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Abstract

A computational model of the tibiofemoral joint utilizing the discrete element analysis method has
been developed and validated with human cadaveric knees. The computational method can predict
load distributions to within a Root Mean Square Error (RMSE) of 3.6%. The model incorporates
subject-specific joint geometry and the health of the subjects’ articular cartilage to determine the
cartilage stiffness. It also includes the collateral and cruciate ligaments and utilizes stiffness values
derived from literature for these elements. Comparisons of the total load, peak load, and peak load
location for axial, varus, and valgus loading conditions confirmed that there was less than 4% RMSE
between the analytical and experimental results. The model presented in this paper can generate
results with minimal computational time and it can be used as a non-invasive method for
characterizing and monitoring subject-specific knee loading patterns.
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INTRODUCTION

Age, body weight, previous injury, and altered joint loading are key factors for the development
of knee OA (Sowers, 2001), (Maquet, 1976). Biomechanical studies have shown that varus
malalignment leads to increased medial plateau cartilage pressure, which can damage the
cartilage and progress to OA (Mina et al., 2008). Computational models can be used to
characterize cartilage loading conditions, which is important for developing optimum
therapeutic interventions.

Various models of the tibiofemoral joint have been developed using either the finite element
method (FEM) (Schreppers, et al., 1990), (Bendjaballah, et al., 1995), (Perie and Hobatho,
1998), (Li, et al., 1999), (Haut Donahue, et al., 2002) or discrete element analysis (DEA) (Hsu
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et al., 1990) to predict pressure distribution in articulating joints. Since changes in knee
alignment redistribute the joint’s stress (Hsu et al., 1990), it is desirable to study the medial-
lateral load distribution across the tibial plateau. DEA can be implemented more quickly than
FEM while still effectively and reliably predicting joint load distribution (Li, et al., 1997),
making it potentially useful for conducting preoperative planning and making clinical treatment
decisions (Chao, et al., 2008).

The purpose of this study was to develop and validate a subject-specific two-dimensional
analytical knee model using the DEA approach that incorporates subject-specific geometry,
joint health, and loading patterns to predict medial-lateral tibiofemoral load distributions.

METHODS

Model

The tibiofemoral joint was modeled as two rigid bodies with spring elements representing the
articular cartilage and the collateral and cruciate ligaments. The model minimizes the strain
energy in these elements (An, et al., 1990), assuming that the ligaments and cartilage have
linear deformations with the cartilage loaded in compression and the ligaments in tension.

Coronal radiographs were used to find subject-specific geometry and OA grade. A Canny edge
detection algorithm (Mathworks, Natick, MA) identified tibial and femoral geometry. The
collateral ligaments originated at the respective femoral condyles and inserted three centimeters
distal to the joint line. The cruciate ligaments originated at the femoral epicondyles and crossed
to insert at the adjacent midpoint of the tibial plateau. The femoral condyle geometry was
modeled with circles using a linear least squares method and 44 cartilage springs originated at
even intervals along the curves. A vector perpendicular to the femoral curve at each spring
extended toward the tibia. The tibial point closest to this vector was the spring’s insertion point.
A linear regression of patellar cartilage stiffness data (Kiviranta, et al., 1995) was used to
generate the following equations to predict stiffness (kn, N/mm?) for different OA grades (g):

k,=2.93 -0.445 = g
ka=kn/k,

where K, is the stiffness of normal cartilage (Grade 0 OA) and kg is the decrease in cartilage
stiffness due to OA (Kiviranta, etal., 1995). The compressive (E) and shear modulus (G) values
for the OA cartilage were calculated as a percentage of the normal compressive modulus
(Eo) (Shepherd and Seedhom, 1999), (Barker and Seedhom, 2001) and shear modulus (G)
(Hayes and Mockros, 1971) using Kg.

For Grade 0 OA the compressive and shear modulus were 10 and 4.1 N/mm?, respectively;
while for Grade 1 the compressive and shear modulus were 8.47 and 2.92 N/mm?, respectively.
The collateral and cruciate ligaments were modeled as individual springs with a stiffness of 80
and 200 N/mm, respectively (Momersteeg, et al., 1995). The reference strain (¢) was 0.01 for
the collateral ligaments (Shelburne and Pandy, 1997) and 0.03 for the cruciate ligaments
(Shelburne and Pandy, 1997), (Kucuk, 2006). The following equation used the ligament spring
length (1) to determine the ligament reference length (l,):

1
°“(1+¢)
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Experimental Validation

The model was validated experimentally with four fresh-frozen human cadaveric knees (age
65+22). Two knees had Grade 0 OA for both plateaus. One knee had Grade 0 and 1 for the
lateral and medial plateaus, respectively, and one knee had Grade 1 for both plateaus.

Pressure at the tibial plateau was recorded using a calibrated thin, flexible sensor (K-scan Model
4000, 9,000 psi; Tekscan Inc., South Boston, MA). The sensor consisted of two separate
measurement areas (2.8 x 3.3 cm, 62 sensels/ cm?). The number of cartilage springs directly
corresponds to the number of sensor columns. The sensors were calibrated with our lab’s
method by applying known loads using a flat platen covered in rubber attached to a load cell
(Model N100, NK Biotechnical Engineering Co., Minneapolis, MN). The pressure data was
then summed in the anterior-posterior direction for each sensor column to give a two-
dimensional representation of the results.

The experimental validation simulated single leg stance (Figure 1). Axial loads were applied,
along the knee’s mechanical axis to rigid compressive loads (Table 1) at 1 mm/sec. For varus
and valgus loading, the tibia was translated medially and laterally, respectively, in the
horizontal plane and the specimens were subjected to compressive loads (Table 1). The
specimen’s joint laxity determined the horizontal offset. The analytical and experimentally
measured forces were compared by calculating the RMSE normalized to the applied load for
both the lateral and medial plateaus.

RESULTS

For all loading conditions, the load distribution is consistent between the analytical and
experimental results, but there are differences in the peak values (Figure 2). For the axial
loading condition, the analytical results consistently predicted a fifty percent load on the medial
plateau, while the experimental results varied more (Table 1). In the varus loading condition,
there was close agreement between the analytical and the experimental results. In the valgus
loading condition, the analytical results underestimated the percent medial load. For the peak
medial and lateral plateau forces, there was less than 4% RMSE between the analytical and the
experimental results for most of the loading conditions and the applied loads (Table 2).
However, for some applied loads, the analytical results overestimated the peak plateau force
such as for large axial loads. For the locations of the peak medial plateau force, differences
between analytical and experimental values were less than 10% except for the 972N axial load.
For the lateral location of peak force, 2 out of 7 loading conditions had differences above 10%.

DISCUSSION

A computational model of the tibiofemoral joint has been developed and validated for
predicting computational load distributions to within an RMSE of 3.6%. For the varus and
valgus loading conditions, the knee was placed in an offset position and this may have affected
the results, giving rise to larger errors, especially for valgus loading.

While the FEM approach is able to provide information regarding stress within the cartilage
and the meniscus (Haut Donahue, et al., 2004), and some models incorporate subject-specific
information (Papaioannou, etal., 2008), the FEM approach is currently not practical for quickly
creating and generating subject-specific output (Li, et al., 1997). The model presented in this
paper can be used as a non-invasive method for characterizing and monitoring subject-specific
knee loading patterns. Knowledge of load distributions under these conditions can be beneficial
for diagnosing knee symptoms, assessing clinical outcomes, or providing preoperative
planning data. Specifically, this model could be used to assess how joint loading changes with
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knee malalignment. This information could be used to assess if patients might be at risk for
developing OA and it could be beneficial for understanding knee OA etiology.

There were limitations and assumptions associated with this study. The Tekscan sensor was
used due to its ability to collect real-time continuous data and be reused. However, calibration
challenges (Baer, et al., 2005), (Brimacombe, et al., 2005) and measurement errors on the order
of 1-4% for contact force and peak pressure (Fregley and Sawyer, 2003) have been reported.
Additionally, while it has been shown that the menisci greatly affect joint contact stress
distribution (Haut Donahue, et al., 2004) and the menisci were included in the experimental
validation, the analytical results showed less than 4% RMSE without the inclusion of the
menisci directly. Since it has been shown that the current 2D model quickly and accurately
calculates joint contact forces, a more time consuming 3D model may not be necessary. The
collateral ligaments increase in stiffness secondary to knee OA (Fishkin, et al., 2002), but this
data was not characterized by OA grade so these effects were not incorporated into the model.
While the bones were assumed to be rigid (Haut Donahue, et al., 2002), and the cartilage
elements linearly elastic (Li, etal., 1997), (Garcia and al, 1998), (Donzelli, et al., 1999), (Chao,
et al., 2008) the model was still validated within 4% RMSE.

In summary, a subject-specific analytical model of the knee utilizing the DEA approach was
developed and validated (to within 4% RMSE) to predict loading on the tibial plateaus. This
model incorporates subject-specific joint geometry, the health of the subjects’ articular
cartilage, and collateral and cruciate ligaments. Since this model can generate results in minutes
with minimal computation time, the results of this study demonstrate that this knee model can
be used to analyze tibiofemoral load distributions for clinical applications to monitor patients
or quickly assess potential clinical outcomes.
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Figure 1.
Experimental test set-up for axial loading condition. Knees were mounted on an MTS machine

with Tekscan pressure sensors inserted into the medial and lateral plateaus of the knee joint
distal to the meniscus. The soft tissue was removed to expose the quadriceps tendon, the joint
space, and the collateral ligaments. A nylon strap was sutured to the quadriceps tendon, a steel
rod was fixed in the femur and the tibia was potted in a cylindrical bone cement mold. Each
specimen was attached to a testing fixture on a material testing machine (Model 312, MTS
Systems Corp., Eden Prairie, MN). The tibia and femur were mounted on ball joints to allow
natural 6 DOF loading patterns.
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Figure 2.

Experimental and analytical tibial plateau force distribution for (A) a 690 N axial load (B) a
462 N valgus load (C) a 462 N varus load. Each plot represents one trial for one of the four
specimens tested.

J Biomech. Author manuscript; available in PMC 2010 June 19.



Page 8

Miller et al.

8F oy exey 6T ¥ 0§ Y2 ¥ 59 0F .2 zzF8e 0FTv [eruawiiadx3y
(9%) uore20 Mead
8FGS 0705 LTF S TTF8Y 0F€9 TFY 07F05 [eonffeuy
NVILV1d TvH31V]
TFLE €0F e ZF0T €79 Z¥26 TE ¥ OF T0F6T [eruawiiadx3y
(N) 82404 >ead
6E F 6L €0FSC GTF9T 6F0T 07907 6T ¥ 87 T0% .2 [eonffeuy
2TF 95 0F1.2 6Fc 87 ¥ 8 0FSS YTF IV 0F Sy [eruswiiadx3
(%) uoiyed0 >ead
LTFES 0F .2 6F1G 6 ¥ 0G 0F5S GF GG 0FSh [eonffeuy
0¥ 25 GOFLT rFIS T2F L€ 1518 6FSS 0F8z [eruswiiadx3
(N) 82104 >ead NV3Lvld IVIaIn
€F8l TFIT TT¥55 ITFGE 0FTET 0ZF oy T0F¥2 [eonffeuy
GFIS 0Fve SFY8 6F88 07F6¥ eTF99 0FSS [ejuawiiadx3y
peo %
TIF12 0792 eTFv8 FAEe] 0F 6V ZF18 0F¢€S [eonffeuy
07616 ST 19V 2T 7806 97F L9V TF LT SCTF26 ¥ ¥ 269
(N) peo snflep (N) peo snaeA (N) peo [eixy

NIH-PA Author Manuscript

‘|edare] 01 [eipaw woJy yibus| nealed [e101 J0 1adJad SI UOITRIO| ‘Susw1dads
|le 1o Synsal ejuswiLiadxa pue [eanAjeue ayl 1oy uonedo| peoj Bulids Mead pue ‘peoj Bulids yead ‘peo| [eIpsw o4 JO S} NSal pabelsny

T alqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Biomech. Author manuscript; available in PMC 2010 June 19.



Page 9

Miller et al.

VI+LT oexce LT*T¢ ¥0FT0 gexce 8T+€¢ snBlea

rEF9¢ CTFLT 80+¢CT 6'CF9¢€ 90+¢T LCFVE SNIEA

ET+.LT 80F€T 0T+8T CEFET TT#9T 60FT¢ [eIXy
uo11e007] 89404 Yead 90104 Xead 90104 [€101 u011e007 89404 Yead 80104 Xead 90104 [e101 uompuo? Buipeo

ISINY nesie|d [eds1eT]

ISINY nesie|d [eIpaN

NIH-PA Author Manuscript

¢ dlqel

"peoj paljdde ay) 01 Pazijew.Iou a1aMm SanjeA

NIH-PA Author Manuscript

92104 Yead pue 99104 |10 ‘SUOIIPUOD Bulipeo] snieA pue ‘snbjeA ‘[eixe 1oj sneare|d [elare| pue [e1pall 8yl 10} ISIAIY Pazijewiou Jusdlad

NIH-PA Author Manuscript

J Biomech. Author manuscript; available in PMC 2010 June 19.



