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ARTICLEINFO ABSTRACT
Keywords: Creep and relaxation of knee cartilage and meniscus have been extensively studied at the tissue level with
Articular cartilage constitutive laws well established. At the joint level, however, both experimental and model studies have been

Biplanar videoradiography

focused on either elastic or kinematic responses of the knee, where the time-dependent response is typically
Fibril-reinforced model

neglected for simplicity. The objectives of this study were to quantify the in-vivo creep behavior of human knee
joints produced by the cartilaginous tissues and to use the relevant data to validate a previously proposed
poromechanical model.

Two participants with no history of leg injury volunteered for 3T magnetic resonance imaging (MRI) of their
unloaded right knees and for biplanar video-radiography (BVR) of the same knees during standing on an
instrumented treadmill for 10 min. Approximately 550 temporal data points were obtained for the in-vivo
displacement of the right femur relative to the tibia of the knee. Models of the bones and soft tissues were
derived from the MRI. The bone models were used to reconstruct the 3D bone kinematics measured using BVR.
Ground reaction forces were simultaneously recorded for the right leg, which were used as input for the subject-
specific finite element knee models. Cartilaginous tissues were modeled as fluid-saturated fibril-reinforced
materials.

In-vivo creep of the knee was experimentally observed for both participants, i.e., the joint displacement
increased with time while the reaction forces at the foot were approximately constant. The creep displacements
obtained from the finite element models compared well with the experimental data when the tissue properties
were calibrated (Pearson correlation coefficient = 0.99).

The results showed the capacity of the poromechanical knee model to capture the creep response of the joint.
The combined experimental and model study may be used to understand the fluid-pressure load support and
contact mechanics of the joint using material properties calibrated from the displacement data, which enhance
the fidelity of model results.

Fluid pressure
In-vivo cartilage creep
Tibiofemoral joint

(Lohmander et al., 2007). Mechanical and biological changes are theo-
rized to alter the structure and composition of cartilage after injury,
causing cartilage swelling and softening, which are recognized early

Knee osteoarthritis (OA) is a degenerative pathology of the articular sigl?s of cart‘ﬂage degeneration. (Roos et ﬂl'-" 1998; Zh.ang et al., 2003;
cartilages of the femur, tibia and patella, and is associated with pain Waite et al., 2005). Such softening and swelling of cartilage may reduce

(Barron and Rubin, 2007), disability (Felson et al., 1987), and reduced the load-bearing capacity of cartilage and increase the susceptibility of
cartilage to mechanical damage (Maniwa et al., 2001; Buck et al., 2010;

Eckstein and Wirth, 2011). It is thus essential to understand load bearing
in the knee joint.
The load-bearing capacity of cartilage and meniscus is regulated by

1. Introduction

quality of life (Salaffi et al., 2005). The disease pathway is influenced by
numerous factors including age, obesity, and joint trauma (Felson, 2006;
Lohmander et al., 2007). Prospective studies indicate a 10-fold increase
in the risk of developing knee OA within 12-20 years post knee injury
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Nomenclature

BVR Biplanar video-radiography (or dual fluoroscopy)
FE/FEM Finite element/Finite element method

MRI Magnetic resonance imaging
OA Osteoarthritis

TF Tibiofemoral (joint)

2D/3D  Two/Three dimensional

the solid-fluid interaction depending on joint loading rates (Rodriguez
and Li, 2017). However, most joint models have ignored the fluid phase
in the cartilaginous tissues assuming that the knee joint is under
instantaneous load and thus only focused on the elastic response of the
joint (Bei et al., 2004; Kiapour et al., 2014; Shriram et al., 2017; Trad
et al., 2017). Using in-vitro and in-situ tests of tissue or whole joint
specimens, it has been observed that cartilage exhibits creep and
relaxation behavior as a result of the interstitial fluid flow in the solid
matrix (Cao et al., 2006; Boettcher et al., 2016; Rodriguez and Li, 2017;
Stolberg-Stolberg et al., 2018). Finite element (FE) knee joint models
that consider fluid-induced creep behavior of cartilage and meniscus
have been reported recently (Gu and Li, 2011; Dabiri and Li, 2013). Both
creep and relaxation behavior of the intact and meniscectomized tibio-
femoral (TF) joints were examined (Kazemi et al., 2011; Kazemi and Li,
2014). These behaviors were observed to be primarily associated with
fluid flow and pressurization and have been referred to as poro-
mechanical (Uzuner et al., 2020).

Finite element methods are a valuable approach to assess the con-
sequences of external loading of the human knee joint on factors such as
strain and stress, as well as contact and fluid pressures that cannot be
measured directly in human participants. On the other hand, experi-
mental studies of the knee joint have an important role in both providing
input data for and validating FE models. Most FE studies performed at
the knee joint level have either not been validated or only been indi-
rectly validated with data from independent studies performed under
similar force and boundary conditions. Such indirect validations
compare the predicted FE results with data from studies in which the
loading conditions may be similar but are based on different joint
specimens or research participants (Cooper et al., 2019). This approach
raises concerns over the reliability of model findings (Erdemir et al.,
2019), as factors including joint geometry, age, and sex may influence
the knee joint mechanics (Eckstein er al., 2009). Using the same knees
for model constructions and validation experiments may reduce these
concerns.

Most mechanical tests of articular cartilage reported over the past
four decades were performed using tissue specimens in vitro. For
example, a commercial shear rheometer was used to determine the creep
behavior of cartilage specimens extracted from the patellofemoral
groove of male ovine stifle joints (Boettcher et al., 2014). Creep recovery
of cartilage plugs was also characterized for femoral condyles of male
bovine knees after a creep load of 110 kPa was applied for 120min
(Stolberg-Stolberg et al., 2018). Creep indentation testing has also been
commonly reported in animal joints where cartilage integrity is
conserved (e.g., Cao et al., 2006). However, the contact and loading
conditions in these studies are not physiological.

Utilizing the intact knee joint enables the contribution of multiple
contacts between complex tissues that work together for load sharing to
be captured (Uzuner et al., 2020). In-situ creep tests of porcine knee
joints were used to understand the time-dependent behavior of the joint
produced by the cartilaginous tissues (Rodriguez and Li, 2017). More-
over, in-situ cartilage deformation and thickness were measured using
cadaver and animal knee joints under creep load conditions (Herberhold
etal., 1998, 1999; Song et al., 2006; Shiomi et al., 2012). In-vivo studies
are more representative of physiological conditions than in-situ studies,
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owing to native boundary conditions and the integrity of the knee joint
(Hosseini et al., 2010). In-vivo time-dependent contact deformation of
knee cartilage during a prolonged standing was first estimated using a
biplanar video-radiography (BVR) and magnetic resonance imaging
(MRI) technique, where full bodyweight was quickly applied and
maintained for 300s (Hosseini et al., 2010). Similarly, in-vivo contact
deformation of tibiofemoral (TF) articular cartilage during the stance
phase of gait was examined using a combined BVR and statistical shape
modeling technique (Liu et al., 2010; Li et al., 2014). In-vivo healthy and
early OA TF cartilage deformation was also obtained using BVR (Sharma
etal., 2015). MRI compatible loading devices have been used to evaluate
articular cartilage deformation non-invasively under axial load
(Schoenbauer et al., 2015; Wang et al., 2015; Chan et al., 2016). Further,
a C-arm-based cone-beam CT system was used to measure the in-vivo
time-dependent creep of tibial cartilage during static weight-bearing
(Choi et al., 2016).

These in-vivo experimental studies provide valuable information
such as altered cartilage thicknesses and average tissue deformation in
the knee joint under physiological loading. However, they have not been
used to validate FE models or combined with FE models to predict
mechanical behavior that are not available from experiments. FE
methods allow determination of the spatial distribution of stress, strain,
and fluid pressure, which are currently challenging to measure experi-
mentally (Halonen er al., 2014). Few studies have detailed creep
behavior of cartilages at the joint level or validated FE models with
in-vivo experimental results obtained from the same joints. FE modeling
was used to provide insight into the creep strains in the tibial cartilage
using TF joint compression obtained at 0, 1, 5, and 30 min of standing
(Halonen et al., 2014). Additionally, the effect of spatial variation of
fixed charge density on the mechanical response of the tibial cartilage in
vivo was investigated using a 7T sodium MRI and FE model for 13-min
static loading of half bodyweight (Rasanen et al., 2016). Consequently,
in-vivo measurements have enhanced the fidelity of FE results and FE
models have expanded the research findings beyond in-vivo experi-
mentation. Inspired by these studies and recent progress in in-vivo
measurement, the objectives of the present study were to provide a
perspective on the time-dependent creep behavior of the knee joint
during a prolonged standing and to validate a poromechanical finite
element model of the knee joint. Our FE models were constructed for the
same knees of the participants recruited for the MRI and BVR mea-
surements. Furthermore, an essentially continuous creep displacement
of the joint was obtained as a function of time to enhance the fidelity in
our model validation.

2. Methods

Fibril-reinforced poromechanical FE models of the right TF joints of
two healthy participants were developed to simulate the creep behavior
of human knee obtained from 10-min joint loading during standing with
intermittent BVR. The ground reaction forces measured in vivo from a
force plate were used as the input to these models. The vertical dis-
placements of the proximal femur relative to the distal tibia determined
by the models were then compared with those obtained from the BVR
measurements. Following model validation, the mechanics of the knee
joint, including fluid and contact pressures, were theoretically examined
under the standard creep load (i.e., ramp and then constant load) up to
the equilibrium state. The workflow chart (Fig. 1) shows an overview of
the BVR measurement protocol and the FE method.

2.1. Human measurements with biplanar video-radiography

Two healthy study participants with no history of leg injury vol-
unteered for this study (Participant A: 24-year-old female, weight 59 kg;
Participant B: 25-year-old male, weight 68 kg), which was approved by
the local ethics board (REB15-1165). The BVR system consists of two
high-speed high-resolution video cameras, two signal generators, two x-
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Fig. 1. Workflow chart of the combined experimental and computational study. Custom programs developed using MATLAB software were used to calibrate images,
establish coordinate systems, enhance image contrast and detect edges of tissues. The biplanar video-radiography (BVR) measurement was performed for 10 min

only, but additional finite element analyses were done for 10 h.

ray sources, two image intensifiers and an instrumented treadmill
(Fig. 2a). In-vivo testing for each research participant was conducted on
two separate days. On the set up and rehearsal day, after completing the
informed consent form, participants attended the BVR lab for a mea-
surement task familiarization session without X-rays. Approximate
creep loading for the right knee was produced with their partial body-
weight as follows. Participants were initially asked to stand on their left
foot on a box placed on the top of the instrumented treadmill (Bertec,
USA) without applying force to their right leg. Participants were able to
use the treadmill handrails for minimal support and balance. When
instructed, the participants then lowered their fully extended right leg to
contact the treadmill surface. Participants were instructed to slowly and
smoothly increase the force applied to the right leg so that they were
predominantly weight bearing on the right leg, with the transition from
left leg to right leg weight bearing lasting about 10 s. This slow load
application eliminates the difficulty in modeling convergence caused by
large stress/strain increments and fluid pressure gradients in the tissues
associated with a rapidly applied force to the knee. No external control
on the loading speed and magnitude of loading on the right leg was
provided. Participants maintained this weight bearing posture for 10
min.

In-vivo data collections were conducted on the second day in the
early morning to minimize the effect of cartilage loading history prior to
testing. Participants were asked to minimize load bearing on the day
prior to testing (no sports) as well as in the morning on the day of testing
(necessary indoor walking only prior to transportation to the testing
facility). Participants were brought to the MRI center by car and
wheelchair. They remained seated for 30 min prior to a 3T MRI to
minimize load bearing in the right legs. Participants were then assisted

onto the MRI scanner (Discovery MR750, GE, USA) table and lay in a
supine position. A high-resolution MRI sequence was used to image the
right knee (3D FIESTA: fast imaging employing steady-state acquisition;
knee coil was used; Slice thickness: 1 mm; 200 slices; Slice spacing: 0.5
mm; Field of view: 24 x 24 em?; Matrix: 512 x 512 pixels).

Following MRI scans, participants were transferred to the BVR lab
using a wheelchair, avoiding right leg external loading. Participants
were then fit with a custom knee brace to limit right knee flexion. The
BVR measurement protocol consisted of continuous imaging at 6 Hz (the
lowest system frequency) for the first 60 s, followed by 2-s short imaging
bursts at 6Hz every 30 s. A total of 550 image pairs were collected for
each participant. This image acquisition procedure was selected to
capture the high tissue deformation in the first minute of loading
(Hosseini et al., 2010; Uzuner et al., 2019) and to minimize the X ray
exposure to the participants over the 10-min measurement. The X-ray
exposure for each participant was estimated to be lower than 0.5 mSv.

2.2. Data processing on biplanar video-radiography

Six-degree-of freedom (6-DOF) bone kinematics were reconstructed
from BVR images using a 2D-3D registration approach. 3D bone and soft
tissue models for the TF joint were generated from MRI using manual
image segmentation in AMIRA software (Thermo Fisher Scientific,
USA). The models were then refined using ZBrush software (Pixologic,
USA) to minimize errors introduced in surface reconstruction. Local
coordinate systems for the femur and tibia were determined using
anatomical features (Grood and Suntay, 1983). BVR image sequences
were distortion corrected, calibrated, and processed (Lichti et al., 2015).
In this procedure, all X-ray images were corrected for lens distortion
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using images obtained from a perforated steel grid and Undistorter
software (Brown University, USA). Thereafter, a direct linear transform
approach (Allard et al., 1995; Chen et al., 1994; Shapiro, 1978) was used
to calibrate X-ray source and X-ray image pairs using a custom built
calibration object with custom software implemented in MATLAB
(MathWorks, USA). A MATLAB algorithm was newly developed to
enhance the contrast of BVR images to show clearly the bone edges and
reduce error in the 2D-3D manual martching process. The 6-DOF kine-
matics of the femur and tibia were obtained from the two X-ray images
using manual 2D-3D registration in Joint Track Biplane software (Uni-
versity of Florida, USA). Here, the bone models of the femur and tibia
were placed in a virtual environment and the model positions were
adjusted so that the bone model contours match those of the underlying
X-ray images (Fig. 2b). The resultant poses were saved to provide the 3D
transformation matrices (i.e. translations and rotations) for each bone at
each capture image frame.

2.3. Subject-specific finite element models

FE meshes of the two TF joint models were generated with TA-
FEMesh (University of Iowa, USA) using the MRI reconstructed geom-
etries. The subject-specific knee joint models contain the bony structures
(femur, tibia, and fibula) and the soft tissues (femoral and tibial carti-
lages, menisci, four main ligaments) (Fig. 2¢). The cartilages and liga-
ments were discretized in 4 layers and the menisci in 5 layers of elements
in the thickness directions. This mesh was selected to obtain convergent
results according to a previously performed mesh sensitivity analysis
(Uzuner et al., 2020). The knee joint model consisted of 32,579 elements
for Participant A and 36,478 elements for Participant B. ABAQUS soft-
ware (ABAQUS 6.17, Simulia, France) was used for the finite element
analysis. The element types were selected as quadrilateral (R3D4),
hexahedral porous (C3D8P), and continuum solid (C3D8) elements for
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Fig. 2. Schematic of the measurement and
modeling. a) High-speed BVR imaging system; b)
Matching the 3D models with embedded coordinate
system to the corresponding corrected BVR images
(Participant B); and ¢) The FE models of the right TF
joint with meshes for Participant B. The element
numbers of the bones, articular cartilages, menisci,
and ligaments were, respectively, 12,786, 13,412,
6175, and 4105 for the model of Participant B. The
element numbers for Participant A were similar.
Abbreviations used in the legend: MCL and LCL,
medial and lateral collateral ligaments; ACL and
PCL, anterior and posterior cruciate ligaments; FC,
femoral cartilage; MTC and LTC, medial and lateral
tibial cartilages; MM and LM, medial and lateral
meniscus.

LATERAL

the bones, cartilaginous tissues, and ligaments, respectively. The use of
pure hexahedral elements for cartilaginous tissues facilitates faster
convergence in the contact analysis as compared to tetrahedral ele-
ments, when fluid pressurization for the tissues is considered (Dassault
Systems and Abaqus, 2016).

2.4. Material properties

The bony structures were considered as rigid bodies since they are
much stiffer compared to soft tissues. Articular cartilages and menisci of
the knee joints were modeled as poromechanical to consider creep be-
haviors induced by fluid pressurization. The constitutive equations for
the poromechanical model were defined previously (Kazemi and Li,
2014). The -cartilaginous tissues were defined as nonlinear
fibril reinforced materials and modeled as fluid-saturated porous ele-
ments owing to the time-dependent creep observed in knee joints
(Rodriguez and Li, 2017). The non-fibrillar parts of the solid matrices in
the soft tissues were assumed isotropic and hyperelastic. Ligaments were
modeled as fibril-reinforced solids, as the fluid pressurization in tensile
elements is negligible. The collagen fibrillar matrix is of great tensile
stiffness, which plays an important role in fluid pressurization during
tissue compression. Thus, the nonlinear properties of the fibrillar matrix
were taken into account for the cartilaginous tissues and ligaments in the
FE knee models (Gu and Li, 2011). The collagen matrix was modeled as a
quasi-linear viscoelastic and orthotropic fibrillar matrix. Additionally,
the fiber orientation in the femoral cartilage and menisci was chosen on
a site specific basis using data reported in literature (Below et al., 2002).
The fiber directions in the tibial cartilages were assumed to align in the
local x-axis directions as no specific orientation data was found from the
literature. The variation in fiber orientation with tissue depth was
ignored. The soft tissue permeability was defined as orthotropic.

The material properties of soft tissues for both knee models (Table 1)
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Table 1
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Material properties of the fibrillar and nonfibrillar matrices of soft tissues in both knee models. The fibril direction was aligned in the x-axis of the local coordinate
system, in which higher permeability was assumed (Buck et al., 2010). The nonlinear property of the tissue is modeled with B in this table. The reduced relaxation
function, G(t), determines the rate of creep or relaxation of the collagen fibrillar matrix. For simplicity, a discrete spectrum of the function is used here by introducing

small, medium, and large time constants, A’ (Li and Herzog, 2004). Moreover, the strain-rate dependency is accounted for by the interplay between fluid pressurization
and nonlinear fibril reinforcement (Li et al., 2002).

Collagen fibrillar matrix
o = Ae | Be?

Non-fibrillar matrix (isotropic)

Primary fiber direction (x) [MPa]

Perpendicular directions (v,z) [MPa] Young's modulus [MPa] Poisson’s ratio

A B A B

Participant A Femoral Cartilage 4 1500 2 750 0.60 0.36
Tibial Cartilage 4 1500 4 1500 0.60 0.36
Menisci 28 1500 5 750 0.50 0.36
Ligaments 46 1118 0 0 2 0.30

Participant B Femoral Cartilage 2 1000 0.9 480 0.26 0.36
Tibial Cartilage 2 1000 2 1000 0.26 0.36
Menisci 12 1500 2 750 0.50 0.36
Ligaments 46 1118 0 0 2 0.30

. 1_pa 3 zen B —t

‘Weight constants (g™) g =0.3; g7=1.7; g" 0.5 Gy =14 T EXP(/TmJ

Characteristic times (A™) Al=10; 22=100; A*~1000 %

Permeability [mm®/Ns] Darcy’s law: /v, = — kepy: k—0.0002; ky= k; =0.0001. ¢ is porosity.

were obtained by calibration based on values obtained from the litera-
ture (Woo et al., 1976; Tissakht and Ahmed, 1995; Li et al., 2002, 2003;
Pena et al., 20006; Shirazi er al., 2008) to match the bone kinematics
obtained from BVR measurements. The calibration approach involved

tuning input parameters by comparing the FE model results with the
experimental data (Cooper et al., 2019). Consequently, different mate-
rial properties were selected for the two FE models.

Participant A Fig. 3. Comparison of BVR measurement with
1.5 - : . T v : . : . T . 550 finite element simulation for a) Participant A; and
| | b) Participants B. The vertical ground reaction
_ forces were measured by the force plate instru-
1.2 4 440 Z  mented in the weadmill, and used as inpur for the
’E i ! o finite element simulation. The vertical displacement
é e ‘\_/—'\/_:4: g of femur during the BVR test was calculated with
= 0.9 1 i = - 330 ; respect to the tibia, because only the relative
g J gt T L .2 displacement affects the knee joint compression.
-— S . . T o s . . .
] RO T R 2 Similarly, the tibia was fixed in all directions in the
= 0.6+ £ = 220 2 :
= el = FE analyses to simulate the BVR test.
w =
A
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— — -Displacement from FEM
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0 100 200 300 400 500 600
Time (sec)
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2.5. Load and boundary conditions

Two types of FE analyses were performed in the present study, in
which the load and boundary conditions were similar to thart in the BVR
measurements. The first analysis was used to simulate the BVR mea-
surement results (i.e., joint displacements) and determine the corre-
sponding tissue properties. In this approach the ground reaction forces
measured during the BVR test as functions of time (Fig. 3) were used as
input for the FE simulation. The tissue properties were adjusted to match
the BVR measured joint displacement. In the second analysis, a standard
creep loading protocol was used to better demonstrate the full range of
the nonlinear time-dependent behavior of the joint. Similar to the
measurement, the standard creep loading consisted of a zero start ramp
load of 12s (32.5N/s of loading rate) followed by a constant load for 10 h
(Fig. 4). The constant load was chosen to be 390N, which was the
maximum vertical force measured during the BVR measurement of
Participant A. This load was applied for the models of both participants
in the second type of analyses for convenience of comparison. The
compressive loads were applied on the femur in the proximal-distal di-
rection. The femur was fixed in other translation and rotation directions.
The tibia and fibula were fully constrained in all directions. The TIE
contact option in ABAQUS (i.e., no relative motion between contact
surfaces) was used to fix the femoral cartilage to the femur, the tibial
cartilage to the tibia, the meniscal horn to the tibial plateau and the
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ligaments to the adjacent bones to simulate the real attachment in
human knee joint. Six contact pairs were defined, three on the medial
and three on the lateral compartments of knee joint: femoral cartilage-
menisci, femoral-tibial cartilages, and menisci-tibial cartilage (Fig. 2c).
The soil consolidation procedure in ABAQUS was used to simulate the
interaction between the solid and fluid.

3. Results

The maximum vertical ground reaction force measured during
participant standing was 390N (Figs. 3a) and 520N (Fig. 3b) for Par-
ticipants A and B respectively. During standing experiments, the vertical
reaction force reached its plateau at about 8 and 12 s for Participants A
and B respectively. The vertical reaction force then remained almost
constant during the remaining 10-min testing duration (Fig. 3), thereby
representing an approximate in-vivo creep testing protocol. The corre-
sponding loading rate was 48.8 N/s and 43.3 N/s for Participants A and
B, respectively. The experimental displacement of the femur relative to
the tibia was successfully modeled with the FEM. At 10 min, vertical
displacement was 0.96 mm and 1.30 mm for Participants A and B
respectively.

The creep displacements were also obtained with FE knee models
under a standard creep loading of 390N to extend the results beyond 10
min (Fig. 4). The maximum displacements predicted with the FEM were

Participant A
30 T T T T T T 1
2.4
B
)
% 1.8
=)
[}
& 1.2
S
2
0.6 4 0.0 " ; ; . " -
] ///’0 10 20 30 40 50 60
Time (sec)
0.0 T T T T
0 2 4 6 8 10
Time (hrs)
a)
Participant B
3.5 T T T T
. 28 = 1.0 T
£ =,
2 £0%1 |
= = = 1 17
:
(] Q
2 1.4 80.4- 4
= )
A 802 -
0.7 4 s
0 30 40 50 60
Time (sec)
0.0 T T T ¥ T
0 2 4 6 8 10
Time (hrs)
b)

Fig. 4. Vertical displacement of the knee joint developed during a standard creep loading of 390N applied in 12s as determined from the FE models of: a) Participant

A; and b) Participant B.
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2.82 and 3.41 mm at the long term (10hrs) for Participant A and B
respectively (Fig. 4). The maximum strains in the surface of tibial car-
tilages at 12s were 13% and 14% for Participants A and B respectively.
These maximum strains occurred in the medial compartment for
Participant A and in the lateral compartment for Participant B. The
strains increased with creep and were 40% and 43% at 10hrs for Par-
ticipants A and B respectively (Fig. 5).

As creep developed, the maximum contact pressures decreased
substantially in each tibial cartilage for both participants, with the
pressure in the lateral cartilage higher than that in the medial cartilage
(Fig. 6). For example in the knee of Participant A, the peak pressure of
1.80 MPa at 12s decreased to 0.85 MPa at 10hrs in the lateral tibial
cartilage. The pressures were higher in the knee of Participant A relative
to that of Participant B when the same 390N force was applied: 52% and
42% higher respectively, in the lateral and medial compartments at 12s
(Fig. 6). The contact areas increased, whereas the average contact
pressures decreased with creep for both participants. For example, for
the lateral knee compartment of Participant A, the contact area
increased by 62% during creep, while the contact pressure decreased by
38% (Table 2). Substantial joint congruence was achieved in 2s indi-
cated by a slow increase in the contact area after 2s of loading, e.g., for
Participant A, the total contact area was 550 mm? at 2s, compared to
770 mm? at 600s and 970 mm? at 10hrs. While the location of higher
contact pressure did not change with time between the tibial compart-
ments for Participant B, it shifted from the lateral to medial compart-
ments for Participant A (Fig. 7).

At 12s, the maximum fluid pressures in the lateral tibial cartilage
compartments were 1.84 and 1.30 MPa for Participants A and B,
respectively (Fig. 8). Lower maximum fluid pressures of 1.33 and 0.97
MPa were observed in the medial tibial compartment at 12s, for the
Participants A and B, respectively. Consistent with the contact pressures,
the maximum fluid pressures decreased dramatically in tibial cartilages
as creep developed for both participants. At 10hrs, the maximum fluid
pressures decreased to 0.05 and 0.15 MPa in the lateral compartments,

Participant A

7
;(’

*

Strain (%)
0.20
0.10
0.00

-0.45

1—0.72

-13.0
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and 0.13 and 0.30 MPa in the medial compartments, for Participants A
and B, respectively (Fig. 8). The fluid pressures showed a similar trend to
the contact pressures, which were higher in lateral than medial
compartment before creep for both participants (Fig. 9). The locations of
higher fluid pressure shifted from lateral to medial compartment with
creep for Participant A, however it did not shift for Participant B (Fig. 9).
Moreover, the locations of all maximum fluid pressures shifted to central
load regions and to the deep zone of tibial cartilages with time for both
participants (Fig. 9).

4, Discussion

The objectives of the present study were to evaluate the in-vivo creep
behavior of human TF joints during a prolonged standing and to validate
the FE model of these knee joints. This was accomplished by obtaining
knee kinematics using BVR images for two participants during standing
and constructing two poromechanical FE models with mechanical
properties calibrated from the in-vivo data (Fig. 2). Load bearing in
cartilages and menisci was explored with a model simulation of a full-
range creep response of the joint. The main findings in the present
study are: the subject-specific knee models were capable of mimicking
the in-vivo experiments; the strain, contact and fluid pressures in the
two models for different participants were notably different although
the same boundary conditions and force were applied; and a typical
creep behavior at the joint level was observed in both participants.

This study demonstrated a successful direct validation approach for
the subject-specific poromechanical FE model of human knee joints. For
both participants, the experimental vertical displacements obtained
using the BVR imaging system showed good agreement with that from
FE simulations of the same participants (Fig. 3). Pearson correlation
coefficient was 0.99 for the validation of both models. Both participants
gradually applied more than their half bodyweight on their right legs in
8-12s without any external control over the loading rate. An approxi-
mate ramp and creep load was confirmed with the measured ground

Participant B
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0.10
0.00
-0.45

-:-0.72
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Medial Lateral
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Fig. 5. Normal strain distributions in the surfaces of tibial cartilages in the direction of compression at 12s and 10hrs for both participants. (Superior view; negative

value = compressive strain).
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Fig. 6. Maximum contact pressures on the surfaces of tibial cartilages with standard creep loading for: a) Participant A; and b) Participant B. The locations of
maximum contact pressure may change as creep develops. A logarithmic scale for time was preferred for detailed view of variation during ramp compression when

the force increased from 0 to the maximum (0-12 s).

Table 2
The relationship between contact areas and average contact pressures.

Model Compartment Contact area Average contact
(mmz) pressure (MPa)

12 Participant Lateral 272 0.66
s. A Medial 342 0.53
Participant Lateral 589 0.35
B Medial 468 0.40
10 Participant Lateral 440 0.41
h. A Medial 534 0.39
Participant Lateral 800 0.25
B Medial 644 0.29

reaction forces (Fig. 3). In contrast to the in-vivo cartilage deformation
available from the literature, where a full bodyweight was quickly
applied (Hosseini et al., 2010), a slow ramp load was used in the present
study to facilitate numerical convergence in modeling. The validation
procedure is critical in obtaining sensitive and physiologically repre-
sentative results with the FE studies performed on complex biological
systems such as the knee joint (Cooper et al., 2019). To date, only few
discrete in-vivo creep data have been used for FE knee model validation
(Halonen et al., 2014). Our approach may inspire further investigations
in the in-vivo contact mechanics of the knee joint for which the

time-dependent behavior is essential for its mechanical function.
Substantial differences in the results were observed between the knee
models of two participants, when subjected to the same compression
load (390N) and boundary conditions. These differences may partially
be attributed to differences in knee geometry, reported as the predom-
inant factor influencing contact pressure distribution (Donahue et al.,
2003, 2004). Six geometric parameters assumed to influence contact
pressure were obtained for both joints (Fig. 10 and Table 3). These
geomeftric parameters have been used previously in the literature
(Donahue et al., 2004) to compare male and female models. For
example, the sizes of the medial meniscus were evaluated owing to fact
that medial meniscal parameters play an important role on the me-
chanics of knee joint (Majewski et al., 2006; Feeley and Lau, 2018;
Uzuner et al., 2020). In the present study, the bones and cartilaginous
tissues were consistently larger for Participant B (male) than Participant
A (female) (difference 12-29%). This finding is consistent with the
literature data (male knees are 17 + 7% larger than female) derived
from MRI scans of 118 subjects (Elsner et al., 2010). Whereas maximum
and average contact pressures are more sensitive to MML and MMW,
contact area and distributions of contact pressure are more sensitive to
MMHC and MMLC (Donahue et al., 2004). These findings from previous
studies indicate that the increase in the geometric parameters results in
an increase in contact areas but a decrease in contact pressures (Dona-
hue et al., 2004). While the current study findings are based on one
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Fig. 7. Contact pressure distributions on the surfaces of medial and lateral tibial cartilages at 12sec (when creep just began) and 10hrs (when creep essentially
completed) for both participants. Black circles and squares indicate the locations of maximum contact pressures for each compartment, and the squares indicate the

location of the peak contact pressures across the compartments. (Superior view.)

female and one male participant, they support the previous study find-
ings. Both MML and MMW in the male knee were approximately 14%
larger than thart in female (Table 3). The maximum and average contact
and fluid pressures (at 12s) in the male knee were, respectively, 34%,
42%, and 29% less than that in the female (Figs. 6-9, and Table 2).
Similarly, MMHC and MMLC in the male knee were approximately 29%
larger than that in the female knee. The total contact area (at 12s) in
medial side of the male knee was 37% larger than that of the female
knee. Contact forces distributed over a larger area would result in a
reduction of the contact and fluid pressures in articular cartilage (Ta-
bles 2 and 3) (Radin et al., 1984).

Other subject-specific responses include different displacements
under the same compressive force. Interestingly, the vertical displace-
ment and the strain at 10hrs of loading in the model of Participant B
were, respectively, 21% and 8% larger than those of the model of
Participant A (Figs. 4 and 5). Moreover, the locations of maximum fluid
pressure at 12s occurred at approximately 1% depth from the tibial
cartilage surfaces for Participant A, as compared to 34 depth for
Participant B (Fig. 8). These differences may be attributed to different
tissue properties in the two participants (Table 1), as the stiffness of knee
joint may vary individually (Granata et al., 2002). Differences were also
observed in the locations of the maximum contact and fluid pressures.
While the locations remained in the lateral side throughout creep for the
knee of Participant B, they shifted from the lateral to medial side for
Participant A (Figs. 7 and 9).

The predicted creep time in this study was greater than that reported
in several studies with tissue specimens, when subjected to similar
average contact pressures. The time to approach equilibrium state was
roughly 7-10hrs depending on desired accuracy (Fig. 4). In contrast, the
creep time of tissue dises harvested from ovine and bovine joints was
1-8 h depending on the average contact pressures (Stolberg Stolberg
et al., 2018). This difference may be explained by the simple compres-
sive load support in an isolated tissue sample in comparison to a complex
load support in an intact joint. The contact remained unchanged in most
in-vitro studies performed with confined or unconfined compression
tests of tissue explants (Boeticher et al., 2014; Stolberg-Stolberg et al.,
2018). However, the predicted contact area for the joint increased

substantially with creep in this study (Table 2).

The full-range creep response was simulated in the present study to
demonstrate the influence of fluid pressurization on the load bearing in
the joint and load-sharing among the cartilaginous tissues, which may
play an important role in tissue integrity and health. During knee joint
creep, the soft tissues experience a complex load transfer at different
scales that occurs simultaneously between the fluid and tissue matrix,
between tissues, between joint compartments, as well as between loca-
tions in the same compartment. A full-range creep response demon-
strates the rate and magnitude of these complex load-bearing changes
with time. Currently, only limited in-vivo creep data are available. The
equilibrium of knee tissues in vivo has been reported to be mostly
completed or approach its asymptote in 5min under 750N (Hosseini
et al., 2010), 13min under 348N (Résanen et al., 2016), and 1 h under
386N (Halonen et al., 2014) of rapidly applied forces. Our present and
previous model studies revealed that the joint creep may take hours to
complete under ramp loading (Fig. 4; Kazemi et al., 2011; Uzuner et al.,
2019). This discrepancy could be caused by loading conditions, posture
(on treadmill or MRI table), and individual differences. Although it
cannot be confirmed from existing darta, another potential contributor
could be different loading rates, which were 32.5N/s (390N/12s) in the
present study, but 120N/s (Schoenbauer et al., 2015), 348N/s (Résdnen
et al., 2016) and 386N/s (Halonen et al., 2014), respectively, in other
studies. That is because fluid pressurization induced creep or relaxation
in cartilaginous tissues can be greatly affected by the compression rate
(Li et al.,, 2003; Rodriguez and Li, 2017). On the other hand, the
maximum axial strain in the tibial cartilage surface was approximately
40% (Fig. 5) at the equilibrium state for both participants in our study,
while it was approximately 15% in other in-vivo studies (Hosseini et al.,
2010; Halonen et al., 2014; Rasénen et al., 2016).

The joint displacement at the equilibrium state obtained in this study
was similar to that of porcine knee joints loaded with 500N compression
force of 3.24 + 0.70 mm (Rodriguez and Li, 2017). Animal joints are
widely used in mechanical tests of tissue behavior because of their wide
availability, low cost, and reduced ethical concerns. However, human
knee joint mechanics may be better understood with in-vivo human
measurements. For example, the creep time of an intact porcine knee
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Fig. 8. Maximum fluid pressure in the tibial caitilages as a function of time for: a) Participant A; and b) Participant B. The maximum fluid pressure was obtained
from the centroids of elements which were approximately at 1/2 depth from the lateral tibial surfaces for Participant A, while it was obtained approximately at 3/4

from the lateral tibial surface for Participant B.

under 500N force was not much longer than 1 h (test was only done for
1 h when creep was not fully completed), as compared to approximately
10hrs for the human knee under 390N force (Fig. 4). It is worth noting
that approximately 80% of the displacement was developed in 4 h, and
the increase in displacement may be neglected after 7 h.

Although different joint contacts were investigated, it may be
interesting to compare our modeling results for the tibiofemoral joints
with the data obtained from MRI of cadaveric femoropatellar joints
(Herberhold et al., 1999), the only experimental study that shows
long-term creep of knee joints. In that study, the mean compressive
strain (n=6) under 150% bodyweight was estimated to be 30% for
femoral cartilage after 3.5 h of creep. Of the total 30% strain developed
in 3.5 h, 4% and 30% were developed, respectively, during the first
minute and 8 min of creep. Our modeling results predicted a total
displacement of 2.8 mm at 10 h for Participant A, of which 21% and 35%
were developed, respectively, during the first minute and 10 min of
creep (Fig. 4; similar results for Participant B). These modeling results
compare reasonably well with that of experiments, recognizing sub-
stantial differences between the geometry and congruency of the two
types of joints, and that the creep modeled in the present study was
much faster in the first minute as compared to that in the experiments
(21% vs 4%) of Herberhold and colleagues. Nevertheless, the contrast in
the first minute was likely produced by different tissue properties,
distinet contact geometries and loading conditions in different types of

10

joints. In the first minute of the cadaveric measurements (Herberhold
et al., 1999), the creep was slower in the femoral cartilage (4% in
femoral vs 7% in patellar cartilages with respect to the strain at 3.5 h).
Within the first 8 min, however, the creep was overall faster in the
femoral cartilage (30% in femoral vs 25% in patellar cartilages with
respect to the strain at 3.5 h). The creep rates were not the same in the
two tissues of the same joint contact. Therefore, we do not expect the
exact same creep rates in different joint contacts.

Our modeling results showed a slow fluid pressure reduction when
the compressive force of the joint remained constant (Figs. 8 and 9),
which implied a slow fluid exudation in the cartilaginous tissues or a
slow fluid redistribution from loaded regions to unloaded regions. Our
daily activities involve frequent loading and unloading cycles. When the
tissues are externally loaded, only a small amount of the synovial fluid is
lost from the loaded regions; when unloaded, fluid exudation is stopped
or reversed. Therefore, it is unlikely healthy tissues would experience a
substantial fluid loss during normal activities. For example, only 2-5%
cartilage thickness changes were observed after 8-h activities (Coleman
et al., 2013). — In that study, MRI of knees was obtained at 8:00am and
4:00pm when the knees were not externally loaded. Therefore, the tissue
thickness changes should have been primarily caused by fluid loss in the
fissues — On the other hand, our modeling results showed over 10%
compressive strains in seconds (Fig. 5), as compared to the 2-5%
thickness changes in 8 h, which indicates frequent fluid loss and
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Fig. 9. Fluid pressure distributions in the tibial cartilages at 12sec (1/2 depth layer) and 10hrs (deepest layer) for both participants. Black circles and squares indicate
the locations of maximum values for each compartment, and the squares indicate the location of the highest fluid pressures across the compartments. (Inferior view.)

Fig. 10. Schematic of the six geometric pa-
rameters of right knee joint of Participant B.
a) Sagittal view of medial side of the joint;
b) Highlighted view of medial meniscus; and
c) Coronal view of the joint. All scaling was
based on the center of the weight-bearing
surface. Abbreviations are as follows:
JSWM, joint space width-medial side; JSWC,
joint space width-center (i.e., the vertical
distance between the midpoint of femoral
condyle and the center of tibial spines);
MML, medial meniscus length; MMW,
medial meniscus width; MMHC, medial
meniscus height-center edge; MMLC, medial
meniscus length-center edge.

Sagittal view
(medial side)

recovery during daily activities.

Measurements were only performed for 10 min due to concerns over
radiation and difficulties with unconstrained human participants. The
displacement of the joint developed in 10 min was likely about 1/3 of
the total displacement at the equilibrium of the joint (Fig. 4). Never-
theless, the 10-min measurement captured the early creep with the
MML 39.8 mm 45.2 mm greatest deformation rates (Fig. 3), which reflected the elastic properties

Table 3

Joint geometry of A and B participants obtained from MRI of unloaded right
knees using the measurement tool within the AMIRA software. Abbreviations
are defined and shown in Fig. 10.

Participant A Participant B

MW 24y S and permeabilities of the tissues, as well as early collagen viscoelasticity.
MMHC 4.4 mm 6.2 mm H 1 il . d f 1 . 1
LG i, — owever, the materla. properties extracted from these experimenta
JSWM 6.3 mm 7.7 mm data may only approximate other than accurately represent the long-
JSWC 16.3 mm 20.2 mm term creep response of the knee. Other limitations of the present study

include the use of vertical ground reaction forces as model input, which
may not be equivalent to vertical knee joint forces. In addition, joint

11



S. Uzuner et al.

contact mechanics was considered with regards to joint translations in
the proximal-distal direction only. Previous FE studies showed that
constraining the rotational movement of the knee joint had a significant
impact on the results (Donahue et al., 2002). Further, in-vivo kinematics
of the femur and tibia were obtained using BVR imaging. Resultant es-
timates of joint translations are influenced by the spatial resolution of
the BVR system and the accuracy of the 2D-3D image registration pro-
cess. As the BVR system used in this study has been validated to detect
differences of 0.08 mm using bone models (Sharma et al., 2015), the
resolution appears sufficient for the experimental displacements
observed in this study. Adequate resolution of the BVR data was also
supported by comparing geometries measured from MRI and BVR im-
ages: the vertical distance between the midpoint of femoral condyle and
the center of tibial spines (JSWC) measured from the MRI was 16.3 and
20.2 mm, respectively, for Participants A and B (Table 3), as compared
to 16.4 and 20.1 mm determined from the BVR images. Finally, the
results obtained from the two participants only reflect the differences
between the two individuals. Further studies are required to demon-
strate the general mechanical behavior of a cohort or the sex difference
in poromechanics of the knees.

5. Conclusion

High-speed video-radiography measurements and MRI-based finite
element modeling have been performed in the present study to deter-
mine the creep response of human knee joints subjected to partial
bodyweight. The data obtained from the images of both participants
demonstrated substantial creep of the joint produced by cartilages and
menisci during 10-min standing. This finding highlights the need to
further understand the creep of knee tissues in vivo, an aspect that has
been commonly neglected in the literature. This study also demon-
strated the feasibility of quantifying in-vivo creep behavior of human
knee joints with minimal constraints on the legs. Further, this study has
demonstrated the capacity of the finite element model to capture
subject-specific creep response of soft tissue structures of the knee. These
combined approaches enhanced the fidelity of model results and
expanded the research findings beyond in-vivo experimentation. The
study design may be used for non-invasive cartilage evaluation in vivo,
where the tissue properties can be extracted by finite element modeling
with the creep data of the knee obtained from a prolonged standing.
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