

the variation:  

𝑋 =  𝑋 + P𝑚𝑏𝑚     (1-1) 

𝑋 = (𝑥1,𝑦1 , 𝑧1,… , 𝑥𝑛, 𝑥𝑛,𝑥𝑛)𝑇    (1-2) 

where a shape vector, 𝑋, is represented by a set of n points on its surface with 

every 𝑖th point representing the same corresponding position for all shapes.  Shape 

mean, 𝑋, and the covariance matrix, C, can be obtained after aligning the shape using 

Procrustes analysis method (ref) with m number of training data sets.  

𝑋 =
1

𝑚
∑ 𝑋𝑖

𝑚
𝑖=1      (1-3) 

𝐶 =
1

𝑚−1
∑ (𝑋𝑖−�̅�𝑖

𝑚
𝑖=1 )(𝑋𝑖−�̅�𝑖)

𝑇   (1-4) 

After alignment, principal component analysis (PCA) is used to analyze the 

shape variations. The corresponding eigenvectors, P = (p1,p2, … , pt), and 

eigenvalues, λ𝑖 , 𝑖 = 1,2, … , 𝑚, are calculated by transforming C to a diagonal matrix Λ 

using eigen decompositing method, 

𝐶P = ΛP     (1-5) 

The variance can be explained by the eigenvectors and the corresponding 

eigenvalue and most of the variations can usually be explained by a smaller number of 

modes, t, where t <<m. The total variance of all the variables are shown as 

𝜆 𝑇 = ∑ 𝜆𝑘
𝑡
𝑘=1      (1-6) 
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Since the variance of 𝑏𝑘over the training set can be explained by, 𝜆𝑘 , any new 

shapes can be generated by varying the parameters 𝑏𝑘  within the suitable limits of, 

−3√𝜆𝑘 ≤ 𝑏𝑘 ≤ 3√𝜆𝑘     (1-7) 

Previous Meniscal Segmentation Work 

There are many works on knee segmentations whether it is manual, semi-

automatic, or fully automatic, but only few on the meniscal segmentation.  The work of 

Fripp et al. and Yin et al. seem to be most famous. Fripp uses 3D ASM to segment the 

bones and cartilages, then extract menisci by fitting medial and lateral shape models 

combined with Gaussian mixture model (GMM) which is an estimation of the intensity 

distribution and the probability of it being soft tissue in the ROI from the MR images.  

They reported accurate bones and bone-cartilage interface (BCI) segmentation but not 

with the meniscal segmentation (Fripp et al. 2009).  Yin et al. is based on LOGISMOS 

(layered optimal graph image segmentation of multiple objects and surfaces) framework 

for automatic segmentation of the knee bone and cartilage surfaces from volumetric MR 

image and the meniscus segmentation was done using pattern recognition technique 

based on the segmented cartilages (Yin et al. 2010). Also, most currently Paproki A et 

al. segmented the menisci using combination of ASM and SSM without constraints to 

cover the variability not shown in the training sets (Paproki A et al. 2014).  All these 

works provided promising results but there are still rooms for improvements.   

Motivations for the Study 

There are still great interests in studying the menisci of the knee in the world of 

orthopedics. There are extensive studies done in diagnosis and treatment techniques, 

which will allow increase in patient satisfactions after surgical treatments and surgical 
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success rates.  Our motivation for this study developed from the fact that for most of 

these studies, medical image segmentations were done to generate 3D reconstructed 

models from stacks of 2D images from MRI scanner and these segmentations were 

done manually.  There have been studies done to automate the segmentations process 

by previous researchers with promising results but none (commercial and/or open 

source) were publically available for uses.  The objectives of this study are to obtain 

kinematic data of the menisci and develop an accurate and robust automatic 

segmentation algorithm using statistical shape models.  

Research Overview 

Quantifying Meniscal Volume using 1.5T and 3T 

The objective of the first aim is twofold: to determine if accurate measures of 

meniscal volume could be obtained using clinical veterinary MR facilities, and to 

compare results using 1.5T and 3.0T systems with similar common clinical protocols 

using a single proton density (PD) sequence. Stifles were imaged under a compressive 

load and in four different joint positions to simulate in vivo meniscal conditions. MR-

based meniscal volumes were compared with gold standard water displacement tests. 

Dogs are used because it has been extensively used as an experimental model to study 

meniscal treatments such as meniscectomy, meniscal repair, transplantation and 

regeneration.  

Quantifying Meniscal Kinematics of Dogs 

The objective of the second aim is to provide a three-dimensional (3D) 

description of meniscal kinematics of intact, loaded cadaveric stifles at full flexion and 

extension, along with tibial internal and external rotation applied at 45° flexion.  Four 
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poses were analyzed for each knee. The meniscal kinematics were analyzed using 3D 

models reconstructed from 3T MRI taken at both sagittal and coronal views. 

3-D Semi-Automatic Segmentation of Menisci using Statistical Shape Model  

The objective of this study was to develop and validate an automatic 3D 

segmentation scheme for canine menisci from MR images, which would be made 

publically available for use in any future studies or further development and refinement. 

The accuracy of the automatic segmentation scheme was validated using two distance-

based measurements: mean absolute surface distance (MASD) and Hausdorff distance 

(HD), and three volume-based measurements: sensitivity, specificity, and Dice overlap 

coefficient (Dice). 
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Figure 1-1.  Meniscal anatomy (Anderson MW 2002).  
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CHAPTER 2 
QUANTIFYING MENSICAL VOLUME USING 1.5T AND 3.0T MRI 

Summary  

Background: The dog has been used extensively as an experimental model to 

study meniscal treatments such as meniscectomy, meniscal repair, transplantation and 

regeneration. Accurate quantification of meniscal size, volume and morphology is a 

crucial step for developing models of the meniscus. The goal of this investigation was to 

determine if accurate measures of meniscal volume could be obtained using clinical 

veterinary MR facilities, and to compare results using 1.5T and 3.0T systems with 

similar protocols using a single proton density (PD) sequence.  

Results: MR-based volume measurements for menisci from dogs have higher 

absolute errors than those reported for human meniscal volume measurements, with 

average volume errors as high as 16.3% for medial and 19.3% for lateral menisci when 

compared to water displacement measurements (gold standard). However, MR-Based 

volume measurements were reproducible, with inter and intra observer reproducibility 

root mean square coefficients of variation of 11% and 6% for medial and 14% and 4% 

for lateral meniscus. No significant volume differences were found between MR-based 

measurements for different joint poses, for either medial or lateral menisci (p>0.05).  

Conclusions: Repeatable measurements of meniscal volumes using MR may 

provide a useful capability for assessment of postoperative results following meniscal 

treatments such as meniscectomy and meniscal regeneration. Despite the studies 

limitations, we have shown that common clinical MR scanners and signal sequences 

can be used to quantify dogs’ meniscal volumes with reasonable accuracy and good 

repeatability. 
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Background  

The menisci of the knee are crescent-shaped structures that contribute to load 

distribution, lubrication, and stability of the tibiofemoral joint (Kurosawa et al. 1980; 

McDermott et al.; 2008, Mov et al., 2005). Because of their unique geometry, the 

menisci improve congruity and provide greater articular contact area between the 

femoral and tibial condyles. The importance of the structure-function relationship of the 

knee meniscus has been demonstrated in experimental studies, guiding surgeons 

towards a conservative approach in treating meniscal injuries (Fithian et al., 1990).  

Meniscal injury, repair, replacement and regeneration are topics of great interest 

to surgeons in both human and veterinary medical fields. Total meniscectomy is a 

treatment option that is rarely performed because of the direct relationship between loss 

of meniscal tissue and the development of osteoarthritis (Burr et al., 1982; Roos et a., 

1998; Englund et a., 2004; Berjon et al., 1991). Meniscal repair is preferred when 

possible, but partial meniscectomy is still indicated when the meniscal tear cannot be 

sutured (Tudo et al.; 2014, Thieman et al., 2010). In an attempt to restore meniscal 

function when repair is not possible, cell and tissue regenerative strategies have been 

investigated, mostly in experimental studies (Scotti et al., 2013). The ability to quantify 

meniscal volumes noninvasively permits acute study of surgical procedures (e.g. partial 

meniscectomy) and longitudinal studies of meniscal regeneration following novel 

treatments such as intra-articular mesenchymal stem cells (Vangsness et al., 2014). 

Accurate quantification of meniscal size and morphology is a crucial step for 

developing models of the meniscus. Many finite element models have been developed 

to study the biomechanical contact behavior of the knee joint. These models provide 

numerical solutions of stress distributions within tissues that cannot be readily 
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measured in experimental models (Guo et al. 2014; Pena et al., 2005). Previous studies 

have accurately measured the meniscal volumes for humans (in-vitro and in-vivo) with 

different imaging protocols and different MR magnet strengths (Blöcker et al., 2013; 

Bowers et al., 2007; Stone et al., 1994; Wirth et al., 2010; Siorpaes et al., 2012). Similar 

assessments have not been reported for application in dogs, and it cannot be assumed 

that the same results are possible in these much smaller joints, nor broadly applicable 

since 3T MRI capability is uncommon in veterinary practice.   

The dog has been extensively used as an experimental model to study meniscal 

treatments such as meniscectomy, meniscal repair, transplantation and regeneration 

(Bennett et al., 1991; Cook et al., 2001; King et al., 1936; Pozzi et al. 2010). The goal of 

this investigation was twofold: to determine if accurate measures of meniscal volume 

could be obtained using clinical veterinary MR facilities, and to compare results using 

1.5T and 3.0T systems with similar common clinical protocols using a single proton 

density (PD) sequence. Stifles were imaged under a compressive load and in four 

different joint positions to simulate in vivo meniscal conditions. MR-based meniscal 

volumes were compared with gold standard water displacement tests. Since dog 

menisci are about 25% the volume of average human menisci, we assumed MR-based 

volume measurement of dog menisci would be less accurate than what has been 

reported for human meniscal volume studies. The significant reduction in size means 

each meniscus fills fewer 3D voxels and consequently may suffer from greater partial 

volume averaging errors.  
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Methods 

Experimental Animals 

IACUC# 20130788 was approved for this study involving 16 pairs of menisci 

(n=32), from 16 intact stifles from 16 medium breed dogs (range 20-35 Kg), euthanized 

for reasons unrelated to this study. The dogs were skeletally mature and without 

apparent signs of stifle disease confirmed during anatomical dissection.  Each intact 

stifle was prepared to have consistent lengths of femur and tibia, 12 cm above and 

below the joint, and a transepicondylar k-wire was drilled through the femur and tibia 

under fluoroscopic guidance to permit mechanical loading.  

Experimental Design 

Prior to MR imaging, each stifle was placed into a nonmetallic loading jig that 

provided a fixed flexion angle and a net 88N load across the joint. The load was 

selected to simulate a 30Kg dog in standing position. The stifles were placed at four 

different positions to simulate the full range of stifle flexion during daily activities [Kim et 

al., 2015]: 35º flexion (145º flexion using human angle conventions), 150º flexion (30º in 

humans), and 135º flexion (45º in humans) with tibial internal and tibial external rotation. 

The stifles were imaged serially in each of these positions without delay between tests. 

Tibial internal and external rotation was obtained by applying a constant torsion to the 

proximal tibia with an elastic band. Specimens were kept hydrated during the entire MR 

imaging process by wrapping them in wet towels once thawed. 

MRI Protocols  

Intact stifles were thawed prior to imaging in two freeze/thaw cycles, with half 

scanned at 1.5T in the first thaw cycle, and half scanned at 3.0T in the first thaw cycle. 

A quadrature knee coil was used for 1.5T MR imaging (Toshiba Titan, Toshiba, Duluth, 



 

27 

Georgia, U.S.A) and a 15-channel transmit/receive coil was used for 3.0T MR imaging 

(Siemens Verio, Siemens, Malvern, Pennsylvania, USA). Based upon preliminary 

exams performed to obtain good quality images of the menisci, the 3.0T MR scans were 

performed using a PD sequence (TR/TE/FA, 4300/18/90; FOV, 120mm; matrix, 

512x512, slice thickness/gap, 2mm/0mm), and the 3.0T MR scans were performed 

using a similar PD sequence (TR/TE/FA, 4210/25/90; FOV, 120mm; matrix, 512x512, 

slice thickness/gap, 2mm/0mm).  All images were stored on a picture archive and 

communication system (PACS) in digital imaging and communications in medicine 

(DICOM) format. 

Meniscal Volume Measurements  

After MR imaging the meniscal specimens were dissected from the joint and 

isolated from the attached cranial and caudal ligaments. The volume of the menisci was 

measured using a water volume test, which was considered the gold standard for 

comparison with the MR-based volume measurements [Bowers et al., 2007, Stone et 

al., 1994]. The menisci were placed in a 10 ml graduated cylinder filled with 9 ml of 

saline. The elevated saline was removed back to 9 ml with a micropipette and recorded 

as water volume of the specimen. Measurements for each specimen were repeated 

three times by two observers. The average of six water volume measurements, three 

measurements each from two observers, was used as a reference standard for 

meniscal volumes.   

To calculate the meniscal volume using manual segmentation of MR images, an 

open-source software (ITK SNAP, www.itksnap.org)  (Yushkevich et al., 2006) was 

used to reconstruct 3D surface representations of the medial and lateral menisci  (Figure 

2-1). A sub group of 14 stifles at a single position were segmented again by a single 

http://www.itksnap.org/
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observer (at least 8 months later) to assess intra-observer reproducibility. An additional 

subgroup of 5 stifles at a single position were segmented by 3 different observers to 

assess inter-observer reproducibility. Model post processing was done using the alpha 

shape algorithm (MATLAB R2014b, MathWorks, Natick, Massachusetts, U.S.A), 

segmented contours were meshed with triangles to create 3D models, and volumes 

were calculated (Geomagic Studio, Figure 2-1).  

Statistical Analysis 

All measurements for significance were calculated using a one-way ANOVA with 

alpha of 0.5 in this study. The meniscal volumes measurements from raw MR voxel and 

post-processed 3D MR models from both 1.5MR and 3.0MR were compared for 

significance. Volume measurements from 3D model and the gold standard were also 

compared.  The root mean square (RMS) standard deviation (SD) and coefficient of 

variation (CV) were calculated across 14 stifles for intra-observer segmentation 

reproducibility involving 28 degrees of freedom, and 5 stifles for inter-observer 

segmentation reproducibility involving 10 degrees of freedom (Gluer et al., 1995). All 

statistical calculations were performed using Microsoft Excel. 

Results 

Raw voxel volumes from both 1.5T and 3.0T measurements were consistently 

less than volumes from post-processed 3D MR models (Fig. 2).  For 1.5T images, raw 

voxel volumes (Fig. 1C) averaged 351 mm3 ± 70 mm3 (p =0.006) and 520 mm3 ± 107 

mm3 (p < 0.001) while post-processed 3D models (Fig. 1D) averaged 390 ± 81 mm3 and 

596 ± 128 mm3 for medial and lateral mensici, respectively. For 3T images, raw voxel 

volumes averaged 343 mm3 ± 65 mm3 (p =0.004) and 479 mm3 ± 100 mm3 (p < 0.001) 

while post-processed 3D MR models averaged 403 ± 74 mm3 and 572 ± 121 mm3 for 
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medial and lateral menisci, respectively (Table 2-1). Post-processed 3D MR model 

volumes were also consistently smaller than water displacement volumes (Figure 2-2). 

Compared to water displacement volumes, 3T MR 3D model volumes from intact stifles 

were 14.4% smaller (p < 0.001) for medial menisci and 19.3% smaller (p < 0.001) for 

lateral menisci. 3D models from 1.5T MR were 16.3% smaller (p < 0.001) and 16.1% 

smaller (p < 0.001), compared to medial and lateral menisci water displacement 

volumes, respectively. The smallest volume differences were 12.2% for medial 

meniscus under tibial internal rotation for 3T MR 3D models, and 14.4% for lateral 

meniscus at tibial external rotation for 1.5T MR 3D models (Table 2-2). However, no 

significant meniscal volume differences were found between 1.5T and 3T MR 3D model 

measurements (p>0.34) and between different poses from both MR groups (p>0.6). 

There was also high average correlation, r = 0.8 for medial and r = 0.9 for lateral 

meniscus model volumes, between MR measurements and the water displacement 

volumes (Table 2-2).   

The intersubject volume CV for medial and lateral meniscal model volumes at 

1.5T averaged 21% for both, and for 3T scans averaged 18% and 21%, respectively 

(Table 2-1).  The SD for inter-observer reproducibility for medial and lateral meniscus 

models were 39 mm3 and 79 mm3, and the RMS CV were 11% and 14%, respectively.  

The RMS CV ratio between intersubject and inter-observer was 1.9 for medial and 1.5 

for lateral meniscus. The SD and RMS CV for intra-observer reproducibility were 21 

mm3 and 6% for medial and 20 mm3 and 4% for the lateral meniscus models. The RMS 

CV ratio between intersubject and intra-observer was 3.5 and 5.3 for medial and lateral 

meniscus, respectively. 



 

30 

Discussion 

Accurate measurements of dog meniscal volumes using MR may allow to assess 

postoperative results following meniscal treatments in dogs (Cook et al., 2001; 

Arnoczky, 1999; Arnoczky and Warren, 1983). The objective of this study was to 

compare the volumes of 3D meniscal models segmented from 1.5T and 3T MR images 

to determine if an accurate measurement of meniscal volumes can be obtained using 

common clinical veterinary MR capabilities.  We selected a stress MR protocol to 

evaluate intra-articular structures under joint loading conditions (Tremolada et al. 2013). 

Since the ultimate goal of regenerating meniscal tissue is to restore the damaged or 

injured tissue to its normal function, the stifles were compressed during imaging to 

mimic weight-bearing conditions. As expected, MR-based volume measurements for 

dog menisci have higher average errors than have been reported for human meniscal 

volume measurements, with highest absolute mean volume errors of -16.3% and -

19.3% for the medial and lateral menisci, respectively, when compared to unloaded 

water displacement volumes.  A post processing was done to the 3D model because of 

the consistent underestimation and unknown error from partial volume averaging.  The 

sole purpose of the post processing was to obtain outside boundaries of the meniscus 

model similar to a convex hall but holding on to the interior boundaries that make up the 

anterior and posterior horns, henceforth developing a more smooth crescent shape 

meniscus model instead of block like structure (Figure 2-1:C, D).   

There are several factors potentially contributing to consistent underestimation of 

meniscal volumes using MR imaging. The first, and the largest contribution is that the 

MR measured volumes are from stifles that are under compressive load during imaging 

while the water volume tests were not under any compressive load. Kessler et al 
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reported human meniscal volume changes after running as high as -10% for the medial 

meniscus and -8.2% for the lateral meniscus (Kessler et al., 2006). Second, dog 

menisci are about one-fourth the volume of human menisci, so equivalent volume 

measurement accuracy requires MR scans with smaller voxel volumes. Third, the 

scanners available for this study could not conveniently provide 1mm slice spacing as 

reported by Bowers et al, who reported average meniscal volume errors of 4.6% and 

7.9% for both medial and lateral meniscus. These factors lead to larger partial volume 

effects within each voxel, coarser spatial discretization of the reconstructed menisci, 

and likely explain consistent volume underestimation of dog menisci using common 

veterinary clinical scanners.  Lateral meniscus is larger in volume and in surface area so 

it was likely to have been more influenced by the partial volume effect resulting in a 

slightly larger error than the medial meniscus. No statistical results were discovered to 

support this theory, but it agrees with previous studies (Bowers et al., 2007; Stone et al., 

1994; Siorpaes et al., 2012).  Finally, the MR signal sequences used for this study were 

typical clinical routines, not specialized sequences developed for maximum contrast and 

spatial resolution between cartilage, meniscus, and bone.  

Despite a consistent bias in meniscal volumes using either 1.5T or 3T MR 

compared to water-volume measurements, the results were repeatable for all of the 

MR-based measurements, including interim freeze/thaw cycles, different joint poses, 

and different field strengths with relativity high correlation coefficients (r>0.8) between 

the MR measurements. The RMS CV for both inter-observer and intra-observer 

segmentation reproducibility were lower than CV calculated for intersubject variability. 

Average intersubject CV was 1.9 times higher for medial and 1.5 time higher for the 
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lateral meniscus than average CV for inter-observer, and 3.5 times higher for medial 

and 5.25 times higher for lateral meniscus than CV for intra-observer reproducibility, 

which is comparable to meniscus volume results for inter-observer reported by Siorpaes 

et al. 

This study has several important limitations. The largest limitation is that the MR-

based volume measurements were under compressive loads while the water volume 

tests were not. The consistent underestimation of volume measurement agrees with the 

fact that menisci are compressible and no obvious trend was detected from 

measurements from 35º flexion (first pose) to tibial external rotation (last pose). Ideally, 

the stifles would have been imaged with both MR systems in the same session 

immediately followed by harvesting and water displacement tests. This was not done, 

and the stifles underwent multiple freeze thaw cycles pending availability of the MR 

systems.  Efforts were made always to keep the specimens hydrated, but the effect of 

thermal cycling on meniscal volumes is unknown. A different MR image sequence was 

used for this study than was used in previous reports, e.g. Bowers et al, making it 

difficult to directly compare the data or to identify specific causes for differing results.  

Conclusion 

In conclusion, despite these studies limitations, we have shown that common 

clinical MR scanners and signal sequences can be used to quantify dogs’ meniscal 

volumes with reasonable accuracy and good repeatability. 
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Figure 2-1. MR images of the menisci and the resulting 3D meniscal models. MR image 
of an intact stifle at 35º flexion (A), an intact stifle at 150º flexion (B), an image 

of 3D meniscus model of the raw voxel (C), and an image of 3D meniscal 
models from segmented images using the alpha shape algorithm plus 

smoothing (D).  
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Figure 2-2. Average mean (±1 standard deviation) medial and lateral meniscal volume 
measurements.  The thinner and more transparent bar graphs are the 

1.5T/3T MR 3D model volume measurements and the thicker solid bar graphs 
on top are raw MR voxel volume measurements.   
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Table 2-1. Average medial and lateral meniscal volume measurements, 1 standard 
deviation (SD) and intersubject coefficient of variation (CV) results. 

   
Mean (mm3) SD (mm3) CV (%) 

Medial 

1.5 T 

35FLX 407 89 22 

150FLX 381 76 20 

EXT 392 70 18 

INT 378 94 25 

Overall 390 81 21 

3 T 

35FLX 418 87 21 

150FLX 403 69 17 

EXT 389 74 19 

INT 402 64 16 

Overall 403 74 18 

H20 Overall 447 96 21 

Lateral 

1.5 T 

35FLX 608 118 19 

150FLX 588 112 19 

EXT 610 141 23 

INT 579 141 24 

Overall 596 128 21 

3 T 

35FLX 572 128 22 

150FLX 595 117 20 

EXT 557 199 20 

INT 565 130 23 

Overall 572 121 21 

H20 Overall 713 149 21 
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Table 2-2. Agreement between volume measurement from segmented 1.5T and 3T MR 
3D models, gold standard and 1.5T MR 3D models, and gold standard and 3T 

MR 3D models for both medial and lateral meniscus. 

      diff (mm3)  error (%) r 

Medial 

1.5T/3T 

35FLX 70 15 0.7 

150FLX 40 10 0.8 

EXT 20 7 0.9 

INT 41 11 0.9 

Overall 41 11 0.8 

H20/1.5T 

35FLX 68 15 0.8 

150FLX 82 17 0.8 

EXT 71 14 0.8 

INT 89 19 0.8 

Overall 77 16 0.9 

H20/3T 

35FLX 77 17 0.6 

150FLX 66 13 0.8 

EXT 74 15 0.9 

INT 62 12 0.9 

Overall 70 14 0.8 

Lateral 

1.5T/3T 

35FLX 65 13 0.8 

150FLX 36 6 0.9 

EXT 67 12 0.9 

INT 59 11 0.9 

Overall 57 10 0.9 

H20/1.5T 

35FLX 106 14 0.9 

150FLX 125 17 0.9 

EXT 103 14 0.9 

INT 133 19 0.8 

Overall 117 16 0.9 

H20/3T 

35FLX 141 20 0.9 

150FLX 118 16 0.9 

EXT 156 21 0.9 

INT 148 21 0.9 

Overall 141 19 0.9 

diff: absolute difference, error: percent error, r: Pearson correlation coefficient. 
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CHAPTER 3 
QUANTIFIYING MENISCAL KINEMATICS OF DOGS 

Summary 

The dog has been used extensively as an experimental model to study meniscal 

treatments such as meniscectomy, meniscal repair, transplantation and regeneration. 

However, there is very little information on meniscal kinematics in the dog. This study 

used MR imaging to quantify in vitro meniscal kinematics in loaded dog knees in four 

distinct poses: extension, flexion, internal and external rotation. A new method was 

used to track the meniscal poses along the convex and posteriorly tilted tibial plateau.  

Meniscal displacements were large, displacing 13.5 mm and 13.7 mm posteriorly on 

average for the lateral and medial menisci during flexion (p = 0.90). The medial anterior 

horn and lateral posterior horns were the most mobile structures, showing average 

translations of 15.9 mm and 15.1 mm, respectively. Canine menisci are highly mobile 

and exhibit movements that correlate closely with the relative tibiofemoral positions.  

Introduction 

The menisci of the knee are crescent-shaped structures that contribute to load 

distribution, lubrication, and stability of the tibiofemoral joint (Kurosawa et al. 1980; 

McDermott et al.; 2008, Mov et al., 2005). Because of their unique geometry, the 

menisci improve congruity and provide greater articular contact area between the 

femoral and tibial condyles. The kinematics of menisci are of particular interest, and 

have been demonstrated in experimental studies on human knees (Lee et al., 2000; 

Brantigan et al., 1941; Bylski-Austrow et al., 1994; Thompson et al., 1991; Boxheimer et 

al., 2004; Kawahara et al., 1999; Shefelbine et al., 2006; Epler et al., 2005; Rankin et 

al., 2006; Vedi et al., 1999; Yao et al., 2008; Scholes et al., 2015). One of the unique 
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characteristics of the menisci is their complex system of attachments to tibia and femur 

(Gupte et al., 2007; Proffen et al., 2012; Amadi et al., 2008; Han et al., 2012). The 

function of the meniscal ligaments is multifold.  These ligaments prevent extrusion of the 

menisci during load but also guide these structures during knee motion. The posterior 

horn of the medial meniscus is firmly attached to the tibia because of its attachments to 

the medial collateral ligament and the tibial plateau. The posterior horn of the lateral 

meniscus has a looser attachment to the tibia, but is firmly attached to the femur. 

Many researchers have investigated both human and animal meniscal 

kinematics in the past, but there remains a lack of robust evidence regarding meniscal 

translation in the healthy knee for comparative purposes (Scholes et al., 2015). This 

information may be valuable for comparative purposes because the dog has been 

extensively used as an experimental model to study meniscal treatments such as 

meniscectomy, meniscal repair, transplantation and regeneration (Bennett et al., 1991; 

cook et al., 2001; King et al., 1936; Pozzi et al., 2010). However, the authors were 

unable to locate studies reporting meniscal kinematics in dogs at the time of study 

initiation.  

The present study was performed to provide a three-dimensional (3D) description 

of meniscal kinematics of intact, loaded cadaveric stifles at full flexion and extension, 

along with tibial internal and external rotation applied at 45°flexion.  Four poses were 

analyzed for each knee. The meniscal kinematics were analyzed using 3D models 

reconstructed from 3T MRI taken at both sagittal and coronal views. 
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Materials and Methods 

Experimental Animals 

This study was approved by the University of Florida Institutional Animal Care 

and Use Committee (# 20130788). Sixteen intact hind limbs (n=32 menisci) were 

collected from 16 dogs (range body weight 20-35 Kg) that were euthanized for reasons 

unrelated to this study. The dogs were skeletally mature and without apparent signs of 

stifle disease confirmed during anatomical dissection.  The skin and regional 

musculature were dissected and removed from the limbs. Both femur and tibia were 

sectioned 12 cm above and below the joint, to prepare each intact stifle with consistent 

lengths of femur and tibia. A transepicondylar k-wire was drilled through the femur and 

tibia under fluoroscopic guidance to allow mechanical loading (Figure 3-1).  

Experimental Design 

Prior to MR imaging, each stifle was placed into a nonmetallic loading jig that 

provided a fixed flexion angle and a net 88N load across the joint (Figure 3-1). The load 

was selected to simulate a 30Kg dog in a standing position. The stifles were placed at 

four different positions to simulate the full range of stifle flexion during daily activities 

[24]: 145º flexion (35º flexion using veterinary angle conventions), 30º flexion (150º 

flexion using veterinary angle conventions), and 45º flexion (135º flexion using 

veterinary angle conventions) with tibial internal and tibial external rotation. The stifles 

were imaged serially in each of these positions without delay between tests. Tibial 

internal and external rotation was obtained by applying a constant torsion to the 

proximal tibia with an elastic band. Specimens were kept hydrated during the entire MR 

imaging process by wrapping them in wet towels once thawed. 
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MRI Protocols  

Intact stifles were thawed prior to imaging and scanned with the 3.0T MR system 

using a PD sequence (TR/TE/FA, 4210/25/90; FOV, 120mm; matrix, 512x512, slice 

thickness/gap, 2mm/0mm).  All images were stored on a picture archive and 

communication system (PACS) in digital imaging and communications in medicine 

(DICOM) format. 

Segmentation 

All 3D reconstructions were done manually by a single observer using open-

source software (ITK SNAP, www.itksnap.org) (Yushkevich et al., 2006). Both menisci, 

tibia, fibula, and a cylindrical hole on the tibia drilled for mechanical loading were 

reconstructed for every knee (n = 64). Model post processing was done using the alpha 

shape algorithm (MATLAB R2014b, MathWorks, Natick, Massachusetts, U.S.A), 

segmented contours were meshed with triangles to create smooth 3D models much 

more similar to the real meniscus (Geomagic Studio, Figure 3-2).  All models from right 

limbs were mirrored as left limbs to permit direct comparisons.  

Kinematic Analysis  

First, an anatomical coordinate system for the tibia was set by performing a rigid 

body registration with a representative tibia model aligned in the desired anatomical 

coordinate system [Joes et al., 2014]. The segmented meniscal models were then 

aligned in the standardized tibial reference frame by registering the transverse carbon 

fiber bar and fibular anatomic features (which are invariant geometric features).  The 

process was repeated for models from all flexion angles (145FLX, 30FLX, INT and EXT 

at 45FLX).  Second, we took advantage of the fact the tibial condyles are very well 

approximated by cylinders to construct a size-independent measurement of meniscal 

http://www.itksnap.org/
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translation: meniscal translations were determined using angular coordinates. Cylinders 

were fit to the inferior surfaces of the medial and lateral menisci for all stifle poses. The 

central axes of the cylinders were aligned with the medial/lateral axis of the tibia (global 

z-axis, Figure 3-3,A,B). How well the cylinders fit the distal meniscal surfaces was 

quantified as the root mean squared (RMS) distances between the two surfaces. Third, 

each meniscus was represented by 10 three-dimensional points (5 points on the 

anterior horn, 5 points on the posterior horn, determined as sagittal-slice area centroids 

evenly spaced in the mediolateral direction) in each joint pose (Figure 3-3,C).  Fourth, 

the location of the ten meniscal points were expressed as angles measured clockwise 

from the most posterior point on the cylinder (Figure 3-3,D). Overall meniscal 

translations were calculated by observing the translation of the centroid of the medial 

and lateral meniscus at different poses.  These translations were expressed as angles 

relative to the reference cylinder, and also as linear displacements for an average 

cylinder radius (displacement = radius*angle). 

Statistical Analysis 

All measurements for significance were calculated using a one-way ANOVA with 

alpha of 0.05. The displacement measurements for the entire meniscus centroid from 

full extension and full flexion were compared.  The translations of anterior and posterior 

horn points were also compared. All statistical calculations were performed using 

Microsoft Excel. 

Results 

All knees showed normal soft tissue, bone, ligament and meniscus anatomy in 

the MRI, which also was confirmed after dissection. RMS errors for fitting cylindrical 

surfaces to the inferior meniscal surfaces were less than 0.6 mm for the medial and 1.0 
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mm for lateral meniscus.  All meniscal measurements were calculated by taking the 

average of the 10 points representing both anterior and posterior horns and are shown 

in both arc angles (in degrees) and in arc length (in millimeters, Figure 3-4). Meniscal 

movements for different poses are expressed relative to their positions in full extension 

(30° flexion, Table 3-1).   

Both menisci displayed similar patterns of movement, with medial moving slightly 

more than the lateral in the posterior direction during flexion but showing no significant 

differences (p=0.89).  Out of 16 specimens, 7 had greater medial than lateral posterior 

translations, 8 had greater lateral than medial posterior translations, and one specimen 

had medial and lateral translations within 0.01 mm.   

During flexion, the lateral posterior horn was more mobile than the anterior horn 

(p = 0.019) while the medial anterior horn tended to be more mobile than the posterior 

horn (not significant, p = 0.371, Table 3-1, Figure 3-4).  When tracking meniscal 

centroids, both medial and lateral menisci moved posteriorly with flexion by similar 

amounts (p = 0.90), while tibial external rotation induced anterior translation of the 

lateral meniscus and posterior translation of the medial meniscus. Tibial internal rotation 

induced translations opposite to those observed with external rotation.  

Discussion 

The objective of this study was to describe the meniscal kinematics of the intact 

dog knee at different flexion angles using a novel method to track the meniscal poses 

along the convex and posteriorly sloped tibial plateau. Ex vivo knee specimens were 

loaded to simulate weight bearing forces and positioned over their normal envelope of 

motion: full flexion, full extension, and internal and external rotation at 45° flexion. The 

human tibial plateau is relatively flat, making it convenient and intuitive to describe 
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meniscal motions as linear displacements on the plane approximating the tibial surface 

(Lee et al., 2000; Brantigan et al., 1941; Bylski-Austrow et al., 1994; Thompson et al., 

1991; Boxheimer et al., 2004; Kawahara et al., 1999; Shefelbine et al., 2006; Epler et 

al., 2005; Rankin et al., 2006; Vedi et al., 1999; Yao et al., 2008; Scholes et al., 2015). 

The canine tibial plateau is highly convex and more posteriorly sloped than in humans, 

and canine menisci move significantly in both the anterior/posterior and superior/inferior 

directions (Matsuda et al., 1998; Hashemi et al., 2008; Pozzi, et al., 2006; Wilke et al., 

2002; Sabanci et al., 2014; Hildreth III et al. 2006). The measurement method 

presented in this study allowed us to account for the different surface geometry of the 

lateral and medial tibial plateau and to provide measures that were unaffected by 

differences in joint size. A similar approach has been used in human studies tracking 

articular contact locations along the surface of the femoral condyles during movement 

(Logan et al., 2004; Freeman et al., 2005).  

Studies of human knees agree that both menisci translate posteriorly as the knee 

goes from extension to flexion. However, there is little consensus on the magnitudes of 

meniscal displacements in vitro or in vivo. In vitro studies uniformly report greater lateral 

than medial meniscal displacements (Brantigan et al., 1941; Bylski-Austrow et al., 1994; 

Thompson et al., 1991), but in vivo studies have reported both greater medial 

(Boxheimer et al., 2004; Kawahara et al., 1999; Shefelbine et al., 2006; Epler et al., 

2005) and greater lateral (Rankin et al., 2006; Vedi et al., 1999; Yao et al., 2008) 

translations. Our results are similar, finding roughly equivalent numbers of knees with 

greater medial than lateral, and knees with greater lateral than medial displacements.  
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The most significant finding in our study is the large magnitude of meniscal 

translations during flexion, averaging more than 13 mm in both menisci. These are 

larger absolute translations than have been reported for human meniscal translations 

(11.6 mm for medial anterior horn (Lee et al., 2000), 8.3 mm (Yao et al., 2008) and 5.6 

mm – 9.5 mm (Scholes et al., 2015) for the lateral meniscus), and represent much 

greater relative translations in the small canine knee. The large magnitude of meniscal 

translation measured in our study may depend on the roll-back of the femur, which may 

be more pronounced in dogs than in people because of the geometry of the tibial 

plateau. The dog has more convex (Pozzi et al., 2006; Wilke et al., 2002; Sabanci et al., 

2014; Hildreth III et al., 2006; Ocal et al., 2012) and posteriorly sloped (Gupte et al., 

2007; Wilke et al., 2002) tibial condylar articular surfaces than humans, and very 

different radii of curvature between lateral and medial compartments on the tibia 

(Sabanci et al., 2014) and femur (Ocal et al., 2012). Posterior translation of the femoral 

condyles with flexion is influenced by the shapes of the femoral and tibial condyles 

(Iwaki et al., 2000; Freeman et al., 2005). The more concave medial tibial condyle in the 

human knee may be responsible for the minimal translation reported in weight bearing 

and non weight bearing kinematics (Johal et al., 2005). In contrast, the convex shapes 

of the canine tibial condyles may lead to a marked backward rolling of the femoral 

condyle and consequently large meniscal translations. 

Our methodology allowed describing the motion of each meniscal horn, indicating 

that meniscal kinematics cannot be reported as whole meniscus translation, but rather 

as a complex change in shape of this fibrocartilage structure. As an example, when 

using meniscal centroids for the calculation of motion during flexion, both medial and 
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lateral menisci moved posteriorly by similar magnitude. However using the ten tracking 

points instead of the centroid, the lateral posterior horn was found more mobile than the 

anterior horn while the medial anterior horn tended to be more mobile than the posterior 

horn during flexion. These different motions patterns of the anterior and posterior horns 

may result from the coupled motion between axial rotation and flexion, also known as 

screw-home mechanism, described in both human and canine knees in vivo (Kim et al., 

2005; Hallen et al., 1966).  

As expected from the canine anatomy of the meniscal attachments, the lateral 

posterior horn was more mobile than the anterior horn while the medial anterior horn 

tended to be more mobile than the posterior horn. In dogs there is a strong menisco-

femoral ligament, which is analogous to the human anterior menisco-femoral ligament 

and a thin meniscotibial connection (Gupte et al., 2007). This firm attachment to the 

femoral condyle is likely responsible for greater mobility of the posterior horn during 

motion of the lateral condyle. In contrast, the posterior horn of the medial meniscus is 

strongly attached to the tibial plateau through a large posterior ligament and a strong 

attachment to the medial collateral ligament, which limit its mobility. Our data confirm 

that the low incidence of tears of the posterior horn of the lateral meniscus may be 

explained by its greater mobility than the posterior horn of the medial meniscus 

(McCready et al., 2016). 

The primary limitation of our study is that it was performed in-vitro. Practically, 

this was the only method that allowed precise positioning and loading of the joints to 

obtain images relevant to ambulatory conditions. Second, because very few studies of 

canine meniscal mechanics have been reported it is difficult to perform a direct 
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comparison of our results to previous work. Third, we only observed four knee postures 

with a single joint compressive load, so we cannot comment on the entire gamut of 

possible meniscal motions in dog knees.  

In conclusion, this study presents normal weight bearing meniscal kinematics in 

dog knees. We report a new technique for quantifying meniscal translation that allowed 

us to account for the different surface geometry of the lateral and medial tibial plateau, 

and to provide measurements that were unaffected by differences in joint size.  This 

new measurement technique may be helpful in quantifying meniscal translations for all 

species with high tibial plateau angles, similar to dogs, to obtain better representation of 

the meniscus moving in multiple directions. Our data indicates much greater meniscal 

motions in dogs than in humans, with both menisci moving equally during flexion. Dog 

knees are commonly treated clinically for meniscal pathologies and often are used as 

translational study models for human knee treatments, so we are hopeful our data will 

provide useful observations of normal meniscal mechanics in dogs. 

 
 

Figure 3-1. A specimen attached to the knee-loading jig made with MR-compatible non-

ferrous materials. The jig allowed the joint to be positioned at different flexion 
angles. Elastic bands applied between the femur (A), tibia (B) and the base 
allowed application of joint compression and axial rotation loads. The knee 

positions can be change to deep flexion (C). 
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Figure 3-2. Images of the segmented menisci are superimposed on a left tibia model, 

with the anatomical coordinate systems shown. A - The menisci at 30° flexion 
are shown in orange while at 145° flexion are shown in blue. B – The menisci 

at full tibial internal rotation are shown in orange and full tibial external 
rotation shown in blue, both captured at 45° flexion.  
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Figure 3-3. Sagittal views of the segmented tibia/fibula and menisci with fitted cylinders 

superimposed. A – Lateral image. B – Medial image. C – Ten points used to 
represent the meniscus for all measurements. D – Image of the medial knee 

showing the angle measurement from the most posterior point of the cylinder 
(P) to the selected meniscal point (M).  
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Figure 3-4.  Average medial and lateral meniscal translations for four knee poses. Each 

point represents the average position of that meniscal cross-section for all 
knees. The vertical axes represent sagittal plane translation while the 

horizontal axes show mediolateral displacements. Shaded areas represent ± 
1 standard deviation.  

Table 3-1. Lateral and medial meniscus movements relative to 30° flexion (full 

extension). Anterior/Posterior direction is represented by positive/negative 
values. 

Joint 
Posture 

Segment 
Lateral 

displacement 
(mm) 

Medial 
displacement 

(mm) 

145° 
Flexion 

Anterior horn -12.9* (2.7) -15.9 (6.4) 

Posterior horn -15.1 (2.5) -14.1 (4.8) 

Meniscus 
centroid 

-13.5 (2.7) -13.7 (4.8) 

Tibial 
External 

Rotation 

Anterior horn 0.6 (2.2) -3.6 (4.2) 

Posterior horn 0.3 (2.1) -4.6 (4.0) 

Tibial 
internal 

Rotation 

Anterior horn -3.3 (2.9) 2.6 (3.2) 

Posterior horn -2.7 (2.8) 2.9(3.5) 

* p<0.05, less anterior horn than posterior horn displacement.   
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CHAPTER 4 
3-D SEMI-AUTOMATIC SEGMENTATION OF THE MENISCUS USING STATISTICAL 

SHAPE MODELS 

Summary  

We present a segmentation scheme that automatically and accurately segments 

the canine menisci from proton density (PD) magnetic resonance (MR) images. Our 

segmentation scheme involves deforming a three dimensional (3D) statistical shape 

model (SSM) to fit the meniscus in the MR image using a nonlinear least squares 

optimization. The accuracy of this approach was experimentally validated using a leave-

one-out approach comparing automatically extracted meniscal models with models 

manually segmented by a trained human expert. Experimental results showed mean 

absolute surface distances (MASD) of 0.43 mm and 0.49 mm, and obtained average 

Dice overlap coefficients (Dice) of 81.1% and 81.9% for medial and lateral menisci, 

respectively. High correlations between automatic and manual segmentation were 

observed (Pearson coefficient, r was 0.94 and 0.95 and intraclass correlation 

coefficient, ICC, was 0.93 and 0.95) for both medial and lateral menisci. 

Introduction 

The menisci of the knee are crescent-shaped collagenous structures contributing 

to load distribution, lubrication and stability of the tibiofemoral joint (Kurosawa et al. 

1980; McDermott et al., 2008; Mov et al., 2005).  The menisci improve congruity and 

protect the articular cartilage by maximizing contact area and minimizing contact stress 

between the femoral and tibial condyles.  Quantitative analyses of the medial and lateral 

meniscus from three-dimensional (3D) magnetic resonance (MR) imaging offer 

opportunities to study meniscal structure and function, and may lead to improved 

measurements for injury diagnoses and treatment outcome assessments.   
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3D MR segmentation allows enhanced measurement precision for investigating 

the 3D morphological and kinematic characteristics of the menisci compared to planar 

identification of isolated meniscal features (Bowers et al. 2007; Swanson et al., 2010; 

Thompson et al., 1991; Vedi et al., 1999).  However, manual segmentation is a time- 

and expertise-intensive process, which still has interobserver differences (Siorpaes et 

al., 2012).  Automation of 3D MR segmentation and analysis will provide greater 

reproducibility and facilitate new measues.  Several semi-automatic and fully-automatic 

methods for the 3D segmentation of the menisci for humans have been reported using 

variety of different approaches (Fripp et al., 2010; Paproki et al., 2014; Swanson et al., 

2010; Yin et al., 2010; Zhang et al. 2013).  However, the authors were not able to locate 

or obtain any of these programs (open source or commercial) for use at the time this 

study was undertaken. 

The objective of this study was to develop and validate an automatic 3D 

segmentation scheme for canine menisci from MR images which would be made 

publically available for use in any future studies or further development and refinement. 

Dogs were used because of clinical interest, ready availability of cadaveric materials, 

and extensive use as an experimental model to study meniscal treatments (Bennett et 

al., 1991; Cook et al., 2001; King et al., 1936; Pozzi et al., 2010). The accuracy of the 

automatic segmentation scheme was validated using two distance-based 

measurements: mean absolute surface distance (MASD) and Hausdorff distance (HD) 

(Gerig et al., 2001), and three volume-based measurements: sensitivity, specificity, and 

Dice overlap coefficient (Dice) (Dice et al., 1945). 
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Materials and Methods 

The performance of the new method was tested using a leave-one-out format by 

comparing 3D meniscal models automatically extracted from in vitro MR images with 3D 

meniscal models manually segmented by a trained human expert. This study was 

approved by the University of Florida Institutional Animal Care and Use Committee (# 

20130788). 

MR Image Datasets 

 Sixteen pairs of menisci, from sixteen intact stifles from sixteen medium 

breed dogs (range 20-35 Kg) were imaged with 3.0T MR system (Siemens Verior, 

Siemens, Malvern, Pennsylvania, USA) in the sagittal plane using a proton density (PD) 

sequence (TR/TE/FA, 4210/25/90; FOV, 120mm; matrix, 512x512, slice thickness/gap, 

2mm/0mm). The dogs were skeletally mature and without apparent signs of knee 

disease confirmed during anatomical dissection. A 15-channel transmit/received knee 

coil was used for all knees. 

Menisci Segmentation 

The automatic segmentation method is based on a 3D active shape model 

(ASM), and involves deforming a 3D statistical shape model (SSM) of the medial or 

lateral meniscus to match the MR images (Cootes et al., 1995). A 3D SSM 

mathematically describes the surface shape variability of the training sets. These 

models are deformed by varying a set of shape-modes to modulate meniscal shapes 

within the range of those included in the training set. Two SSMs, one for the medial and 

one for the lateral meniscus, were trained based on the manually segmented 3D MR 

image datasets. SSMs were developed using the method described in Baldwin et al. 

and Fitzpatrick et al. (Baldwin et al., 2010, Fitzpatrick et al., 2011). These SSMs were 
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deformed in the MR image domain to match the estimated meniscal surface points 

using a nearest neighbor method and comparing one-dimensional intensity profiles 

surrounding the prospective 3D model (Friedman et al., 1977).   

The segmentation scheme involved four steps: (1) region of interest selection 

(ROI), (2) image preprocessing, (3) rigid body initialization, (4) SSM fitting (Figure 4-1).  

The method was implemented in a custom program (MATLAB R2016a, The 

MathWorks, Natick, MA, and Visualization Toolkit (Schroeder et al., 1997). 

Region of interest selection 

In this first stage, ROI selection is done using the 3D MR volume. The mean 

SSM meniscal model is voxelized into a binary 3D image and superimposed on the MR 

volume display. The use rotates, translates and scales the mean SSM meniscal model 

into rough correspondence with the meniscal region in the 3D MR image, insuring it 

covers a majority of the meniscus in the 3D MR image. On average, ROI sizes were 

114x210 pixels by 6 slices for medial meniscus, and 115x193 pixels by 7 slices for the 

lateral meniscus. Each meniscus for each specimen was segmented separately.  

MR image preprocessing 

After the ROI is selected, the MR images are converted into binary images with 

the threshhold level equal to an approximate mean meniscal grayscale value in the MR 

images. Although the threshold level can be changed for volumes using different MR 

sequences, a threshold level of 0.12 is used for image preprocessing all meniscal MR 

images in this study. Canny edge detection is then applied to identify the surface edge 

of the meniscus in the ROI (Canny et al., 1986). 
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Rigid body initialization 

The initialization stage roughly aligns the mean SSM meniscal model with the 

binarized MR image using volume moments to define centroids and principal axes. The 

rigid body initialization is accomplished as follows. 

1. Perform a PCA on the estimated surface edge locations determined from Canny 
edge detection performed in MR image preprocessing step, to obtain the centroid 

and first and second principal axes. 

2. Scale the mean meniscal SSM to match the spatial resolution of the MR images. 

3. Calculate the centroid voxel location for the scaled mean SSM. 

4. Perform a PCA on the scaled mean SSM to obtain first and second principal 
axes. 

5. Translate and align the scaled mean SSM position by matching their centroids in 
the ROI. 

6. Align the scaled mean SSM orientation by matching the first and second principal 

axes in the ROI. 

7. Perform rigid body registration using an iterative closest point (ICP) algorithm 

(Zhang et al., 1994) to match the scaled mean SSM outer surfaces with the 
image edges. 

SSM fitting 

The SSM is then deformed and fitted to the meniscus in the ROI in two steps. 

The SSM is deformed using the first 10 modes, with maximum variation 3 standard 

deviation, which presents 97.5% and 97.6% of the total variation for the medial and the 

lateral SSM. A nonlinear least square solver (Matlab lsqnonlin) is used to minimize the 

cost function (Coleman et al., 1996). 

In step one the cost is the Euclidean distance between the aligned mean SSM 

surface and edge-detected points in the ROI. The rigid body initialization, nearest 

neighbor ICP, and model deformation steps are repeated until one of the convergence 

criteria is met. All properties for lsqnonlin are set to default values, except minimum 
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change in variables for finite-difference gradients (diffminchange) is set to 0.12, 

maximum function evaluations is set to 1800, function tolerance is set to 0.005, and the 

step tolerance is set to 0.005. 

In step two the cost function includes the Euclidean distance and voxel distance 

between the mean SSM and meniscus in the ROI. A 1D image gradient profile at each 

vertex, normal to the surface of SSM model, is extracted. Each profile is sampled 10 

pixels along a 3D vector and smoothed with moving average filtering (MATLAB). The 

distance between the maximum image gradient location and the mean SSM surface is 

used as the voxel distance for minimization. The lsqnonlin solver is used with the same 

settings as step one, except diffminchange is set to 0.15. The rigid body initialization, 

nearest neighbor ICP, and mode shape variation are again performed in sequence until 

convergence. The final model is smoothed (Geomagic studio) to remove noise from the 

deformed surface. 

Manual segmentation 

All manual segmentation was performed by a single observer using open-source 

software (ITK SNAP, www.itksnap.org) (Yushkevich et al., 2006). Model post 

processing was done using the alpha shape algorithm (MATLAB R2016a), and 

segmented contours were meshed with triangles to create smooth 3D models similar to 

the real meniscus (Geomagic Studio, Figure 4-2).  

Validation 

Validation of the automatic segmentation algorithm was done by using two 

distance based measurement, MASD and HD (Gerig et al., 2001) and three volume-

based measurements of sensitivity, specificity, and Dice (Dice et al., 1945). 

http://www.itksnap.org/
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𝑀𝐴𝑆𝐷 =  
(𝑑(𝐴,𝑀)+𝑑(𝑀,𝐴))

2
     (4-1) 

𝐻𝐷 = max{𝐻𝐷(𝐴, 𝑀), 𝐻𝐷(𝑀, 𝐴)}    (4-2) 

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 =  
𝑇𝑝

(𝑇𝑝+𝐹𝑁 )
× 100    (4-3) 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑡𝑦 =  
𝑇𝑁

(𝑇𝑁 +𝐹𝑃 )
× 100    (4-4) 

𝐷𝑖𝑐𝑒 =
2 (|𝐴∩M|) 

(|𝐴|+|𝑀|)
× 100     (4-5) 

where 𝑇𝑝 is true positive, 𝑇𝑁 is true negative, 𝐹𝑃  is false positive, and 𝐹𝑁  is false 

negative, and A and M are the automatic and manual segmentation results, 

respectively. The MASD and HD measure the average of the forward and backward 

Euclidean distance (d(x,y)), and the maximum of the HD(x,y) between automatic and 

manual segmentations in millimeters, respectively. The sensitivity, specificity, and Dice 

measure the percentage of correctly detected meniscus, correctly rejected adjacent 

anatomy, and the spatial overlap in volume, respectively. The three volume-based 

measurements were calculated for comparative purposes because they were used for 

validation for meniscal segmentation accuracy in previous studies (Fripp et al., 2010; 

Paproki et al., 2014; Zhang et al. 2013). The validation calculations were performed 

using MATLAB, Geomagic Studio, and Mesh Lab (Cignoni et al., 2008). The Pearson 

product-moment correlation coefficient (pearson) (Lee et al., 1988), the intraclass 

correlation coefficient (ICC) (Koch et al., 1982), regression analysis (r2) and Bland-

Altman (Bland et al., 1986) analysis were calculated to investigate the correlation 

between the automatic and the manual segmentation data. All statistical analyses were 

performed using Windows Excel. 
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Results 

There was good spatial overlap between the manual and automatic 

segmentation for both medial and lateral menisci (Table 4-1). MASD was less than 0.5 

mm, HD was less than 1.9 mm, and Dice was just under 82% for both menisci. There 

were strong correlations between the manual and automatic meniscal parameters, with 

Pearson coefficients of 0.94 and 0.95, r2 values of 0.881 and 0.898, and ICC values of 

0.93 and 0.95 for medial and lateral menisci, respectively. Comparison using Bland-

Altman plots showed a relatively even distribution of the differences between automatic 

and manual segmentation with a slight bias towards under segmentation, 3.54% and 

1.80% for medial and lateral meniscus models, respectively (Figure 4-2). 

Discussion  

The objective of this study was to develop and validate an automatic 

segmentation scheme for the menisci in the canine knee. Leave-one-out experiments 

showed good spatial agreement between the manual and automatic segmentations for 

the medial and lateral meniscus, with overall mean surface deviations of less than 

0.5mm, and volume overlaps greater than 81%. Our scheme slightly out-performed the 

automatic segmentation algorithm reported by Fripp J et al., (mean Dice of 75% and 

77% for medial and lateral meniscus) and is similar to the results reported by both 

Zhang et al., 2013] (mean Dice of 81.9%) and Paproki et al. (mean Dice of 78.3% and 

83.9%). Strong correlation was observed (r = 0.94 and r = 0.95) between automatic and 

manual segmentation for both medial and lateral menisci. 

The primary advantages of our method are: (1) it requires very little user 

manipulation to initialize the registration/estimation pipeline, (2) it provides accurate 

individually segmented models of the medial and lateral menisci that resemble the 
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actual shape of the meniscus regardless of the quality of the MR images, and (3) the 

method was implemented and validated using a clinically relevant MR sequence that 

commonly is used in veterinary medical practice. No special scanners or signal 

sequences were required to obtain high-quality results. 

There are some limitations with this study. First, the method was only evaluated 

using a small number of specimens (knees). Statistical shape models can only capture 

variations that are included in the training set, so there is great advantage to having 

much larger training sets for methodologic robustness and segmentation. Second, the 

method was only validated using MR images with PD sequences. Further validation is 

required to assess the method’s accuracy on MR images obtained with other signal 

sequences. Third, this method is not fully automated. Even though it takes less than a 

minute to do, the current implementation requires the user to select a ROI, isolating the 

meniscus from adjacent anatomy in the MR images.  However, we believe that ROI 

selection is a minor limitation because, similar to previous work, the ROI could be 

eliminated by segmenting adjacent anatomy first (bones and articular cartilage) in a 

hierarchical segmentation scheme (Fripp et al., 2010; Yin et al., 2010). Lastly, the 

method was only evaluated and validated for healthy knees. In future work, we plan to 

increase the number of subjects in the training set and evaluate the 

segmentation/modeling accuracy in pathological knees. 
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Figure 4-1. Flow diagram of the automatic segmentation scheme, steps I through IV are 
taken to develop a meniscus model automatically. I (ROI): The user identifies 

a region of interest with a mouse on the computer screen by drawing a box 
and manually overlaying the voxelized mean SSM images on time to further 
isolate the meniscus from the rest of the anatomy. This step is the only 

manual process in the automatic segmentation scheme.  II, MRI 
preprocessing: This step is done automatically and converts the grayscale 

images from ROI to binary images. III, Rigid body initialization: Automatically 
initialized the mean SSM to the meniscus in ROI. IV, SSM-fitting: 
Automatically deforms the surfaces and fits the mean SSM to the meniscus in 

the ROI using nonlinear least square solver and the step III is performed at 
each step. 
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Figure 4-2. The correlation and Bland-Altman analyses performed for the medial and 

lateral meniscus volumes. The scatter-plots on the left column present 
automatic segmentation results against manual segmentation results. The 
Bland-Altman analysis on the right column presents the relative differences 

between automatic and manual segmentation. 

 

Table 4-1. Validation results of the automatic segmentation algorithm for the medial and 
lateral meniscus models. The mean and 1 standard deviations for volume-

based measurement are represented by percentage, while distance-based 
measurements are represented in millimeters. 

Meniscus 

MASD (mm) HD (mm) Sensitivity (%) Specificity (%) Dice (%) 

Mean  SD Mean  SD Mean  SD Mean  SD Mean  SD 

Medial 0.43  0.10 1.84  0.47 82.8  3.85 98.3  0.53 81.1  3.03 

Lateral 0.49  0.1 1.83  0.37 84.2  2.47 97.0  2.20 81.9  1.94 
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CHAPTER 5 
CONCLUSION 

Meniscal injury, repair, replacement and regeneration remain topics of great 

interest to surgeons in both human and veterinary medical fields.  Through the studies 

described within this dissertation, we have provided a meniscal study framework by 

developing and validating an automatic image segmentation algorithm, and 

investigating the kinematics of the canine meniscus. The dog has been extensively 

used as an experimental model to study meniscal treatments and our preliminary 

studies of the meniscal kinematics show mechanics of direct relevance to canine clinical 

care and the use of dog knees as translational models for human medicine. New 

measurement techniques proposed in our study may be helpful in quantifying meniscal 

translations for all species with high tibial plateau angles, similar to dogs, to obtain 

better representations of meniscal mechanics. 

Future work includes application/extension of the automatic segmentation 

scheme to investigation of meniscal kinematics using a statistical shape-plus-motion 

model, along with improving the robustness, accuracy and ease-of-use of our automatic 

segmentation scheme. In-vitro studies are a good representation, and in many cases 

done prior to in-vivo studies, but ultimately in-vivo studies are required to obtain 

information that is representative of living subjects.  Several specific improvements to 

our automatic segmentation scheme include (1) converting to a fully automatic 

segmentation, (2) increasing the number of experimental subjects in the SSM, (3) 

evaluating and validating the automatic scheme for other MR images created by 

different MR sequences, and (4) extending the model to shape-plus-motion (Smoger et 

al. 2015).  Additional projects will include investigating different statistical procedures, 
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like independent component analysis, kernel principal component analysis, and other 

nonlinear analyses when building a SSM and adding more information to the data to 

SSM like meniscal kinematics, image intensity, and using combined medial and lateral 

menisci. 

This dissertation provides the beginning of a line of research work on meniscal 

segmentation and mechanics. Future work will always be necessary to improve the 

quality of the automatic segmentation and analysis tools. Despite the limitations of the 

current work, our automatic segmentation scheme proved to be accurate in generating 

3D meniscus models from MR images. This automatic segmentation method efficiently 

provides accurate meniscal morphology and reduces potential variability between 

investigators. Our method will be posted open source so these new techniques and 

tools are available for use by researchers in our Orthopedic Biomechanics Laboratory at 

the University of Florida, and to other researchers around the world.  
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