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Abstract

Combining accurate bone kinematics data from biplane radiography with cartilage models from 

magnetic resonance imaging, it is possible to estimate tibiofemoral cartilage contact area and 

centroid location. Proper validation of such estimates, however, has not been performed under 

loading conditions approximating functional tasks, such as gait, squatting, and stair descent. The 

goal of this study was to perform an in vitro validation to resolve the accuracy of cartilage contact 

estimations in comparison to a laser scanning gold standard. Results demonstrated acceptable 

reliability and accuracy for both contact area and centroid location estimates. Root mean square 

errors in contact area averaged 8.4% and 4.4% of the medial and lateral compartmental areas, 

respectively. Modified Sorensen-Dice agreement scores of contact regions averaged 0.81 ± 0.07 

for medial and 0.83 ± 0.07 for lateral compartments. These validated methods have applications 

for in vivo assessment of a variety of patient populations and physical activities, and may lead to 

greater understanding of the relationships between knee cartilage function, effects of joint injury 

and treatment, and the development of osteoarthritis.
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INTRODUCTION

Estimation of in vivo knee joint contact is technically challenging, particularly during 

functionally relevant loading. Understanding the location and area of contact between the 

Corresponding Author: Scott Tashman, tashman@pitt.edu, +1-412-586-3950, Biodynamics Laboratory, Department of Orthopaedic 
Surgery, University of Pittsburgh, 3820 South Water Street, Pittsburgh, PA 15203, United States of America. 

Conflicts of Interest
None

Ethical Approval
The study was approved by the University of Pittsburgh Office for Oversight of Anatomical Specimens.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Med Eng Phys. Author manuscript; available in PMC 2016 October 01.

Published in final edited form as:
Med Eng Phys. 2015 October ; 37(10): 937–947. doi:10.1016/j.medengphy.2015.07.002.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



articulating joint surfaces can provide essential and clinically relevant insight into joint 

function of normal, injured, and surgically operative or rehabilitated knees. Articular 

cartilage contact has been assessed in the knee [1–9]. Methods for analyzing knee contact 

have typically utilized magnetic resonance imaging (MRI) to directly assess opposing 

cartilage and meniscal tissues in both unloaded supine conditions and simulated loading 

during low load static and dynamic flexion activities [2, 8, 10, 11]. The low temporal 

sampling rates and physically restrictive environment of the MRI magnet, however, limit 

testing to loading magnitudes and ambulatory speeds that are far below those typically 

encountered during activities of daily living. Data of cartilage contact behavior during 

activities such as gait, stair climbing, hopping, and running is essential for a more complete 

understanding of the behavior of healthy and unhealthy joints [12].

Dynamic assessments of knee kinematics have been performed using motion capture, single-

plane or biplane fluoroscopy or radiography [3, 5–7, 9, 13–20]. Biplane radiographic and 

fluoroscopic systems have precisely quantified bone motion during functional activities [3, 

9, 13, 21, 22]. These systems cannot directly assess cartilage contact within joints (because 

soft tissues do not appear on x-ray images), but simple approximations of articular surface 

interactions have been performed using three-dimensional (3D) bone models derived from 

computed-tomography (CT) scans while assuming uniform cartilage thickness [21, 23, 24]. 

For joint surfaces with varying cartilage thickness (such as the tibial plateau), cartilage 

contact estimations can be improved by combining kinematic data of bones with subject-

specific cartilage models generated from MRI. This approach has been used to assess in vivo 

ankle and knee contact during squatting, quasi-static lunging, and low-speed gait [5, 6, 9, 25, 

26]. These studies were performed using commercially available “C-arm” fluoroscopy 

systems, which are suitable only for relatively low-speed movements due to limitations in 

maximum frame rate and image acquisition time [27]. The authors modeled bones from 

MRI images and derived joint kinematics by matching the projected external bony contours 

of the models onto the stereo fluoroscopic images. While both cartilage and bone can be 

modeled using MRI without ionizing radiation, MRI-derived bone models are subject to 

geometric distortion which has been previously reported to decrease kinematic accuracy [28] 

compared to models produced from CT that have low distortion and utilize full volumetric 

radiodensity information for the matching process [29].

High-speed biplane radiography systems [13, 14, 22] are designed specifically for dynamic 

imaging and are capable of the sampling rates (up to 250 frames/s of pulsed x-rays) and 

short exposure times (down to 1 ms) necessary for blur-free imaging of dynamic, functional 

activities such as gait, running, and hopping. When used with volumetric model-based 

tracking methods utilizing digitally reconstructed radiographic projections of CT bone 

models [29, 30], high-speed biplane radiographic systems can accurately reproduce knee 

kinematics during such activities. With these systems, however, estimating cartilage contact 

requires the additional step of mapping cartilage surface models generated from MRI onto 

the CT bone models. The errors introduced by combining the MRI and CT modalities and 

the repeatability of multiple MRI segmentation operators and their cumulative effect on 

articular contact estimation error has not been assessed.
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The purpose of this study was therefore to evaluate the accuracy of estimations of area, 

shape, and centroid of cartilage contact determined by combining subject-specific articular 

knee cartilage models from MRI with a previously validated CT model-based method of 

determining tibiofemoral kinematics using biplane radiography. This validation was 

performed using a load-bearing human cadaveric knee model with laser scan data of joint 

contact as a gold standard. Laser scanning has been established as an acceptable gold 

standard method for assessing cartilage geometry [31, 32]. Repeatability analysis of contact 

estimation from multiple operators performing the cartilage modeling was performed to 

quantify the sensitivity to error of multiple technicians working cooperatively with a given 

dataset as would be required for large studies.

METHODS

Specimen Preparation

Three fresh-frozen knee cadaver specimens (3 males, ages 54–61) were obtained after 

approval of the institution’s Office for Oversight of Anatomic Specimens. Specimens were 

screened using MRI and fluoroscopy for evidence of osteophytes, ligamentous injuries, 

osteoarthritis, or defects in articular cartilage and stored at −20°C prior to use. Three poly-

ether-ether-ketone screws were bi-cortically fixed in each specimen’s femur and tibia 35 

mm distal and 50 mm proximal relative to the joint line to avoid damaging the articular 

cartilage. Plastic fiducial marker spheres (8 mm inner diameter, 10 mm outer diameter) were 

printed on a stereo lithography machine. The spheres were filled with multi-modality 

radiographic contrast fluid (Beekley Medical, Bristol CT), sealed with septum rubber, and 

rigidly attached to each screw head. Bone and cartilage volumetric data were acquired via 

CT scanning (GE LightSpeed Pro 16, voxel size: 0.589 x 0.589 x 1.25 mm, manufacturer’s 

“bone” convolution kernel) and MRI scanning (Siemens 3T Magnetom Trio, near-isotropic 

3D Dual Echo Steady State (DESS) with water suppression, CP Extremity knee coil, voxel 

size: 0.45 x 0.45 x 0.70 mm, TR: 16.32 ms, TE: 4.71 ms, Flip Angle= 25°, 140 x 140 mm 

matrix). These CT scanning parameters are identical to those used for in vivo studies 

assessing dynamic knee function with the biplanar radiography system and balance bone 

model accuracy and subject radiation exposure [29]. The 3D DESS MRI sequence provides 

enhanced contrast between cartilage tissue and bone, meniscus, and synovial fluid and 

permits accurate quantification of articular cartilage morphology [33, 34]. Knees were held 

in position during scanning by use of a braided suture (#2 Ti-Cron, Covidien, Dublin, 

Ireland) whipstitched into the quadriceps tendon, passed through a 3 mm bicortical hole 

drilled into the femur bone shaft 15 cm proximal to the knee joint line, and knotted after the 

knee was placed into a normal extension position. During MRI scanning, knees were aligned 

near the magnet isocenter to reduce geometric distortions of the specimen tissues and 

fiducial spheres.

Skin and muscle tissues were carefully stripped from the knee specimens to expose the joint 

capsule. The capsule was dissected and the menisci and patella-quadriceps-tendon construct 

removed to facilitate direct visualization and laser scanning of tibiofemoral cartilage-

cartilage contact during testing (Figure 1). Caution was exercised to avoid disruption of the 

cruciate and collateral ligaments and damage to the articular cartilage. Femoral and tibial 
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bone shafts were cut 15 cm from the joint line and potted in fiberglass resin cylinders 

aligned to the native anatomical axes.

Simulated quadriceps loading was applied through a stainless steel aircraft cable covered 

with polyethylene tubing. The cable acted as both the patella tendon and quadriceps tendon. 

The proximal cable end was routed over a pulley mounted to the testing frame and 

connected to the quadriceps mechanical actuator. The quadriceps angle was tailored for each 

specimen by adjusting the medial-lateral pulley position. The distal end of the cable was 

passed through a 5 mm hole drilled posteriorly through the tibial tubercle (anatomical patella 

tendon insertion site) and fixed with cable locks on the posterior aspect of the tibia (Figure 

1). The patellar fulcrum mechanism was simulated using an artificial patella made from a 

short section of 25 mm diameter Teflon pipe that fit inside the trochlear groove (Figure 1). 

Friction between the Teflon tubing and femur was negligible, and the simulated patella 

allowed for fluid knee flexion and extension.

Load Bearing Cadaveric Model

A custom-made knee loading rig inspired by the Oxford Knee Rig [35] was designed and 

fabricated to apply controlled amounts of bodyweight proximally while controlling flexion 

angle with mechanically actuated quadriceps extension loading. A range of knee loading 

combinations was selected to approximate those occurring during in vivo squatting, stair 

descent, and stance-phase of gait.

The specimens were loaded into the rig, which was positioned in the capture volume of a 

biplane radiographic system (Figure 1). The system was configured as previously described 

for in vivo assessment of knee joint behavior during gait [29]. One of the pairs of x-ray 

sources and image intensifiers was aligned to provide an anterior-posterior radiograph, and 

the other was offset medially 50° from the anterior-posterior direction.

A coordinate measurement machine with probing and laser scanning head (FARO Arm 

Platinum FARO, Durham, NC) was rigidly bolted to the testing rig. The articulating arm of 

this scanner allowed easy scanning about 360° of the knee specimen. A 0.5 mm spherical tip 

was used for contact probing with a calibrated accuracy of 0.09 mm. The laser scanner was 

calibrated prior to testing to an accuracy of 0.10 mm for cartilage. Laser exposure settings 

were empirically optimized and ambient laboratory lighting was kept to a minimum to 

provide reliable scans from moistened cartilage surfaces.

Knees were positioned in static poses in 5° increments from full extension to 35° of flexion, 

measured with a goniometer, by adjusting quadriceps tension force. Testing was repeated 

with 1-, 2-, and 3-times typical bodyweight (70 kg) axial loading. Laser scanning of the 

medial and lateral knee compartment articular cartilage was performed with multiple passes 

of the FARO arm for each pose to fully assess the contacting regions. The contact probe tip 

was inserted into the tibiofemoral contacting regions that were not directly accessible with 

the laser beam (close to the tibial spine and behind the collateral ligaments) and the contact 

boundary was probed every 1 mm. Total scanning and probing time for each pose was less 

than 60 seconds. Immediately after scanning and probing, biplane radiographic images were 

acquired of the knee. The specimen was then unloaded, returned to extension, and the 
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articular cartilage soaked with saline solution and allowed to rest for 15 minutes before the 

next trial. At the conclusion of testing, radiographic images and laser scans of a calibration 

cube were acquired to generate a transformation matrix between the biplane radiography 

system and probe/scanner coordinate systems. The co-registration error between the FARO 

arm and the biplane radiography system was 0.19 ± 0.07 mm.

All probe and laser scan data were collected via the FARO arm into the Geomagic Studio 

(Geomagic, Lake Mary, FL) software environment. For each trial, overlap error from the 

multiple scans (average 0.04 mm) and noise of merged laser scan point clouds was 

minimized using the global registration optimization and filtering pipelines in Geomagic, 

and point clouds were wrapped as triangular mesh surface models. The intersection of the 

femoral and tibial laser scan surfaces, determined via local mesh crease angle in Geomagic 

and refined with manual adjustment, was used in conjunction with probe data to determine 

the contacting region boundaries within each compartment.

Image-based Estimation of Cartilage Contact

Volumetric models of femurs and tibias were segmented from the CT scans using grayscale 

(Hounsfield units) thresholding and rendered into triangular mesh surface models (average 

element side length: 0.7 mm) using Mimics software (v17, Materialise, Leuven, Belgium). 

These bone surface models were smoothed in custom MATLAB (Mathworks, Natick, MA) 

software using a volume-preserving low-pass filter method [36] (smoothing iterations: 15, 

scale factor: 0.3). The volumetric bone models were used to create digitally reconstructed 

radiographs that were optimally matched to the collected radiographic image pairs in a 

virtual computer environment to accurately reproduce tibiofemoral kinematics in a manner 

previously described [29]. Automated methods for determining anatomical femoral and 

tibial coordinate systems were applied to the bone models [37].

MRI sequences were segmented in Mimics software (using the LiveWire function) to 

produce surface models of femur and tibia articular cartilage and bones [38]. Boolean 

operations were performed between tibia and femur cartilage segmentation masks to ensure 

no overlap occurred between models. Three independent operators with between 1 month 

and 6 years of experience segmented each knee dataset independently. Triangulated mesh 

surface models were decimated until mean element side length was 0.5 mm, and any spikes 

or holes in the mesh were repaired in Geomagic. Models were then smoothed in MATLAB 

with an implementation of an algorithm [39] not permitting more than 0.05 mm 

displacement of the mesh nodes along vertex normal vectors. MRI-derived bone surface 

models were co-registered to CT-based models using an iterative closest-point (ICP) method 

(point matching within 45° angle of source normal vector [40] and point-to-plane error 

metric [41] accelerated with a k-d tree search method [42]) implemented in MATLAB, and 

the resulting transforms were applied to cartilage models. As a result, the cartilage models 

resided on the articular ends of their respective CT-derived bone models. ICP co-registration 

was typically achieved within 15 iterations and resulted in an average deviation between 

MRI and CT bone surfaces of 0.41 ± 0.36 mm. Following the ICP alignment of the bones, 

the root mean square error between the centers of the MRI and CT fiducial sphere pairs was 

0.63 mm. These alignment errors were due to factors such as image segmentation error and 
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geometric distortion in the MRI volume. When the MRI-to-CT bone transformation matrices 

were applied to the cartilage models to map them onto the ends of the CT bones, regions of 

false contact between femoral and tibial cartilage models in the non-weight bearing 

extension position resulted. The average false contact areas were 248.6 ± 172.3 mm2 for 

medial compartments and 246.5 ± 59.7 mm2 for lateral compartments. The root mean square 

depth of overlap of opposing cartilage models in the false contact regions was 0.37 ± 0.17 

mm.

For each trial, tibiofemoral positions and orientations were recreated by combining the bone/

cartilage models from CT/MRI with tibiofemoral kinematics from biplane radiographs, 

resulting in overlap of the undeformed cartilage surface models in areas of articular contact 

(Figure 2). These overlapping mesh regions were detected via an algorithm implemented in 

custom MATLAB software that searched along the normal vectors of the outer cartilage 

surface until the opposing cartilage model’s outer surface was penetrated (Figure 2) [43, 44]. 

Intersecting regions were projected upon the tibial plateau and the outer-most vertices of 

overlapping mesh elements defined the contact patch boundary (Figure 2). Cartilage contact 

data was generated for each loading condition of each specimen and repeated by each 

operator using his or her respective anatomical models created from MRI.

Validation of MRI-based Cartilage Model Accuracy

At the conclusion of specimen testing, knees were removed from the testing jig, rehydrated 

with saline, and allowed to rest for 30 minutes. The joints were disarticulated carefully to 

avoid cartilage damage. The femurs and tibias were rigidly clamped into place and the 

fiducial spheres and cartilage surfaces were laser scanned. The specimens were exposed to 

the lab environment (21° C, 41% humidity) for one hour, at which time laser scanning was 

repeated to estimate thickness changes due to dehydration. Cartilage was then removed from 

specimens by soaking the articular surfaces in a 6% bleach solution for 90 minutes. 

Remaining cartilage was manually removed by scraping gently with a scalpel. The bare 

bones were clamped into place and laser scanned again. 3D cartilage models were generated 

using the cartilage scans as the outer border and the bone scans as the inner border. These 

reference laser scan models were co-registered with the MRI-derived cartilage models using 

the centers of the fiducial spheres (visible in both laser scans and MRI) as reference points. 

This enabled direct comparison of cartilage thickness maps between the gold-standard laser 

scan and the MRI-segmented cartilage models. Average cartilage thickness errors across 

three operators between MRI-models and laser scans were 0.09 ± 0.27 mm for femurs and 

0.05 ± 0.19 mm for tibias.

Comparison of Contact Regions Between Estimation and Gold Standard

Overlapping mesh regions and contact boundaries from laser scanning and probing were 

projected into the tibial transverse anatomical plane for comparison to the contact estimates 

from biplane radiography. The projected boundary regions were closed and meshed using a 

refined Delaunay method [45, 46]. The pure centroids and areas of the contacting regions 

from each modality were calculated. Contact area error was expressed as a percentage of the 

total area for each tibia compartment. Centroid location error in the anterior-posterior and 

medial-lateral directions was expressed in millimeters. Quantification of agreement in 
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contacting region shapes between the two modalities was performed using the Agreement 

Scoring method, a modified version of the Sorensen-Dice coefficient, described by Willing 

[47]. The agreement score ranges between 0 (no agreement) and 1 (perfect agreement) and 

accounts for the disagreement between the gold standard (laser scanned/probed) and image-

based estimations.

Statistical Analysis

For each loading condition (applied bodyweight/flexion angle), the cartilage models 

generated by each of the three MRI segmentation operators were used to generate separate 

estimations of joint contact from the biplane radiography system. The estimation errors of 

area, centroid, and agreement scores at each loading condition were averaged between-

operators and between-specimens. Intra-class correlations (ICC) were calculated using two-

way mixed models of absolute agreement to compare repeatability between operators and 

reliability between image-based estimation and gold standard for contact area and centroid 

locations within each compartment. Pearson correlations were used to test for relationships 

between error and flexion angle. All statistical analyses were performed in SPSS statistical 

software (v22, IBM) with α=0.05.

RESULTS

Contact Area

Medial and lateral compartment contact area errors for each specimen across all flexion 

angles and loading conditions are reported in Table 1. Medial compartment errors were 

typically higher than lateral compartment error for a given flexion angle/applied load. In the 

medial compartment, there was a general trend of area underestimation at low flexion angles 

and overestimation at flexion angles greater than 25° (Table 1). Medial compartment contact 

area error was correlated with flexion angle (R=0.65, p=0.001). Across-specimens 

compartmental averages in contact area errors for all loading conditions as a function of 

flexion angle are illustrated in Figure 3. RMS differences in contact area across all loading 

conditions and flexion angles between the image-based estimation and gold standard were 

8.4% and 4.4% of the medial and lateral compartmental areas, respectively. Error in contact 

area increased with applied loading in the medial compartment (Table 1) but not for the 

lateral compartment. Overall intra-class correlation coefficients for medial contact area and 

lateral contact area reliability were 0.68 and 0.88, respectively (Table 2). Repeatability 

between operators for medial contact area was lower than lateral (Table 2).

Contact Centroid

The across-specimens average locations of contact centroids on the tibial plateau are 

depicted in Figure 4 for each bodyweight loading condition. Contact centroids moved 

posteriorly on the tibial plateau with increasing flexion. Medial and lateral compartment 

contact centroid errors for each specimen across all flexion angles and loading conditions 

are reported along the anterior-posterior direction in Table 3 and the along the medial-lateral 

direction in Table 4. Anterior-posterior direction centroid errors were larger in the lateral 

compartment than the medial compartment (Table 3). Medial-lateral direction errors were 

consistent across specimens (Table 4). Across-specimens average errors in estimated contact 

Thorhauer and Tashman Page 7

Med Eng Phys. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



centroid location as a function of flexion angle are depicted in Figure 5 for each loading 

condition. Centroid error did not change consistently with increasing load. Centroids were 

biased posteriorly and medially in both compartments for flexion angles greater than 20° 

(Figure 5). Overall ICC values for medial-lateral direction centroid locations were 0.71 and 

0.77 in the medial and lateral compartments, respectively (Table 2). Overall ICC values for 

anterior-posterior centroid location were 0.90 (medial) and 0.98 (lateral). Repeatability ICC 

between operators for centroid location was 0.95 for medial-lateral direction in both 

compartments and 0.99 for anterior-posterior direction in both compartments (Table 2).

Contact Region Agreement

Agreement scores (average ± standard deviation) of contact regions between modalities 

were 0.81 ± 0.07 for the medial side and 0.83 ± 0.07 for the lateral side. Agreement scores 

did not change with increased loading. As flexion increased, agreement scores decreased 

from 0.93 to 0.76 on average.

DISCUSSION

We have developed a method that allows for assessment of subject-specific cartilage contact 

in a range of knee poses commonly occurring during functional activities of daily living 

such as walking, running, squatting, and stair gait. This study demonstrated reliable and 

repeatable subject-specific tibiofemoral cartilage contact estimation during simulated 

physiologic loading conditions using a combination of biplane radiography, computed 

tomography and magnetic resonance imaging. The bias errors reported include the 

cumulative errors of our processing pipeline (Figure 6): the tracking of CT bone models on 

radiographic images, segmentation and modeling of tibiofemoral cartilage from MRI from 

multiple operators, the coregistration of CT and MRI modalities, and the cartilage contact 

algorithm itself. These multiple sources of error necessitated this cadaveric validation of 

three specimens that, while certainly not a complete representation of possible variations in 

knee anatomy, is a sample size on par with previous in vitro validations of joint contact [1, 

48, 49].

Only one previous validation of knee cartilage contact using a system similar to that of the 

present study has been reported [1]. This study evaluated three specimens at half 

bodyweight in a single extension position using biplanar fluoroscopy and MRI bone/

cartilage models with an average error in contact area of 14±11% of compartmental area. 

These data are similar to the values reported in this manuscript at similar loading conditions. 

However, our results indicate the importance of validation at multiple loading and flexion 

conditions. Increasing flexion resulted in overestimation of contact area in the medial but 

not the lateral compartment. While previous analyses of sagittal plane distal femur condyle 

radii have indicated no significant differences between compartments [50, 51], the 

combination of the cam-like distal femur morphology and the respective medial concavities 

and lateral convexities [52] of the tibial plateau may provide a possible explanation. Further 

investigation into the geometric factors of the trend in medial compartment error may yield 

an algorithm for correcting the linearly increasing bias. Maximum observed centroid 

location bias error was about 3 mm for either anatomical direction of either compartment 

Thorhauer and Tashman Page 8

Med Eng Phys. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Tables 3 & 4). In the context of the average size of the two tibiofemoral compartments [53], 

these peak errors correspond to 6.6–10% of the anterior-posterior and medial-lateral 

dimensions. Contact region agreement scores generally exceeded those reported and 

described by Willing [47], although those were in reference to the elbow joint.

Extra care was taken in the current study to position and load the specimens in a manner that 

approximated natural contact and motion behavior. Bodyweight loads applied in this 

cadaveric simulation were in the same range as tibiofemoral knee loads assessed in vivo in 

instrumented knee replacements and in computational models during gait and stair activities 

[54-57]. Contact centroid paths followed trajectories similar to those previously reported in 

vivo during gait [58]. It is impossible in any cadaver study to completely reproduce the 

complex muscle and external forces that occur in vivo, and the single-muscle model 

employed for this study is a considerable simplification. However, allowing for free knee 

motion while utilizing quadriceps loading to offset the gravitational effects of bodyweight 

loading simulated in vivo knee behavior as well as or better than previous cadaveric 

validation of knee contact, which primarily relied upon simple axial loading with the tibia 

and femur held fixed [1].

Since cartilage deforms under load, Wan stated that use of overlapping rigid cartilage 

models might underestimate contact area [49]. In the present study however, for flexion 

angles greater than 25°, contact area was consistently overestimated in both compartments. 

The causes for overestimation are most likely a combination of the false contact regions 

introduced by MRI-to-CT bone model co-registration error, cartilage segmentation error, 

specimen dehydration, and viscoelastic creep. Larger medial-lateral centroid position and 

medial contact area errors with increasing flexion angles may also be due to regional MRI 

cartilage segmentation errors. Because the LiveWire tool operates by fitting region of 

interest contours along the image gradients, the segmentation boundary can be attracted 

towards the meniscal boundaries or areas of high contrast with synovium. This, in effect, 

would tend to locally overestimate cartilage thickness. These regions occur in the posterior 

portions of the joint, which are in contact with increasing flexion. This also provides a 

possible explanation for the posterior bias of centroid location with increasing flexion 

(Figure 5). Errors in contact area (Figure 3) and centroid location were not affected by the 

magnitude of applied load (Figure 5). Between-operators repeatability and reliability of the 

contact variables was lower in the medial compartment than the lateral compartment. 

Relatively small additions or omissions about the border of the contact regions would not 

shift the centroid of contact greatly, while almost certainly influencing the area estimation. 

The higher repeatability and reliability scores for centroid location than contact area suggest 

that discrepancies between the estimation and gold standard are the result of over or under 

estimation errors at the periphery of a given contacting region.

Previous assessments of joint contact have used silicone casting [1, 59, 60] or dye staining 

[61, 62], both of which require complete disarticulation of the joint after each trial to 

quantify contacting regions via digitization stylus or photography, thus limiting validation to 

a single load/flexion angle configuration for each specimen. Other authors have utilized 

pressure sensitive film [63, 64], or digital pressure measurement sensors [65, 66]. However, 

these methods introduce an artificial body into the articular contacting space (altering the 
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nature of joint contact) and introduce an additional registration error (especially if they slip 

relative to the joint surface). While the newest digital pressure sensors permit dynamic 

measurement, they may overestimate contact area if any portion of a given sensing element 

(sensel) is under load. The sensels are prone to damage or biases with shear forces or during 

loads exceeding 1500 N [67], and the current study examined knees under axial loads up to 

2060 N. Additionally, sensor bias is sensitive to calibration method [68] and fluid inhabiting 

the joint [69]. Non-invasive laser scanning has been previously established as a gold 

standard for quantifying cartilage geometry with high accuracy [31, 32], and enables 

assessment of cartilage-to-cartilage contact without interfering with the interactions of the 

articular surfaces. While providing similar information as the previously employed silicone 

and dye methods, laser scanning also enables multiple tests per specimen.

The greatest limitation of the laser scan methodology is that it is not possible to obtain 

complete laser scans instantaneously or during movement, restricting validation results to a 

series of static positions. Thus, it is possible that errors during movement could be higher 

than reported here. However, since the radiographic imaging protocol employed short-

duration (1 ms), low-dose pulsed imaging (identical to the protocol typically used for 

dynamic, in vivo testing), decreases in kinematic measurement accuracy with dynamic 

motion would be small. Any increases in contact measurement errors for dynamic studies 

would most likely be due to viscoelastic effects in cartilage; these would probably be small 

for healthy cartilage (as suggested by the insensitivity of errors to loading magnitude found 

during the present study), but might increase for damaged/softened cartilage. The static 

loading may also have led to viscoelastic creep occurring during the short delay between 

radiographic imaging and laser scan completion, contributing to observed overestimation 

errors in the contact data. Degraded/softened cartilage may also increase this effect. Further 

studies (and perhaps the development of novel methodologies) are warranted to evaluate the 

effects of cartilage condition and joint motion speed on contact area measurements.

This study has several additional limitations. The small sample of specimens came from 

older donors that, while free from degeneration (assessed with x-ray, MRI, and direct 

visualization of cartilage), may have different cartilage characteristics than younger 

specimens. Menisci were removed from the specimens prior to testing in order to directly 

laser scan the contacting cartilage regions (a limitation also present for the silicone and dye 

methodologies), which almost certainly altered tibiofemoral load distribution and contact 

areas. Note that this is a limitation of only the laser scan methodology; the biplane imaging 

method described can be (and has been) used for assessing tibiofemoral cartilage contact 

during a variety of dynamic, functional activities. MRI enables direct measurement of 

meniscal position and function as well as cartilage contact, but only under slow-moving or 

static, simulated loading conditions [11, 70]). Both the imaging speed and the space 

constraints of the MRI magnet proscribe use of MRI for joint function assessment during 

dynamic, functional tasks such as normal-speed walking or running.

In summary, a method for the estimation of in situ knee cartilage contact combining biplane 

radiography and MRI has been validated under multiple bodyweight loading and over a 

range of knee flexion angles. This is the most comprehensive validation to date combining 

biplane radiographic imaging and MRI to assess cartilage contact. Some limitations 
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associated with modifications to the anatomy and loading of cadaveric specimens are 

acknowledged; however the goal of the experimental design was not to assess physiological 

joint contact, but rather to employ a range of joint loads and positions sufficiently similar to 

those encountered in vivo to assess measurement system function. Future applications of this 

method include assessing knee cartilage contact in healthy, injured, surgically reconstructed, 

and osteoarthritic knees, as well as in obese populations.
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Highlights

• We validate knee cartilage contact estimation from biplane radiography, CT, 

and MRI

• We compare a physiologic cadaveric model to laser scanning gold standard

• Errors in contact area averaged 8.4% for medial and 4.4% for lateral 

compartment

• Amount of applied load did not affect errors

• Errors increased with increasing knee flexion angle
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Figure 1. 
Knees were posed in a weight-bearing flexion test rig with quadriceps loading within the 

capture volume of a biplane radiography system. Specimen menisci and patellae were 

removed to permit laser scanning and probing of the contacting cartilage regions. 

Quadriceps loading was applied through a stainless steel cable tendon and Teflon patella 

using a mechanical actuator.
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Figure 2. 
At each pose, laser scans of the articular surface and radiographs of the knee were acquired. 

Specimen-specific anatomical models of bones and cartilage were derived from CT and 

MRI scans. Tibiofemoral kinematics were derived by tracking bone positions in the stereo 

radiographic images. Cartilage models were mapped onto the ends of the tracked bone 

models and their subsequent overlap estimated tibiofemoral cartilage contact. The area, 

centroid, and agreement of the contacting regions between the image-based estimation and 

gold standard were assessed within each compartment of the tibia.
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Figure 3. 
Percentage of the compartmental area over- or under-estimated using combined biplane 

radiographic and MRI methods (relative to laser scan). Medial compartment (left) and lateral 

compartment (right) errors shown as a function of flexion angle for each applied bodyweight 

loading condition. Data points are the averages between three specimens at each position.
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Figure 4. 
Between-specimens average contact region centroid paths through the range of flexion upon 

the tibial plateau for each applied bodyweight loading. Contact paths were similar in the 

medial compartment. A medial bias in the estimation was present in the lateral compartment.
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Figure 5. 
Contact region centroid error as a function of flexion angle. Medial compartment (left) and 

lateral compartment (right) errors are depicted along the medial-lateral (top) and anterior-

posterior (bottom) anatomical directions.
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Figure 6. 
Processing pipeline errors for the image-based estimation of contact (top) and gold standard 

(bottom).
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