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SUMMARY 
The finite element method (FEM) is a popular choice for 
researchers modeling the continuum mechanics of articular 
joints. Increasingly, magnetic resonance imaging (MRI) data 
are used to develop subject-specific mesh geometries. Current 
FEM simulations are quasi-static and analyze selected joint 
and loading conditions deemed to be clinically or 
biomechanically important. We present data to confirm the 
strong linear correlation between the methods used to position 
the knee for imaging and the methods used to determine, a 
priori, knee position of interest. 
 
INTRODUCTION  
There has been substantial research into knee joint mechanics. 
The body of evidence indicates that, in diseases such as 
osteoarthritis (OA) are mediated by local biomechanical 
factors[1]. 
 
The external knee adduction moments during gait are 
surrogate measures of medial tibiofemoral articular loading. In 
healthy joints these moments have been associated with 
positive tissue adaptations such as increased bone density and 
cartilage thickness[1]. In a diseased or injured knee joint large 
external adduction moments are, however, associated with the 
initiation and progression of medial compartment OA[2]. The 
equivocal effects of the knee adduction moment may be 
attributed to these moments not representing the actual 
localized loading within the articulating tissues of tibiofemoral 
joint. Localized articular loading is not only dependant on the 
adduction moments, but on a combination of tissue integrity, 
knee kinematics, neuromuscular factors, as well as knee 
alignment, muscular strength and body mass. All these factors 
will influence localized articular loading of the knee tissues 
and subsequent OA development and progression. What is 
needed is modeling methods that can begin to incorporate 
these factors and produce high-fidelity estimates of localized 
cartilage loading with the capability to distinguish between 
healthy and pathological patterns. This approach demands the 
use of subject-specific models of tissue geometry, applied 
loads and material properties. Many researchers modeling 
localized tissue response use MRI to develop subject-specific 
volume element meshes of the joint for use in finite element 
method (FEM) models[3]. 
 
Researchers incorporating MRI into FEM models of the knee 
joint have studied particular knee positions as they typically 
elicit pain or experience high loads during activities of daily 
living. Respecting the links between gait mechanics and 
osteoarthritis, the identification of joint postures at which large 
external knee adduction moments are found provides an 
excellent point to focus an analysis of tissue response. 
 
Research using MRI or CT images of the knee joint to register 
FEM model geometry often require the knee to be moved into 

pose (with[4] or without[5] loading). Some researchers will 
use MRI data to constrain the model kinematics and/or to 
verify the accuracy of the model’s solutions. Typically, 
authors do not report how knee joint pose is established 
(visual estimation, goniometer, etc…), nor the agreement 
between the methods used to establish joint pose and standard 
motion capture technology. Our future osteoarthritis research 
will identify the gait instance of peak external knee adduction 
moment. The knee pose found at this instance will be 
reproduced for MRI, and the resultant image will be used to 
customize a generic FEM model of the knee. This subject-
specific FEM model will receive applied muscle force based 
on an EMG-driven model [6]. If the method of positioning the 
knee for imaging does not closely correlate with the 
stereophotogrammetric method used to compute joint angles, 
then the FEM model cannot be said to simulate the gait 
instance of interest, and hence results will have limited links to 
gait variables known to contribute to osteoarthritis. 
 
This abstract studied the agreement between knee flexion 
angle determined by a hand-held goniometer and standard 
stereophotogrammetric methods. The purpose of this study 
was to verify that knee flexion angles derived by goniometer 
and standard stereophotogrammetry showed strong linear 
correlation. The null hypothesis predicted no significant linear 
correlation between goniometer- and stereophotogrammetric-
derived knee flexion angles. The results were intended to 
provide rigor to our future modeling efforts, as we will rely on 
MR images of the knee in pose (determined a priori through a 
participant’s gait analysis) to customize a generic FEM model 
of the tibiofemoral joint [7]. 
 
METHODS 
Standard 12-camera stereophotogrammetry sampled marker 
trajectories at 200 Hz. Participants were outfitted with the 
UWA marker set defining the trunk, pelvis, left and right 
upper and lower legs, and both feet [8]. Technical, anatomical 
and joint coordinate systems were developed using previously 
described methods[8]. 
 
Participants lay supine on a physiotherapy bed to mimic MRI 
positioning, while having their knee joint manipulated to 
angles ranging from 0 to 80 degrees flexion, in 10-degree 
increments as determined by the hand-held goniometer, while 
the stereophotogrammetric system captured marker positions. 
The goniometer pivot point was fixed to the lateral femoral 
epicondyle by palpation, and the arms of the goniometer were 
aligned with the greater trochanter of the femur and the lateral 
maleolus of the ankle, also through palpation. 
 
For each participant, Pearson’s product-moment correlation 
coefficient, r, and coefficient of determination, r2, were 
determined for the sample series of goniometer- and 
stereophotogrammetric-measured joint angles. 
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RESULTS AND DISCUSSION 
We present preliminary results from 1 participant, with further 
data being developed. Pearson’s product-moment correlation 
coefficient for sample data (Table 1) was r = 0.99, and 
coefficient of determination r2 = 0.98, with a p-value of 
<0.0001. The absolute difference between paired data points 
ranged from 7.6 to 0.36 degrees, with a trend of paired 
differences becoming smaller as the knee flexion angle 
approached 0 degrees. We were satisfied with the behavior of 
the paired differences. Our region of interest was <30 degrees 
flexion, as peak external knee adduction moments during 
normal gait occur at knee flexion angles of approximately 15-
25 degrees. The gionemeter and stereophotogrammetric knee 
flexion angles were similar below 30 degrees of flexion. The 
stereophotogrammetric-derived flexion angles were greater 
compared to goniometer-derived angles for iterations between 
0 and 20 degrees, and lower for measurements >30 degrees. 
This is likely due to the limitations of the motion capture 
methods used to develop the flexion/extension axis. As the 
knee is moved from extension into greater flexion angles, 
substantial tibial rotation and varus/valgus motion occurs, 
while the modeled flexion/extension axis remain fixed 
(determined by functional mean helical axis). As a result, 
crosstalk occurs whereby a portion of the flexion-extension 
motion measured by the goniometer (which is flexible and 
conforms to tibial displacements) is not wholly captured by 
current stereophotogrammetric techniques. 
We were encouraged by the results, and took confidence that 
our goniometer method for use within the MRI can be used to 
reproduce knee flexion angles of <30 degrees, as determined 
by current research standard of stereophotogrammetry. We 
will test a total of 5 participants to ensure the correlation 
remains significant and strong across various anthropometries 
and sexes. For the remaining participants, the current protocol 
will be modified. We will increase the data sampling within 0-
30 degrees flexion, using 5-degree increments. 
 
Our and any future research incorporating MRI data to create 
subject-specific joint geometries will benefit from these 
findings. Researchers need to establish correlation between 
their selection of knee images and biomechanically relevant 
postures determined through gait analysis. We may now 
conclude a strong linear correlation exists between the 
gionemeter-and stereophotogrammetric-derived knee flexion 
angles. 
 

CONCLUSIONS 
Goniometer- and stereogrammetric-derived knee flexion 
angles showed strong positive linear correlation, with sample 
Pearson’s product-moment correlation coefficient of  r = 0.99, 
and coefficient of determination r2 = 0.98. We will repeat the 
protocol to a total of 5 participants to ensure reliability of our 
method across various body types. For the purposes of 
positioning the knee into flexion angles that correspond to gait 
analysis data, we are confident in proceeding with our future 
MRI/FEM modeling using these preliminary results as 
supporting methods. 
 

Figure 1: Goniometer (blue) and stereophotogrammetric (red) 
knee flexion angles plotted against 8 independent 
measurement iterations. 
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Table 1: Knee flexion-extension angles as determined by both a hand-held goniometer and stereophotogrammetric techniques. 
Measurement Method Knee Flexion Angle (deg) 

Goniometer 0 10 20 30 40 50 60 70 80 
Stereophotogrammetry 0.36 13.17 22.1 25.95 35.08 46.99 52.4 62.77 77.8 
 


