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In this paper, we present a new validation method for subject-specific finite element (FE) modeling of the knee joint based on in vivo

computed tomography (CT) and magnetic resonance imaging (MRI) data. Previously, several FE models have been developed for

estimating the mechanical response of joint structures, where direct or indirect in vivo measurement is difficult or impossible. More

recently, studies using MRI have provided clear visualization of the motion and deformation of the articular cartilage within the

tibiofemoral (TF) joint space. Two methods have been introduced to validate in vivo subject-specific models: alignment of supine MRI

with X-ray images and weight-bearing MRI. The size of the contact area between the femur and tibia was determined by computing

the area of femoral cartilage that intersected the tibial cartilage. The result showed good agreement between non-weight bearing

image aligned with X-ray and weight-bearing MRI images. This study may help to better define the relative importance of modeling

validations for the development of subject-specific models.
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1. Introduction

Contact pressure increases or alterations in knee joint structure and

contact area are critical causes of knee pain and osteoarthritis.1 Proper

understanding and evaluation of knee joint biomechanics are therefore

essential to improve the prevention and treatment of related disorders

and injuries. Although this is an active area of research, the exact

mechanical behavior of the knee joint and the causes of knee joint

injury have not been completely elucidated. This is partially due to the

inherent limitations of experimental studies such as high cost,

difficulties associated with obtaining accurate measures of strain and

stress, and challenges associated with the reproduction of certain

natural, pathological or degenerative situations. Finite element (FE)

models have been shown to provide insight into the mechanical

properties of biological tissues and the performance of living organs,

reducing both cost and time. Appropriately developed FE models are

powerful tools to predict the effects of different parameters involved in

knee pain and joint degradation and to provide information otherwise

difficult to obtain from experiments. Magnetic resonance imaging

(MRI) is considered to be an increasingly important tool for in vivo

studies of musculoskeletal biomechanics. It can non-invasively obtain

accurate geometric and anatomical information for both normal and

injured joints. This information can be coupled with other analysis and

modeling tools such as gait analysis and FE modeling to test

hypotheses regarding joint function and the effects of injuries.2 Recent

advances in the field of medical imaging and its reconstruction have

increased the potential to incorporate accurate tissue morphology and

boundary conditions into in vivo subject-specific models.3 Previous in

vivo knee joint FE models have not sufficiently considering the

functional joint kinematics involved in the joint-loading process.4 Most

of these studies have been validated or verified with published

cadaveric testing references followed by in vivo FE modeling.5-8

Furthermore, a method of subject-specific modeling has been introduced

using MRI data from cadavers, validated using subject-specific cadaver

testing.9 Validation or verification is a crucial step before interpreting

model predictions or using the model for clinical applications.10,11

Beillas et al. used X-ray imaging that required surgical implantation of

radio-opaque markers into the bone.12,13 Yao et al. utilized a loading

device to exert a force on the knee as it was undergoing MRI in a

supine position.14 Carey et al. have developed a technique to validate
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the FE model in vivo using dynamic stereo-radiography data.15

However, it requires a dual-fluoroscopy apparatus or weight-bearing

MRI. The present FE study is cost effective and efficient and allows us

to resolve problems as they develop, which is not generally the case in

experimental studies.

Here, we presented a complete 3D subject-specific FE model of the

healthy human knee joint including all relevant ligaments, menisci and

articular cartilages. We developed a new subject-specific FE model for

in vivo validation, which is more economic and user-friendly than

conventional models. First, 3D weight-bearing images were developed

by combining 2D X-ray and supine MRI images. The intersection area

between tibiofemoral (TF) articular cartilages was considered to be the

contact area. Second, weight-bearing MRI of the TF knee was

examined. Finally, the subject-specific FE model developed from non-

weight bearing MRI images was used to validate the two techniques

mentioned above.

2. Materials and Methods

2.1 Magnetic resonance imaging-based axial loading experiment

After authorization from the hospital's institutional review board,

subject-specific data was used to develop the FE model and in vivo

validation method. One healthy male subject without a history of knee

injury or patellar subluxation participated in this study (34 years, 178

cm, 75 kg). The subject was positioned supine with his right knee at

full extension in an axial loading device (Fig. 1). Images were acquired

using a 3.0 Tesla MRI scanner (Achieva 3.0T; Philips Healthcare,

Netherlands) and a custom designed knee joint cadio coil. The axial-

loaded supine MRI technique was first described by Willen et al.16 The

technique is based on the use of an MRI-compatible positioning device

that compresses the knee joint axially between the shoulder and foot

while the subject is in a supine position. The non-magnetic device

consists of a harness and a foot-operated compression device connected

by side straps (DynaWell Int., AB, Billdal, Sweden). An MRI-

compatible device for loading the spine (DynaWell) was modified to

allow resistive quadriceps force at preset knee flexion angles (Fig. 1).

The side straps could be tightened to provide axial load on the knee

joint, with the subject in the supine position with extended hips and

knees. The axial load was regulated by tightening or loosening

adjustment knobs on the foot-compression device. The harness was

constructed to ensure that pressure was evenly distributed across the

lower parts of the shoulders. The DynaWell device was used in

combination with conventional closed configuration magnets, and the

device was designed for imaging of the knee joint under axial loading

(Fig. 1). The subject was instructed to push his feet against the

footplates to generate an equivalent ground reaction force.17 MRI scans

were obtained at 0.4 mm slice thickness in the sagittal plane. High

resolution setting were used for the spectral presaturation inversion

recovery (SPIR) sequence (TE: 25.0 ms, TR: 3,590.8 ms, acquisition-

matrix: 512×512 pixels, NEX: 2.0, field-of view: 140×140 mm).

2.2 Finite element analysis

A 3D FE model of a healthy lower extremity was developed from

computed tomography (CT) images obtained with a light-speed volume

CT scanner (VCT; GE Medical Systems, Milwaukee, WI, USA). CT

scanning was performed with 0.1 mm slices from the same supine MRI

subject. Digital CT data was imported into Mimics software (version

14.1; Materialise, Leuven, Belgium), which was used to generate the

3D geometrical surfaces of the femur, tibia, fibula, and patella at full

extension (Fig. 2). The models of the medial and lateral menisci,

femoral cartilage, and eight major ligaments were developed manually

in 3D reconstruction models based on MRI (Fig. 2).

The MRI data was used to reconstruct the femur with a distal

thickness of 10.2 cm and the tibia with a proximal thickness of 7 cm.

To match the positional coordinates of each model, the central point of

the diaphysis of the femur, the midpoint of the trans-epicondylar axis,

and the intercondylar notch were defined as anatomical reference

points in the reconstructed CT and MRI models. The process of

combining the reconstructed CT and MRI models with the positional

alignment for each model was achieved with Rapidform commercial

software (version 2006; 3D Systems Korea, Inc., Seoul, South Korea).

The initial graphics exchange specification (IGES) files exported from

Mimics were entered into Unigraphics NX (version 7.0; Siemens PLM

Software, Torrance, CA, USA) to form solid models for each femur,

tibia, fibula, patella and soft tissue segment (Fig. 2). The solid model

was then imported into Hypermesh (version 8.0; Altair Engineering,

Inc., Troy, MI, USA) to generate an FE mesh that was then analyzed

with ABAQUS software (version 6.11; Simulia, Providence, RI, USA).

This model assumed that the bones were rigid structures because

Fig. 1 Axial loading experiment apparatus mounted on the magnetic

resonance imaging table

Fig. 2 Methodology for the 3D modeling of the intact knee: (a) 3D

bone reconstruction; (b) 3D soft tissue and ligament reconstruction; (c)

3D model modification
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bone is stiffer than relevant soft tissues; this assumption had minimal

influence in the study results.18 Therefore, each bony structure (femur,

tibia, fibula, and patella) was represented as a primary node located at

its center of rotation at full extension. FE models of the soft tissue

included the articular, menisci, cartilage, and all eight major ligaments.

The articular cartilages were defined as isotropic, linear elastic

materials with a Young’s modulus of 15 MPa and a Poisson’s ratio of

0.47, simulating the time-independent and simple compressive load

applied to the knee joint.19 The menisci were modeled as transversely

isotropic, linearly elastic, homogeneous material with a Young’s

modulus of 120 MPa in the circumferential direction and 20 MPa in the

axial and radial directions. Poisson’s ratio was 0.2 in both the

circumferential and radial directions and 0.3 in the axial direction.20-22

To simulate meniscal attachments, each meniscal horn was fixed to

bone using linear spring elements (element type = SPRINGA) with a

total stiffness of 2,000 N/mm at each horn.23, 24 The interfaces between

the cartilage and bones were modeled as fully bonded. Contact was

modeled between the femoral cartilage and the meniscus, the meniscus

and the tibial cartilage, and the femoral and tibial cartilage for both the

medial and lateral sides, resulting in six contact pairs. We considered

a full large-strain formulation, while the contact conditions in the

model were general and included finite sliding. A kinematic constraint

on contact overclosure was approximated so that the nodes on the slave

surface did not penetrate into the master surface. The model was

completed using the linear penalty method, which provided the value

of contact stress at each surface node. The coefficient of surface friction

was 0.02, which is in the normal range of friction of human articular

joints.25 Eight of the primary non-weight-bearing soft tissue structures

crossing the TF joint were included: the anterior and posterior cruciate

ligaments, medial and lateral ligaments, popliteal fibular ligament

(PFL), oblique popliteal ligament (OPL), and medial and lateral

posterior capsules, as shown in Fig. 2(b). Attachment sites for the

cruciate and collateral ligaments were determined from the interface

between the extracted 3D ligament contours and bony surfaces, while

placement of the PFL and OPL were determined from literature

descriptions.26,27 The eight major ligament models were defined as

hyperelastic rubber-like materials that perform nonlinear stress-strain

relations.28,29 A hyperelastic model is generally used in engineering to

represent large, incompressible deformation. The model is characterized

by a strain energy potential function represented by equations.29 The

polynomial form of the strain energy potential equation was chosen

from the ABAQUS material library. Biological soft tissues are exposed

to a distribution of in vivo residual stresses as a consequence of

continuous growth, remodeling, damage, and viscoelastic strains. The

initial ligament strain model was developed on the basis of the results

of a previous study.18

Mesh convergence tests were performed to complete the simulation.

Convergence was reached if the relative change between two adjacent

meshes was less than 5%. Average element sizes were 0.8 mm for

cartilage and menisci. 

2.3 3D reconstruction reproducibility analyses

To evaluate inter-observer reproducibility, two trained observers

segmented the MRI images of knee joint and developed cartilage and

menisci models. The first observer (K.-T. Kang) had previous

experience segmenting the articular cartilage for about 150 sets of knee

MRI images, and the second observer was an orthopedic surgeon (S.-

H. Kim) who had previously segmented 30 sets of knee MRI images.

Average thicknesses were calculated for the same supine and weight-

bearing regions for all of the cartilage and menisci models developed.

The two observers were trained in the rule-based protocol including

prior instruction of common rules between observers in 3D

reconstruction and performed the same segmentation and

reconstruction processes on the MRI images.30 The average thicknesses

from the same supine and weight-bearing regions were compared.

Coefficient of variation (CV, %) was calculated for the 30 regions of

cartilage and five regions of menisci. For comparison with other

studies, the CV of the total cartilage and menisci volume was also

calculated.

2.4 In vivo subject-specific finite element model validation and

verification

An iterative closet point algorithm (ICP) was used for alignment of

X-ray and supine MRI data (XSM). The output of the ICP algorithm

was a 4×4 transformation matrix that could be used to shift the bone

between positions.31 In order to reduce the error in six degrees of

freedom in alignments of 2D and 3D images, X-rays were taken in

coronal and sagittal views (Fig. 3). Deviation analysis for alignment

error in 2D and 3D images was performed with Rapidform. This was

similar to the technique used by Kurmis et al.32 The model-predicted

femoral cartilage-tibial cartilage contact areas were examined, and the

intersection volume between non-deformed TF cartilage was

characterized to determine the contact (Fig. 4). The cartilage contact

deformation was then defined for each vertex of the articular surface

mesh as the amount of cartilage surface penetration (mm) divided by

the sum of the TF cartilage surface thicknesses. Cartilage contact

deformation was calculated by determining the perpendicular distance

Fig. 3 Alignment of X-ray and supine MRI data using an iterative

closet point algorithm

Fig. 4 Intersection volume between non-deformed tibiofemoral

cartilage: (a) X-ray and supine MIR data (XSM); (b) Weight-bearing

MRI (WBM)
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from the subchondral bone surface to the articular cartilage surface

using Matlab (version 6.1; The MathWorks, Inc., Natick, MA, USA).

Contact area determination was similar to the technique used for

contact deformation. Weight-bearing is 70% of the subject's weight and

subject-specific FE model was displacement-controlled by measuring

kinematics under the weight-bearing MRI (WBM).17

3. Results

The 3D reconstruction reproducibility test conducted on healthy

human cartilage demonstrated that inter-observer reproducibility was

improved by using a rule-based approach to segmentation. The inter-

observer reproducibility test showed good reproducibility  (CV=1~2

%) for both thickness (Table 1).

To verify the results obtained using Rapidform, a deviation analysis

of error from ICP algorithm in 2D and 3D alignment was conducted in

a combined model. The average of points determined using each model

were within 0.043 ± 0.011 mm and 0.021 ± 0.005 mm in coronal and

sagittal views, respectively, validating the accuracy of alignment of the

2D and 3D images (Fig. 3).

The 3D reconstruction model developed in this study was accurate

and precise. The XSM and WBM methods were employed for

verification of the subject-specific FE model. The WBM method was

the benchmark estimate for contact area and deformation, and the XSM

method accurately predicted both of these measures. Both models

showed good agreement in overlaying the predictions for contact area,

and both were justified by comparison with the result from the WBM

method (Fig. 5). Table 2 shows the values of contact area and contact

deformation for subject specific XSM method, WBM method and FE

model. The contact area in the medial articular cartilage was higher

than that in the lateral articular cartilage, and the cartilage deformation

was larger in the medial compartment than in the lateral compartment.

In the subject-specific FE model, the contact area was 246.8 mm2 and

188.5 mm2 in the medial and lateral articular cartilages, respectively

(Fig. 5). This relationship was consistent in both the XSM and WBM

methods. The contact area on the lateral cartilage was 5.5 % different

in the XSM method and 2.6 % different in the WBM compared to that

in the subject-specific FE model, validating our subject-specific FE

model. Once the subject-specific FE model was validated, cartilage

deformation between the femoral and tibial cartilage and maximum

cartilage deformation were extracted from the FE results, and these

values were compared between the XSM and WBM methods. The

surfaces for cartilage deformation were measured in the distal femur

and superior surface of the tibial cartilage. Peak cartilage deformation,

in general, occurred in the medial compartment of both the femoral and

tibial cartilages. Cartilage deformation was measured using the 3D

models rather than the MRI contours. The total deformation of the

contact area in the medial compartment was calculated at 0.49 mm

using the cartilage geometry on the WBM method (Fig. 5). On the

lateral side, the total deformation was calculated at 0.41 mm using the

WBM method. Articular cartilage deformations were 0.53 mm and

0.39 mm in medial and lateral cartilages, respectively, according to the

subject-specific FE model. The value of absolute deformation of lateral

cartilage in the FE model compared to WBM was 0.02 mm and was

0.04 mm compared to the XSM method.

4. Discussion and Conclusions

The current study presents an innovative approach to in vivo

Table 1 The inter-observer reproducibility test result

First observer Second observer

Medial thickness

 Average CV (%) 1.6 1.2

 Average thickness (mm) 2.67 ± 0.32 2.74 ± 0.29

 Average SD (mm) 0.04 ± 0.02 0.03 ± 0.01

Lateral thickness

 Average CV (%) 1.9 1.3

 Average thickness (mm) 3.36 ± 0.51 3.39 ± 0.41

 Average SD (mm) 0.06 ± 0.02 0.04 ± 0.01

(CV, coefficient of variation; SD, standard deviation)

Fig. 5 Results of cartilage contact area and contact deformation

distribution: (a) X-ray and supine MRI data (XSM); (b) Weight-

bearing MRI (WBM); (c) Finite element model

Table 2 Result of cartilage contact area and contact deformation

Contact area

(mm2)

Contact deformation

(mm)

Medial Lateral Medial Lateral

X-ray and supine MRI  

(XSM)
224.1 198.9 0.51 0.43

Weight-bearing MRI 

(WBM)
228.8 193.4 0.49 0.41

Finite element model 246.8 188.5 0.53 0.39



INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING  Vol. 16, No. 6 JUNE 2015 / 1175

validation of subject-specific FE models of the knee joint. The subject-

specific FE knee model used tissue-specific MRI scanning sequences

and Mimics-based image processing to represent the 3D

geometry of knee joint tissues. The geometries of bone, meniscus,

cartilage and ligaments influence the force and pressure values in the

knee joint. Hence, the subject-specific FE knee model was created from

3D MRI and CT data-sets of an identical knee that was used for the in

vivo experimental validation.

The importance of the verification of computational knee joint

models has been emphasized by previous studies.13-15,18 However,

efforts toward in vivo FE modeling have been limited by difficulties in

acquiring and analyzing multimodality data for model construction and

validation, including proper co-registration and integration of required

data. FE modeling of the TF is a very challenging mechanical problem

mainly because of the uncertainty of validation data. Most of these

models lack validation or verification against data from the same

subjects.4-8 The purpose of the present study was to apply easily

adaptable validation methods to study the ability of a subject-specific

FE model to reproduce close to the in vivo loading condition using the

subject's own data.  Verification was conducted by comparing the

results from the model with either literature data or in vitro cadaveric

data. However, specimens vary due to morphology variations across

individuals, which lead to an unacceptable standard deviation in

cadaver testing. Thus, conventional verification serves at best as a

qualitative check. Moreover, cadaver testing is a high-cost method. In

present, validations of FE study with results from its own cadaver test

or outcomes published by others are still considered to be standard

procedure in biomechanics. In our opinion, this could compromise the

accuracy of predictions of the knee joint mechanical response and

potentially obscure the true effects of structural alteration due to an

injury or treatment when developing an implant. Currently, subject-

specific implants are a challenging issue for many medical device

companies. Recent evolution in computational technology allows FE

studies to resolve non-linear, large deformation and contact problems

so that we could mimic in vivo joint motions. Carey et al. used a dual

fluoroscopy apparatus to validate their subject-specific data using

kinematic analysis.15 Therefore, an X-ray integration method using

supine MRI was employed for the WBM method, as it does not require

dual fluoroscopy but only X-ray and MRI, which are primary

diagnostic techniques for patients undergoing general medical

treatment. 

In vivo measurements of joint pressure and stress continue to be a

formidable challenge. We believe the contact area analysis using the

XSM method proposed in this study offers a viable alternative for

quantitative verification of subject-specific FE models based on in vivo

data. 2-D X-ray has been used to measure in vivo knee joint kinematics

because of its simplicity and accessibility.33 In a previous study, a

single, sagittal plane image 3D computer model of the knee joint was

manipulated so that its projections on the image plane matched those

captured during in vivo knee motion. The accuracy of this technique for

accurate measurement of in vivo knee kinematics in six degrees of

freedom is still controversial.34 

Our study reduced the error in six degrees of freedom in alignments

of 2D and 3D images. X-rays were taken in coronal and sagittal views.

Furthermore, this algorithm was confirmed using Rapidform. The

errors between the two images were 0.043 ± 0.011 and 0.021 ± 0.005

in coronal and sagittal views, respectively. The 3D reconstruction

model developed in this study was accurate and precise due to the use

of inter-observer studies. This study has also shown that the

reproducibility of cartilage morphology measurements varies based on

the observers during the subjective portion of the segmentation, and the

accuracy of cartilage thickness measurement from MRI-derived 3D

models is dependent on the region of interest on the cartilage.30

Precision is an important consideration when using cartilage

morphology measurement to evaluate cartilage thinning on a

prospective basis. Inter-observer tests showed that each observer was

highly consistent in segmenting articular cartilage from MRI images,

comparable to other studies.30, 35 

MRI images clearly indicate contact area and deformation on

cartilage. Application of highly accurate task-specific kinematics is

critical for achieving accurate subject-specific FE model predictions, as

demonstrated by results from the current study. Creating a model in a

weight-bearing state using non-weight-bearing kinematics introduces

an artifact of joint congruity change, as evidenced by the differences in

predicted contact area and contact deformation.4 Once the validity of

this method has been established, the model can be used with

confidence to analyze the contact pressure and stress distribution in the

joint complex. The XSM method used in this study is an acceptable

validation method in general situations and showed very similar results

to the WBM validation method for the in vivo model. In addition,

although it applied different loading conditions compared to the

weight-bearing FE model, the WBM model showed a trend similar to

our subject-specific FE model.12,14,15,26 The difference in contact

deformation between benchmarked WBM and XSM methods was 0.02

mm and 0.02 mm in medial and lateral cartilages, respectively. 

The present study has some limitations. First, the results were

obtained with full extension of the knee. Different joint angles should

be studied for verification and validation of our method. Second, the

models were simulated under the only vertical loading condition, but

more realistic boundary conditions including torsion and bending in

knee joint would have to be considered in future. Third, material

properties used in the current FE models were obtained from literature

on subject-specific knee joint modeling, which may have contributed to

the inaccuracy in contact area prediction. In vivo subject-specific

material properties remain the target in biomechanics.15 However, the

ligaments play a central role in maintaining joint stability and therefore

can influence the kinematics.36 Therefore, the results of this study are

valid and significant for future FE studies. 

In conclusion, the XSM method proposed in this study represents a

step forward in subject-specific in vivo validation of original subjects in

biomechanics. The approach outlined introduces a generic validation

tool for the study of in vivo knee joint behavior. Future studies should

focus on verification methods of material properties for subject-specific

in vivo models.
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