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Abstract 

 

Articular cartilage plays an important role in the knee joint, which is the largest joint 

in the body and carries high loads. Injury to the anterior cruciate ligament (ACL) will affect 

the joint stability and lead to posttraumatic osteoarthritis development. Finite element (FE) 

models have been used to analyze cartilage deformation and kinematic changes of human 

knees with osteoarthritis. However, no studies have yet used in-vivo imaging data to 

approximate material properties of cartilage, and no research has compared the FE output 

of cartilage loading patterns with in-vivo measurements of cartilage in ACL injured knees. 

This study developed a subject-specific FE model in knees by using in-vivo T1ρ and 

morphological data from high-resolution magnetic resonance imaging (MRI). The results 

of FE simulation demonstrated less stiffness and larger axial strains in articular cartilage 

with elevated T1ρ. The kinematic changes in ACL-injured knees may affect the load 

distribution and cause early cartilage degeneration in such joints. In conclusion, the 

subject-specific FE model is a powerful tool to detect strain distribution, contact area, and 

contact pressure within the articular cartilage. Novel imaging techniques such as T1ρ 

MRI coupled with FE analysis may allow for quantification of knee joint biomechanics 

as well as early detection of cartilage matrix degeneration. 
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Chapter 1 Introduction 

1.1 Anatomy of Knee Joint 

1.1.1 Joint Structure 

The knee joint is made up of bones and different kinds of soft tissues. The bones are 

the femur, the tibia, and the patella. The femur and tibia, which form the femorotibial 

joint, are the primary bones of the thigh and lower leg respectively. The patella is a 

sesamoid bone that helps transmit load through the quadriceps tendon as the knee bends. 

Each bone has a layer of articular cartilage covering its articulating surfaces. In the joint 

space between femoral and tibial cartilage, a pair of menisci wrap around the condyles 

[1]. Four ligaments connect the femur and tibia, serving an important purpose in passive 

joint mechanics. The anterior cruciate ligament (ACL) and posterior cruciate ligament 

(PCL) pass through the notch between the two femoral condyles and attach firmly to the 

tibial plateau. The lateral collateral ligament (LCL) and medial collateral ligament (MCL) 

attach to the outsides of the lateral and medial condyles, and attach to the proximal tibia 

and fibula, respectively. 

1.1.2 Articular Cartilage Structure 

Articular cartilage, which has no blood vessels, no nerves and a low cellularity, is a 
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type of porous rigid hyaline cartilage found in all synovial joints [2]. The hyaline consists 

of a set of collagen fibrils embedded in an extra-cellular matrix composed primarily of 

proteoglycan. In the deep zone, the collagen fibers are oriented perpendicular to the 

subchondral bone surface and anchor into the bone end plate. In the middle zone, the 

fibrils are oriented randomly as they transition to the deep zone. Near the articulating 

surface of the cartilage, known as the superficial zone, the fibrils are oriented parallel to 

the surface. This orientation and the hydrophilic nature of the proteoglycan molecules 

helps protect the cartilage against wear, and limits the rate at which synovial fluid exudes. 

1.2 Mobility and Stability of Human Knee Joint 

The mobility and stability of human knee joint required for optimal daily functions 

are coordinated by various articulations and components such as bones, cartilages, 

ligaments, menisci and muscle forces that allow complex mechanical responses to 

different types of physiological loads. Injury to the ACL will affect the joint stability, 

leading to the degradation of the knee function and ultimately OA [3-5]. To restore 

function after ACL injury, surgical reconstruction is frequently considered. Previous 

studies have found that although ACL reconstruction enables patients to return to the pre

injury activity levels [6], more than 50% of these patients demonstrated radiographic 

degenerative changes within 15 years after ACL reconstruction surgery [7-9]. Several 
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studies have reported kinematic differences between the ACLinjured and contralateral 

intact knees suggested that the conventional surgical techniques fail to restore normal 

kinematics [10-12]. Therefore, the observed kinematic changes in the knee joint are 

thought to modify loading patterns and lead to posttraumatic OA development in ACL 

injured patients. 

1.3 Radiographic Degenerative Changes of Cartilage 

Magnetic resonance (MR) imaging has been used for the evaluation of knee articular 

cartilage injuries. Previous studies were primarily limited to detect the joint morphologic 

changes at relatively late stages. Recent advances in MR analysis using T1ρ and T2 

relaxation time quantification provide measurements of cartilage collagen-proteoglycan 

matrix changes and provide valuable information for early detection of cartilage 

degeneration [13, 14]. Several studies demonstrated the quantitative correlation of MR 

T1ρ values with biochemical property [15] and biomechanical behavior [16] in fresh 

human OA cartilage specimens. Our lab reported elevated T1ρ values in cartilage after 

acute ACL injury and at 1-year after ACL-reconstruction compared to healthy controls 

[17]. We have further demonstrated the elevation of cartilage T1ρ was correlated with 

knee kinematics at 1 year after ACL reconstruction [18]. The combination of 

high-resolution MR imaging, biochemical composition and biomechanical property 
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allows the investigation of the local relationship between abnormal joint biomechanics 

and cartilage degeneration in acutely ACL-injured and reconstructed knees. 

1.4 Finite Element Modeling 

A finite element (FE) model of the knee joint that includes the bones, cartilages, 

menisci, ligaments, and muscle forces is a powerful tool to understand the general knee 

joint biomechanics. While two-dimensional (2-D) modeling conserves simplicity and 

takes less computational cost, it tends to yield less accurate results [19]. The 

three-dimensional (3-D) modeling produces more accurate results while increasing the 

computational loads [20, 21]. There have been many different FE analyses of knees that 

take very different approaches in both geometry of knee components and choice of 

material models [16, 22-24]. These tissues with specific material properties are loaded 

and analyzed for contact pressure, strain and stress distribution, which are normally 

difficult to measure in-vivo. Therefore, accurate simulations can provide detailed 

information on knee response under a wide variety of situations. 

1.4.1 Subject-specific Models 

The human knee joint is a complex 3-D structure whose geometry is not easily 

represented by a general model. Recently, 3-D knee joint models have been developed 

from computed tomography (CT) or MR images with various material properties and 
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assumptions [25, 26]. Although the geometry can be tailored to individual subjects, the 

material properties cannot without far more invasive testing; typically, standardized 

material properties from the literature and used for all subjects and all regions of that 

tissue. Therefore, these models are limited in their ability to predict the behavior of real 

knee joints. No studies have yet used in-vivo imaging data to approximate material 

properties of the cartilage, and no research has compared the FE output of cartilage 

loading pattern with in-vivo measurements of cartilage. Previous studies have suggested 

correlations between novel imaging techniques such as T1ρ MRI and biomechanical 

material property measurements in cartilage specimens [16, 27]. Therefore, combining 

in-vivo T1ρ MRI with FE analysis may allow for quantification of knee joint 

biomechanics as well as early detection of cartilage matrix degeneration. 

1.5 Purposes 

The goals of this research are (1) to develop and improve a subject-specific FE 

model using in-vivo T1ρ and morphological data from high-resolution MRI; (2) to 

correlate the tissue deformation of cartilages and contact area in FE model using T1ρ and 

morphology with unloaded and loaded MR data in normal and mild OA patients; (3) to 

apply the subject-specific FE model in ACL-injured knees and compare FE model output 

between ACL-injured and contralateral knees.  
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Chapter 2 Materials and Methods 

In this chapter, the subjects and instruments used in the study are presented.  An 

experimental protocol and FE analysis methods are then described, including the standard 

procedure of the experiments, the FE analysis model and the data analysis.  

2.1 Subjects 

Data from one mild OA patient and one patient with acute full ACL rupture in one 

knee were included for the study. The mild OA subject was recruited for an on-going 

longitudinal study entitled ‘Loaded and unloaded MR Imaging of 

meniscus-cartilage-trabecular bone in OA’ and the data were used for developing the 

subject-specific FE model with in vivo T1ρ approximating the material properties. The 

inclusion criteria for the mild OA patient were: knee pain or stiffness on most days of a 

month during the past year and radiographic evidence of OA (Kellgren Lawrence (KL) 

score ≥ 2) on the study knee with either the same or less severe OA on the contralateral 

knee. The ACL-injured subject was recruited for an on-going longitudinal study entitled 

‘Quantitative MRI and motion analysis of ACL-injured knees’. The inclusion criteria for 

the ACL patient are: clinically diagnosed acute ACL injury, willingness to have unilateral 

ACL reconstruction and standard rehabilitation. The exclusion criteria for the 

ACL-ruptured patient are (1) baseline radiograph KL score ≥ 2, (2) will have a concurrent 
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meniscal repair with ACL reconstruction, (3) injuries to other ligament that needs surgical 

intervention, (4) history of osteoarthritis and inflammatory arthritis, (5) previous injury or 

surgery on either knee. At the time of enrollment, the contralateral knee had no history of 

knee OA, clinical OA symptoms, previous knee injuries, or knee surgeries. 

2.2 MR Imaging Acquisition Protocol 

MRI of the knees was acquired using a 3T GE Excite Signa MR Scanner (General 

Electric, Milwaukee, WI, USA), an 8-channel phased-array knee coil (Invivo, Orlando, 

FL, USA), and an in-house built loading apparatus mounted on the scanner table to assess 

in-vivo the subject-specific morphology, morphological changes, tissue composition of 

cartilage, and three-dimensional tibiofemoral kinematics, employing techniques 

previously developed by the Musculoskeletal Quantitative Imaging Research (MQIR) 

group [15, 16, 18, 28]. The three sequences that are relevant to this study include: 1) 3-D 

CUBE high resolution images, 2) sagittal 3-D T1ρ-weighted images based on 

high-resolution spoiled gradient-echo (SPGR) acquisition that was previously developed 

in our lab [Magnetization-prepared Angle-modulated Partitioned-k-space Spoiled 

Gradient-Echo Snapshots (MAPSS)], and 3) sagittal T2-weighted fast spin-echo (FSE) 

images (Table 2-1). The 3-D CUBE sequence was acquired for the purposes of 

subject-specific morphology and morphological changes. The sagittal 3-D T1ρ sequence 
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was obtained in an unloaded fully extended position to assess the tissue composition of 

cartilage. Sagittal T2 FSE images were acquired for the evaluation of 3-D tibiofemoral 

kinematics on the ACL-injured knee.  

2.2.1 Morphological Changes scans for Mild OA Knee 

Two sets of MR CUBE images were acquired under unloaded and loaded conditions 

on the index knee for one OA patient. The subjects were kept off their feet to avoid 

placing load on their knees for 30 minutes prior to imaging. For the first set of imaging, 

the subjects were scanned with their knee in full extension on top of the loading 

apparatus with no load applied on the selected leg. The second set of imaging was 

acquired while applying a load of 50% of subject’s body weight applied to the index limb 

in the same position, intended to simulate static standing. 

 

Table 2-1 . MR Image Acquisition Parameters 

 

3D 

high-resolution 

CUBE 

Sagittal 3D T1ρ 

relaxation time 

quantification sequence 

Sagittal 

T2-weighted 

FSE 

TR/TE 1500/19.747 ms 9.018/3.5 ms 4000/47 ms 

flip angle 90 - - 

FOV 14 cm 14 cm 20 cm 

matrix 384 × 384 256 × 128 384 × 192 

slice thickness 1 mm 4 mm 1.5 mm 

bandwidth 100 kHz 62.50 kHz 31.25 kHz 
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NEX 0.5 - - 

views per segment - 64 - 

Trec - 1.2 s - 

TSL - 0, 10, 40, 80 ms - 

FSL - 500 Hz - 

Note.  TR = repetition time, TE = echo time, FOV = field of view, NEX=number of 

excitations, Trec = recovery time, TSL = time of spin-lock, FSL = frequency of 

spin-lock 

 

 

Figure 2-1. Algorithm for data analysis including subject-specific morphology, in-vivo 

tissue composition in cartilage, and subject-specific kinematics for ACL-injured subject. 

2.2.2 Kinematics Scans for ACL-injured Patient 

One set of MR T2 FSE images was acquired for both knees at one visit. Prior to 

kinematic scans, CUBE and T1ρ sequences were acquired in an unloaded fully extended 

MR images 

Quantification of 

T1ρ relaxation 

T1ρ maps 

reconstruction 

Tissue composition 

Image Registration 

CUBE images (1 mm) 3D T1ρ images  

Tissue segmentation 

Morphology 

Subcompartments 

Bone segmentation: 

Loaded/Unloaded 

Kinematic data: 

ATT, TR 

T2 FSE images  
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position. While acquiring the kinematic scans in full extension, an axial compressive 

force of 25% of body weight was applied to patient's foot. 

2.3 Quantitative MR Analysis 

Immediately once the MR scan was completed, the data was transferred to a picture 

archiving and communication system and to a Unix workstation for post processing and 

archival storage. The MR images were segmented using a semi-automatic segmenting 

algorithm that creates B-splines with in-house developed MATLAB-based software (The 

MathWorks, Natick, MA, USA) (Figure 2-1) [14, 29]. 

2.3.1 Subject-specific Morphology 

High-resolution CUBE images of knee joints with 1 mm slice thickness were 

segmented using semi-automatic algorithm as previously described into ten components 

including femur, tibia, patella, femoral cartilage, tibial cartilage, patellar cartilage, menisci, 

ACL, and PCL. Five compartments of knee articular cartilage were then segmented 

including lateral and medial femur condyle (LFC and MFC), lateral and medial tibia (LT 

and MT), and patella (PAT). The LFC and MFC were divided into trochlea (trLF and trMF), 

central (cLFC and cMFC) and posterior (pLFC and pMFC) sub-compartments (Figure 

2-2). The cLFC and cMFC were further divided into anterior, middle and posterior 

sub-regions (cL/MFC-ant, mid, post). The cLT and cMT were also further divided into 
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anterior, middle and posterior sub-regions (cL/MT-ant, mid, post). 

   

Figure 2-2. Definition of segmentation using a lateral compartment as an example (a) 

segmentation of tissues for morphological data, (b) cartilage subcompartments in lateral 

tibiofemoral joint. 

2.3.2 Quantification of Cartilage Morphologic Changes 

Cartilage thickness of each compartment was calculated based on a minimal 

inscribed sphere method. The thickness was defined by the minimal distance between the 

cartilage-to-bone interface and the articular surface. The average thickness of each slice 

was calculated and summed to determine overall cartilage thickness. The cartilage 

deformation was defined by the differences between unloaded cartilage thickness and 

loaded cartilage thickness. 

2.3.3 Quantification of Tissue Composition in Cartilage 

T1ρ maps were reconstructed by fitting the T1ρ images voxel by voxel to 

(a) (b) 
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T1ρ-weighted images using an in-house developed algorithm with the equation: S TSL ∝

exp	 TSL/T1ρ ). The high-resolution CUBE images were rigidly registered to the 

reconstructed T1ρ maps. Segmented cartilage contours were then transferred to the T1ρ 

maps for quantitative analysis. Artifacts caused by partial volume effects with synovial 

fluid were removed by thresholding at 150ms. T1ρ relaxation times were calculated in 

each of the defined regions (Figure 2-3). 

 

Figure 2-3. Quantification of tissue composition in cartilage using segmented contours 

and T1ρ map. (a) subcompartments of cartilages on high-resolution CUBE image, (b) 

reconstructed T1ρ map on T1ρ image, (c) reconstructed 3-D mesh of subcompartments, 

(d) reconstructed 3-D mesh of T1ρ map, (e) mean values of cLFC-mid and cMFC-mid 

were calculated. 

(a) 

(b) 

(c) 

(d) 

(e) 
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2.3.4 Measurement of Tibiofemoral Kinematics 

The tibia and femur under axial loading with 25% of body weight in full extension were 

segmented on the T2 FSE images. The shape of tibia in the loaded condition was 

registered to the unloaded condition by the use of an iterative closest-point 

shape-matching algorithm [30]. Kinematic parameters were therefore calculated by 

analyzing the position of the unloaded femur relative to the loaded femur [31, 32]. 

Anterior tibial translation (ATT) and tibial rotation (TR) between loaded and unloaded 

condition were obtained using in-house developed kinematic software ( 

Figure 2-4).  

 

 

 

Figure 2-4. Kinematics analysis from loaded and unloaded MR images in full extended 

position. (a) segmentation of loaded MR images, (b) segmentation of unloaded MR 

images, (c) 3-D model of loaded condition, (d) 3-D model of unloaded condition, (e) 

Registered 3-D models.  

2.4 Finite Element Analysis 

The subject-specific FE model was developed by combining morphological data, 

Kinematic data: 

ATT, TR 

(a) 

(b) 

(c) 

(d) 

(e) 
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in-vivo tissue composition, and axial loading. The established subject-specific FE model 

was then applied to an ACL-injured knee and contralateral intact knee for the evaluation 

of joint biomechanics. 

2.4.1 Mesh Generation 

The FE models of knee joint were developed by our collaborator Dr. Liang Ge, PhD 

using the commercial FE software LS-Dyna (LSTC) for numerical simulation of knee 

joint mechanics. Morphological data including femur, tibia, femoral cartilage, tibial 

cartilage, patellar cartilage, menisci, ACL, and PCL were imported into Rapidform (INUS 

Technology, Inc.) for 3-D surface reconstruction of each identical component. The 

reconstructed 3D surfaces were then imported into Truegrid (XYZ Scientific Applications, 

Inc.) to generate a FE mesh with about 10,000 elements. 

2.4.2 Material Modeling 

In the FE simulation, the cartilage was assumed to be a linear isotropic material 

(*MAT_ELASTIC in LS-Dyna) with subject-specific elasticity calculated as follows. The 

circumferential and radial direction modulus was 28 MPa and 5 MPa, respectively. The 

menisci were assumed to be an anisotropic elastic material (*MAT_ANISTROPIC in 

LS-Dyna). The ACL and PCL were assumed to be a non-linear anisotropic hyperelastic 

material (*MAT_SOFT_TISSUE in LS-Dyna), which behaves like a Mooney-Rivlin 
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solid under relatively low strain and becomes increasingly stiffer at higher strain. Since 

the bones are comparatively much stiffer than the cartilage, the bone material was 

assumed to be rigid. 

2.4.3 Cartilage Elasticity Measurements 

Wheaton et al. [27] conducted biomechanical and biochemical measurement of 

cartilages on bovine specimens and found that the biomechanical properties of cartilage 

are strongly correlated with MRI measured T1ρ data. The uniaxial aggregate compressive 

modulus (HA) was calculated from the linear fit of equilibrium stress and strain data from 

bovine models. Based on this study, we assumed human cartilage elasticity (E) as Eq. (1), 

where α is a parameter needed to be determined. 

E (in MPa) = α (in MPa) * (1 + (0.86 s / T1ρ (in s) ))/3          (1) 

The measurement of cartilage elasticity using inverse analysis started from an initial 

assumed cartilage elasticity value αi. The FE simulation therefore provided a solution of 

cartilage strain (which can be used to calculate simulated cartilage deformation) under the 

assumed elasticity and were compared with MRI measured cartilage deformation. The 

minimum errors from five simulations were tested to find the optimal cartilage elasticity 

constant (Figure 2-5). 
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2.4.4 Boundary Conditions 

For all simulations, the femur bone was fixed. In the static condition, 50% of 

subject’s body weight was added to the tibia bone to simulate the load that was added 

during loaded MRI experiments. The tibia bone is allowed to freely translate and rotate. 

Contacts between the cartilage and menisci were modeled using the penalty based contact 

algorithm available in LS-Dyna. The contact pressure and deformation within cartilage 

and menisci with the input of steady load or subject-specific kinematics were calculated. 

 

Figure 2-5. Inverse analysis for cartilage elasticity measurements using cartilage 

deformation from loaded and unloaded MRI 

 

E = α (1 + 0.86/T1ρ)/3

Yes 

Cartilage Deformation 

from FE model 

Loaded MRI Unloaded MRI

Cartilage Deformation 

from MRI 

Consistent? 
No 

Cartilage Elasticity 

FE simulation with 

axial loading 
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Chapter 3 Results 

3.1 Axial Strain in Mild OA Knee  

The results in the current mild OA knee showed that the mean T1ρ value of 

cMFC-mid was smaller than the cMT-mid (Table 3-1), and therefore demonstrated higher 

stiffness in the MFC than in the MT (Figure 3-1). In this subject-specific model, the MFC 

had lower strain distribution than the MT in all simulations (elasticity constant α = 2, 3, 

3.8, 3.9, 4 MPa).  The minimum difference of cartilage deformation between FE 

simulation and loaded/unloaded MR imaging was observed as elasticity constant α equals 

to 3.9 MPa (Figure 3-2). The errors increased gradually with higher or lower α values and 

formed a U-shaped curve. 

  

Table 3-1. In-vivo T1ρ values for each sub-compartment of one mild OA knee 

LFC LT MFC MT 

T1ρ (ms) 40.85±13.61 37.41±8.12 35.33±13.15 43.91±13.38 
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Figure 3-1. Axial strain distribution of medial side of knee with mild OA on sagittal plane 

(a) α = 3.9 MPa, (b) α = 3 MPa. 

 

Figure 3-2. Errors of cartilage deformation with different elasticity constant α values 

between FE simulation and loaded/unloaded MR imaging. Error = (cartilage deformation 

from MR – cartilage deformation from FE)/cartilage deformation from MR * 100% 

3.2 Contact Pressure in Mild OA Knee 

Similar contact areas in this subject-specific model of OA knee were observed as 

elasticity constant α equals to 3.9 MPa and 3 MPa with calculated elasticities (30 MPa 

and 22.5 MPa, respectively) (Figure 3-3). Higher pressure distributions were found in 
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both femoral cartilage and tibial cartilage with elasticity constant α equals to 3 MPa. 

However, higher maximum contact pressure was found with elasticity constant α equals 

to 3.9 MPa. In general, contact pressure in the medial femoral and tibial cartilage was 

higher than in the lateral femoral and tibial cartilage. 

3.3 Joint Biomechanics in ACL-injured Subject 

Similar T1ρ values were found for both ACL-injured knee and contralateral knee at 

baseline (Table 3-2). For subject-specific kinematics under axial loading with 25% of 

body weight, larger anterior tibial translation at the extended position was found in 

ACL-injured knee as compared to contralateral knee (9.10 mm and 7.21 mm, 

respectively), while ACL-injured tibiae demonstrated a more internally rotated position 

than intact knees (-8.82 degrees and -20.38 degrees, respectively). Combining the 

subject-specific kinematics and axial loading, the medial side of femoral and tibial 

cartilage showed larger contact area and higher contact pressure in the ACL-injured knee 

(Figure 3-4). Maximum contact pressure of femoral cartilage (11.64 MPa) on the 

ACL-injured knee was larger than the contralateral knee (8.91 MPa), while the maximum 

contact pressure of tibial cartilage (3.66 MPa) on the ACL-injured knee was smaller than 

the contralateral knee (9.27 MPa). However, higher pressure distribution in the 

ACL-injured knee was found on both femoral and tibial cartilage. 
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Table 3-2. In-vivo T1ρ values (ms) for each sub-compartment of ACL-injured subject 

T1ρ (ms) LFC LT MFC MT 

ACL-injured knee 39.53±13.1 33.04±11.38 32.98±8.57 33.49±9.28 

Contralateral knee 38.33±9.9 33.58±10.02 36.55±11.69 31.08±11.55 

 

 

Figure 3-3. Contact pressure of FE simulation on mild OA knee (a) femoral cartilage with

α = 3.9 MPa, (b) femoral cartilage with α = 3 MPa, (c) tibial cartilage withα = 3.9 

MPa, (b) tibial cartilage with α = 3 MPa. 
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Figure 3-4. Contact pressure of FE simulation on ACL-injured subject (a) femoral 

cartilage of contralateral knee, (b) femoral cartilage of injured knee, (c) tibial cartilage of 

contralateral knee, (b) tibial cartilage of intact knee. 

 

 

Lateral Lateral Medial 

(a) (b) 

(c) (d) 

(kPa)

5.0e+02

4.0e+02

3.0e+02

2.0e+02

1.0e+02

0.0e+00



22 

Chapter 4 Discussion 

In this study, we developed a novel FE model of the knee using subject-specific 

morphological data and articular cartilage material properties from in-vivo T1ρ values, 

and applied this model on an ACL-injured subject with subject-specific joint motion from 

MR measured kinematics to evaluate the joint biomechanics. 

4.1 FE model Development with MR in-vivo T1ρ Images 

According to previous research, the MR T1ρ relaxation time technique was used to 

noninvasively and quantitatively assess the biochemical and biomechanical 

characteristics of articular cartilage in human knees during the progression of 

osteoarthritis [17]. During the FE simulation of the mild OA knee, elevated T1ρ values 

demonstrated less stiffness in articular cartilage. This result is consistent with previous 

studies that reported higher cartilage deformation in regions with elevated T1ρ [16, 28]. 

Considering the heterogeneity of MR T1ρ values across each cartilage surface, the noise 

of element-level mapping of cartilage material properties from MR in-vivo T1ρ data may 

potentially lead to challenging numerical simulations. Therefore, the cartilage material 

property within each region was assumed to be uniform by using the T1ρ value from the 

middle part of these sub-regions. In this study, only axial loading simulation was 

performed on these FE models. The approximation of material properties from each 
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sub-region was useful for other simulations with joint motion that may have different 

joint contact patterns, and therefore lead to different cartilage thickness distributions [33]. 

However, the differences of material properties between sub-regions may cause a 

discontinuity of loading patterns. In the future, we will assign voxel-based in-vivo T1ρ 

values to all FE elements to avoid this problem, albeit at a consequence of increase 

computational expense for each simulation. 

Using a combination of subject-specific morphology and in-vivo cartilage material 

properties, we can compare the difference of cartilage deformation between FE 

simulation and loaded/unloaded MRI. To date, no other studies have evaluated cartilage 

deformation using material properties approximated by in-vivo imaging data from human 

knees. According to previous studies, the assumed cartilage elasticity for human knee FE 

model ranged from 0.5-15 MPa [16, 22-24]. Our results using an elasticity constant α 

of 3.9 MPa for knees loaded at 25% body weight showed higher calculated elasticity (30 

MPa) may because the menisci didn’t share much of the axial load in our simulation. 

More complete FE models and simulations are required to find the global minimum for 

the elasticity constant α. Furthermore, considering the potential differences between OA 

and healthy cartilage, larger scale studies are needed to correlate results and to determine 

if a single constant will accurately estimate cartilage elasticity in human knees across a 
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range of loading conditions. 

4.2 Joint Biomechanics for ACL-injured Subject 

By using subject-specific kinematics in full extension with an applied 25% body 

weight axial load for an ACL-injured and contralateral knee, we observed a larger contact 

area and higher pressure distribution in the ACL-injured knee. A previous study showed 

that the contact area of ACL-deficient knees at extended positions without weight-bearing 

were significantly smaller than those of contralateral knees [34]. These differences were 

likely a result of different simulation methods (loaded vs. unloaded). Maximum contact 

pressures of the current ACL-injured knee model occurred on the posterior lateral side of 

tibial cartilage and lateral side of femoral cartilage and reached magnitudes of 3.66 and 

11.64 MPa, respectively [35]. These observations were in agreement with measurements 

from previous studies that ranged from 6.4-8.4 MPa [36, 37]. Similar T1ρ values for both 

ACL-injured knee and contralateral knee resulted in very similar cartilage material 

properties for both knees. However, the subject-specific kinematics likely served as a 

critical factor contributing to the increasing contact area and contact pressure in the 

ACL-injured knee [5]. The change of rotational characteristics at the ACL-injured knee 

could cause specific regions of the cartilage to be loaded that were not loaded prior to the 

ACL injury [38]. With larger anterior tibial translation and a relatively more internally 
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rotated position for the current ACL-injured FE model, an increase in contact regions on 

the lateral side were demonstrated. Subtle changes in knee kinematics after an ACL 

injury may affect the load distribution and ultimately lead to early cartilage thinning 

relative to the intact knee [39]. The progression of OA after ACL injury associated with a 

shift in the normal load bearing regions due to kinematic changes highlight the 

importance of restoring proper gait after ACL reconstruction. MR T1ρ technique coupled 

with FE analysis may allow for quantification of knee joint biomechanics as well as early 

detection of cartilage matrix degeneration.  

4.3 Future Work 

In this study, subject-specific morphology and simple axial loading were used to 

simulate the loaded condition. With more complete morphology including patella, 

patellar cartilage, collateral ligaments, and joint capsule, improved FE models can 

provide the information that more closely approximates real knee joints. To make the 

subject-specific material models more generally useful and accurate, the voxel-based 

in-vivo T1ρ values may need to be registered to all FE elements. Moreover, kinematics 

data and external forces (muscle force and ground reaction force) would also be helpful 

for understanding the joint biomechanics. This model can be applied to 

ACL-reconstructed knees for further investigation and predict to cartilage degeneration. 
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Chapter 5 Conclusions 

 

This study developed a subject-specific FE model in knees by using in-vivo T1ρ and 

morphological data from high-resolution MRI. To our best knowledge, this is the first 

ever knee joint FE analysis that includes patient-specific morphological data and articular 

cartilage material properties approximated by in-vivo MRI for the evaluation of joint 

biomechanics on an ACL-injured knee and the contralateral knee. 

Elevated T1ρ values demonstrated less stiffness in articular cartilage, and therefore 

larger axial strains were detected within the regions that had higher T1ρ values. 

Difference of cartilage deformation between FE model and loaded/unloaded MRI can 

appropriately approximate the cartilage elasticity. The kinematics changes and loading 

condition may affect the load distribution and cause early cartilage degeneration relative 

to the intact knee. In conclusion, the FE model is a powerful tool to detect strain 

distribution, contact area, and contact pressure within the articular cartilage. Novel 

imaging techniques such as T1ρ MRI coupled with FE analysis may allow for 

quantification of knee joint biomechanics as well as early detection of cartilage matrix 

degeneration. 
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