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Prediction of local fixed charge density loss in cartilage
following ACL injury and reconstruction: a computational proof-
of-concept study with MRI follow-up

Gustavo A. Orozco?”, Paul Bolcos?, Ali Mohammadi@, Matthew S. TanakaP, Mingrui Yang®,
Thomas M. LinkP, Benjamin MaP, Xiaojuan Li¢, Petri Tanska?, Rami K. Korhonen?@

aDepartment of Applied Physics, University of Eastern Finland, Kuopio, Finland Yliopistonranta 1,
FI-70210 Kuopio, Finland. "Department of Radiology and Biomedical Imaging, University of
California, San Francisco, 1500 Owens St, San Francisco, CA 94158, USA. ¢Department of
Biomedical Engineering, Lerner Research Institute, Program of Advanced Musculoskeletal
Imaging (PAMI), 9500 Euclid Avenue, Cleveland Clinic, Cleveland, OH 44195, USA.

Abstract

The purpose of this proof-of-concept study was to develop 3D patient-specific mechanobiological
knee joint models to simulate alterations in the fixed charged density (FCD) around cartilage
lesions during the stance phase of the walking gait. Two patients with ACL reconstructed knees
were imaged at 1- and 3-years after surgery. The MRI data was used for segmenting the knee
geometries, including the cartilage lesions. Based on these geometries, finite element (FE) models
were developed. The gait of the patients was obtained using a motion capture system.
Musculoskeletal modeling was utilized to calculate knee joint contact and lower extremity muscle
forces for the FE models. Finally, a cartilage adaptation algorithm was implemented in both FE
models. In the algorithm, it was assumed that excessive maximum shear and deviatoric strains
(calculated as the combination of principal strains), and fluid velocity, are responsible for the FCD
loss. Changes in the longitudinal Ty, and T relaxation times were postulated to be related to
changes in the cartilage composition and were compared with the numerical predictions. In Patient
1 model, both the excessive fluid velocity and strain caused the FCD loss primarily near the
cartilage lesion. Ty, and T relaxation times increased during the follow-up in the same location.
In contrast, in Patient 2 model, only the excessive fluid velocity led to a slight FCD loss near the
lesion, where MRI parameters did not show evidence of alterations.
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Significance—This novel proof-of-concept study suggests mechanisms through which a local
FCD loss might occur near cartilage lesions. In order to obtain statistical evidence for these
findings, the method should be investigated with a larger cohort of subjects.

Graphical Abstract

A combination of MRI, gait analysis, musculoskeletal modeling, and mechanobiological FE
modeling was utilized to simulate alterations in the FCD content around cartilage lesions during
the stance phase in two patients with ACL reconstructed knees. Computational results were
compared to the longitudinal changes observed in Ty, and T, maps of MRI at 1- and 3-years after
surgery. These predictions corresponded well with the findings of the Ty, and T, relaxation times;
they both increased during the follow-up around the defect where the model predicted FCD loss.

Knee geometry generation

FE model

Lareral el carnilage

Musculoskeletal model

R e e L L e TR

Maximum shear strain
Deviatoric strain
Fluid velocity

Keywords

Post-traumatic osteoarthritis; computational model; cartilage adaptation; finite element model;
ACL reconstruction

J Orthop Res. Author manuscript; available in PMC 2022 May 01.

Page 2



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Orozco etal. Page 3

Introduction

Anterior cruciate ligament (ACL) rupture is one of the most common traumatic knee joint
injury which often involves damage to other tissues in the joint such as meniscus and
cartilage. A rupture of the ACL mostly affects the young and healthy population causing not
only pain and instability but it can also predispose the subject to post-traumatic osteoarthritis
(PTOA). Furthermore, there is a lack of evidence that ACL reconstruction is able to prevent
the progression of PTOA.2

The signs of PTOA include a loss of fixed charge density (FCD) of proteoglycans (PGs)
from cartilage and surface disruption with lesions penetrating into the tissue. Consequently,
cartilage swelling decreases around the lesion, reducing the ability of the collagen network
to support tensile forces. However, the local changes in the composition of cartilage
associated with these physiological changes remain unclear and are challenging to predict.3
If a method was available and it would be capable of predicting these tissue changes with
time, planning future activities of patients and/or interventions would become both more
straightforward and more effective.

It has been suggested that local cartilage lesions might contribute to the development of
PTOA following an ACL injury and reconstruction.* Computational knee joint modeling has
been used to predict changes in the properties of articular cartilage due to abnormal loading.
5 Likewise, in vitro mechanobiological models have been shown capable of simulating the
FCD loss around cartilage lesions as a function of time.8 Suggested mechanisms leading to
PTOA have been related to higher localized tissue strains (shear, deviatoric) or fluid flow
around the lesions, leading to FCD loss.” In fact, it has been suggested that i) FCD loss
appears earlier than collagen damage®-° over a short follow-up time!? and that ii) variations
in the collagen fibril network organization are minor around cartilage defects.!1 Moreover,
animal model studies have indicated that the collagen content does not change extensively in
early PTOA, but rather follows other physical and compositional changes.®12 These findings
form the basis for the analysis and prediction of cartilage FCD loss in injured joints.
However, there are no studies that would have merged patient-specific knee joint models
(including cartilage lesions) with adaptation algorithms in the quantitative and time-
dependent prediction of cartilage FCD loss in ACL injured and reconstructed knee joints.

Recent magnetic resonance imaging (MRI) studies have revealed that Ty, and T relaxation
times increase after the ACL injury and reconstruction surgery, suggesting that these are
reflecting changes in cartilage composition.1314 However, there are no studies that have
compared MRI follow-up information of ACL reconstructed patients with computational
model predictions of FCD loss.

In this proof-of-concept investigation, we have applied an algorithm with i) maximum shear
strain, ii) deviatoric strain, and iii) fluid velocity-controlled tissue adaptation mechanisms
into 3D patient-specific fibril-reinforced poroviscoelastic knee joint finite element (FE)
models with swelling properties. The models are used to simulate alterations in the FCD
content around cartilage lesions during the stance phase of the gait. The numerical
predictions emerging from the model are compared to the longitudinal changes in Ty, and
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T, relaxation times from MRI at 1- to 3-years after ACL reconstruction. We hypothesized
that the localized change of the FCD content around cartilage lesions in the ACL
reconstructed knees would correspond to the increases in the relaxation times. It was
postulated that an estimation of these compositional changes with the mechanistic knee joint
model could improve the identification of lesions at a high risk of progression to PTOA and
could be applied for simulating surgical interventions and rehabilitation procedures. Thus,
the model could ultimately suggest an optimal intervention to slow down or prevent the
progression of PTOA.

Proof-of-concept-study workflow (Fig. 1)

Two patients with ACL reconstructed knees (Patient 1. 44 years, 79 kg; Patient 2. 39 years,
62 kg) were imaged at different follow-up time points using an MRI scanner (3.0T,
MR750w, General Electric Healthcare). For both patients, full-thickness cartilage defects
were diagnosed by 3 experienced musculoskeletal radiologists at baseline, however,
meniscus injuries were not observed (see Supplementary material). A gait analysis was
performed as these two patients were part of a larger longitudinal cohort in an NIH-funded
study. The 1-year follow-up time point was used as an initial time point to predict FCD loss
at the following time point (3-years) by combining MRI, gait analysis, musculoskeletal
modeling, and a mechanaobiological FE model. The 1-year time point was selected because
by then, the gait patterns of the patients had become stabilized. Thereafter, the 1- and 3-year
follow-up time points were used to monitor changes in cartilage composition from MRI
findings. The subjects gave informed consent, and the data acquisition was permitted by and
carried out in agreement with the rules and regulations of the Institutional Review Board
(#11-06734) under the Human Research Protection Program at UCSF (Reference #:
187627).

Magnetic resonance imaging and analysis

Three-dimensional (3D) knee joint geometries were obtained within a 3D intermediate-
weighted, fluid sensitive, fat-saturated fast-spin-echo MR image (CUBE).15 The acquisition
parameters were: repetition time (TR) = 1500 ms, echo time (TE) = 25 ms, field of view
(FOV) = 16 cm, slice thickness = 1 mm, echo train length (ETL) = 32, matrix = 384x384,
pixel size = 0.42 mm x 0.42 mm. Simultaneous acquisition of T1,/T,® was performed to
quantify the Ty, and T relaxation times at the knee joint cartilage 1- and 3-years after
surgery for both patients. Relaxation times were acquired using the following acquisition
parameters for the MRI sequence: TR/TE= 9ms/min full, FOV= 14cm, matrix= 256x128,
pixel size = 0.55 mm x 1.10 mm (0.55 mm x 0.55 mm with interpolation), slice thickness=
4mm, views per segment= 64, spin-lock frequency= 500 Hz, time of spin-lock =
0/10/40/80ms for Ty, and preparation TE= 0/13.7/27.3/53.7ms for T, 7 Furthermore, the
T1, and T cartilage maps were computed on a pixel-by-pixel basis using a mono-
exponential fit in Aedes (http://aedes.uef.fi) and in-house plugins for Matlab (R2017b, The
MathWorks, Natick, MA, USA) (Fig. 1B). In addition, Whole-Organ Magnetic Resonance
Imaging Scores (WORMS)18 of the semi-quantitatively grade structural knee abnormalities
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were obtained for the knees of both patients at 1- and 3-years after surgery; this is
summarized in the Supplementary material.

Gait analysis and musculoskeletal modeling

The gait information of the patients was obtained at the 1-year follow-up time point using a
published protocol.19 The motion capture system consisted of 10 cameras (Vicon, Oxford
metrics) and 41 retro-reflective markers to obtain segment position data. Simultaneously,
two in-ground force plates (AMT]I, Watertown, USA) were utilized to obtain the ground
reaction forces. Then, a generic musculoskeletal model in OpenSim (SimTK, Stanford, CA,
USA) was used to calculate knee joint contact and lower extremity muscle forces for the FE
knee joint model.20 The musculoskeletal model was composed of 12 body segments, 21
degrees of freedom and 92 muscle-tendon actuators. Anatomical landmarks collected during
gait were used for scaling the generic model to the individual anthropometrics (i.e. segment
lengths and masses) of both patients (Fig. 1C-D). The force of the quadriceps muscle was
calculated as the sum of rectus femoris, vastus lateralis, vastus intermedius and vastus
medialis. Knee joint and quadriceps forces were simulated for every trial. Then, the
musculoskeletal model results were used to drive the knee joint FE models, similarly as has
been done previously?1:22 (Fig. 2).

Finite element knee joint model

The acquired 3D CUBE MRI data at 1-year time point was used to segment the knee
geometries (femoral, tibial, patellar cartilages, menisci, collateral, and cruciate ligament
insertions), including the lesion/defect in the lateral tibial cartilage (Patient 1. depth=3.3
mm, diameter=~2.8 mm) and in the lateral femoral cartilage (Patient 2: depth=1.1 mm,
diameter=~1.6 mm) (Fig. 3 and Supplemental Fig. S1), in Seg3D (v2.2.1, CIBC, Salt Lake
City, UT, USA). To ensure the accuracy of the segmentation process, we consulted an
experienced musculoskeletal radiologist (see acknowledgments). It is worth mentioning that
the MRI data did not show any evidence of meniscal injuries in either patient, thus the
menisci were modeled as being intact (see Supplementary material). Thereafter, the
geometries were imported and meshed in Abaqus (v2018, Dassault Systémes Simulia Corp.,
Providence, USA) where the FE models were constructed. Cartilages and menisci were
meshed using 8-node hexahedral poroelastic (C3D8P) elements and modeled using fibril-
reinforced poroviscoelastic and fibril-reinforced poroelastic materials, respectively,
including swelling.23 Specifically, the constitutive model assumes that the tissue is
composed of solid and fluid matrices. The solid matrix is separated into a porous non-
fibrillar part, representing the proteoglycan matrix, and a fibrillar network (viscoelastic in
cartilage; elastic in meniscus), describing the collagen fibrils, and the influence of swelling
caused by FCD. The total stress is given by

Oiot = 05 + 67 = Of + 6ps — pl — TI = 6¢ + opp — Ancl — p'T =TI, )

where oyt is the total stress tensor, oz and oy represent the stress tensors of the solid and
fluid matrices, respectively, pand A are the hydrostatic and swelling pressures,
respectively, | is the unit tensor, 4 is the chemical potential of water, 7; is the chemical
expansion stress, and oy and oy are the stress tensors of the fibrillar and non-fibrillar
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matrices, respectively. A neo-Hookean material is utilized to define the non-fibrillar
component, in which the stress tensor is given by

G 2
o= Ko Py 4 —“f(F FT - J3I), @

J J

where Kis and Gy are the bulk and the shear moduli of the non-fibrillar matrix and Jis the
determinant of the deformation gradient tensor F. The bulk (Kqf) and shear (Gps) modulus
are established as

Enf

Kyt = 30T = 2v)’ ©))
Enf

Gyt = m, 4

where Eqf and vy are the Young’s modulus and the Poisson’s ratio of the non-fibrillar
matrix. The stresses in the viscoelastic collagen fibrils are defined with the damping
coefficient 7, the initial fibril network modulus £y, and the strain-dependent fibril network
modulus £,

—40}+E06f+ n—EO-f-l’]éf 6f>0
op=1{ 2y(or— Eoer)E; 2\/(of — Eoer) E; ’ , ®)
0, g <0
while the stresses in the elastic collagen fibrils are given by
E¢er, 6> 0
of = 6
f 0, &<0 (6)

where of and & represent the fibril stress and strain, respectively. Therefore, collagen fibrils
support primary tension. The fibril network stress emerges from the sum of primary and
secondary collagen fibril stresses, which are computed individually for each integration
point in each element.23 Hence, stresses for these fibrils in tension are defined

O'R ;i = pCo
) O]

s
Of | = PzO0f

where afc” ; and o} ; are the stresses for primary and secondary fibrils, respectively, p is the

relative collagen density, and C'is the density ratio between primary and secondary fibrils.
Then, the total stress tensor of the fibrillar network is defined as the sum of the stresses in
each individual fibril (ot ):
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totf totf,p totf, s

Oof = Zo-flefl®efl Zo'f,eft®etz+z :Ufzefz f,i» ®

where fotfis the total number of fibrils, ?f,i is the fibril orientation vector, fotf, p and fotf; s

are the total number of primary and secondary fibrils, respectively, and ?‘Ei and ?%i are the

primary and secondary fibril orientation vectors, and & represents outer product.
Furthermore, the Donnan osmotic swelling pressure at equilibrium is given by the equation

2
(red)” 5
Ar = ¢in RT CFCD +4— o 7 eXt = 2¢hext RT Coxt s ©)

ymt

where ¢ecp is the fixed charge density content at equilibrium, ey is the external salt
concentration (0.15 M), dint dext 775, and v, are internal and external osmotic coefficients
and internal and external activity coefficients, respectively, /R is the molar gas constant
(8.3145 J/mol K), and T is the absolute temperature (293 K). When temperature and external

salt concentration are constant, then the only variable is the FCD which can be defined as a
function of the tissue deformation, as

CFCD = CFCDy

nﬂo
Nl — 1+J) (10)
where cgcp, Is the initial fixed charge density and ny,, is the initial fluid volume fraction.
Additionally, the chemical expansion stress 7 is determined as

+

Yext [ _
TczaocFCDeXP(_KT c™(¢” + crep) | -
int

(1

where 4y and «are material constants23 and ¢~ is the mobile anion concentration. Moreover,
the fluid flow in the non-fibrillar matrix is simulated according to Darcy’s law:

qg= —kVp, (12)

where g is the flux in the non-fibrillar matrix, Vpis the hydrostatic pressure gradient vector
across the region and kis the hydraulic permeability. The hydraulic permeability (£) is
defined to be strain-dependent:

e+1

1+e) = koJ M, (13)

=i

where kg is the initial permeability, M is a positive constant, and eand & are the current and
initial void ratios, respectively.2* The void ratio eis expressed by the ratio of the fluid to
solid:
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_
e= g’ (14)
where 75 is the solid volume fraction and 7 is the fluid volume fraction. The fluid velocity
14 through the porous medium is established as

e+l)

_ —kVp(e+1).

vp = q( (15)

The depth-dependent primary collagen fibril orientations with split-line patterns, fluid
fraction, and FCD distribution were implemented in the cartilage tissues.2° In the menisci,
the primary collagen fibrils were oriented circumferentially, and the fluid fraction and FCD
content were homogeneously distributed. A complete list of the material parameters used is
given in Table 1.

The meniscal roots were fixed to the bone using linear spring elements with the total
stiffness of 350 N/mm at each root.28 The quadriceps (QT) and patellar (PT) tendons, as
well as collateral ligaments (MCL and LCL) and cruciate ligaments (ACL and PCL), were
modeled using spring elements with a bilinear behavior.2” These have recently been shown
to provide reasonable FE modeling results, as compared to the models with solid ligaments.
28 The ligaments were assumed to be pre-elongated (MCL and LCL = 4%, ACL and PCL =
5%; of the initial length) at the segmented distance by using the bilinear spring option in
Abaqus. The stiffness of the ligaments (MCL 100 N/mm, LCL 100 N/mm, ACL 380 N/mm,
and PCL 200 N/mm,) and tendons (QT 475 N/mm and PT 545 N/mm) of the knee joint were
selected from previous studies.2%39 Similarly to previous studies?2-28, the springs were
attached to the center of the anatomical attachment sites of each ligament and tendon,
measured from MRI (Fig. 2). Ligament bottom anchorage points were fixed at the tibial
bone sites during the gait cycle. The anchorage points at the femoral site were coupled to the
main reference point (located at the midpoint between the condyles of the femur), allowing
them to move along with the rigid bone. For PT, the bottom anchorage point was fixed at the
tibial rigid bone while the top anchorage point was attached to the patellar bone. Likewise,
the bottom anchorage point of the QT was fixed at the patellar bone while the tendon-muscle
interface was defined by a reference point.

The following boundary conditions were applied to the mechanobiological knee joint
models: bone was assumed as being rigid and the tibial cartilage-bone interface was fixed in
all directions. Fluid flow was allowed only through the inner lesion surfaces (zero fluid
pore). This approach has been implemented in previous studies.”2! Following an initial free-
swelling step, the stance phase of the patient’s gait obtained from the musculoskeletal model
was implemented identically with earlier studies?228 (Fig. 2). In brief, the flexion-extension
angle, and joint moments and translational forces during the stance phase of gait were
computed and implemented to the main reference point. A time-dependent quadriceps force
was applied to the tendon-muscle reference point (to apply the muscle force vector) which
was coupled to the main reference point to follow the rigid bone motion.

J Orthop Res. Author manuscript; available in PMC 2022 May 01.
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Cartilage adaptation algorithm

A previously presented iterative adaptation algorithm was utilized to predict changes in the
FCD content of cartilage.” This algorithm has been created to be closely dependent on three
different model outputs: deviatoric and maximum shear strains, and interstitial fluid velocity,
via Abaqus and Matlab. These outputs from the FE model were transferred to the algorithm,
which assumed that FCD loss would occur in the aforementioned fibril-reinforced material
model if either the deviatoric strain (e4ey) exceeded a threshold of 20%, or the maximum
shear strain (egh) Was greater than 40%, or the fluid velocity (vg) is larger than 0.03 mm/s
during the entire stance phase of the gait cycle. The deviatoric strain can be defined by

1
Edey = g(\/ (€1 - €2 + (61— £3) + (e2 — 63)2) , (16)

where &1, e, and e3 are the principal strains. The maximum shear strain &g, is given by
esnr = max{le; — esl, leg — 31, leg — 31} = lemax — €min!» a7
where emax and enin are the maximum and minimum principal strains, respectively.

The criteria regarding the strain thresholds were initially based on earlier studies.8:31:32 A
sensitivity analysis was also conducted (a strain threshold range was set from 0.15 to 0.6) to
determine the correspondence between the simulation results and observed changes in the
follow-up MRI maps. The initial fluid velocity threshold (0.03 mm/s) was chosen based on a
previous study.” The sensitivity of the fluid velocity threshold to the modeling results was
also tested (a threshold range was set from 0.01 to 0.2 mm/s). See the sensitivity analysis
findings in the Results. We also tested diverse linear and nonlinear approaches to study the
rate of FCD loss.” We obtained similar final homeostasis from each of them. Based on these
assessments, we implemented a piece-wise constant adaptation rate factor O, which can be
defined as

0 if €p < €p thres»
Dy =105 if £g thres < €4 < €4 breakdown > B = dev,shr (18)

1 if € = €4, breakdowns

where eg s the strain-variable (either deviatoric (5= dev) or maximum shear strain (8=
shr)), egithres is the strain threshold at which the cell death and the non-fibrillar matrix
damage are assumed to initiate, indicated here by the FCD loss, and egpreakdown refers to an
eventual breakdown of the ground substance after thousands of repetitions (&g preakdown = 1)-
For the case of the fluid velocity driven adaptation, a similar definition was utilized

0 if vy< Uf], thres»
D, =105 if Uf], thres < Ufl < Uf], breakdown » (19)

1 if v > g, breakdowns

J Orthop Res. Author manuscript; available in PMC 2022 May 01.
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where W thres and W preakdown are the fluid velocity values at which the non-fibrillar matrix
damage is assumed to be initiated (1 thres = 0.03 mm/s) and an eventual breakdown occurs
after thousands of repetitions (14 preakdown = 1.0 mm/s), respectively (Fig. 1E). The
evolution of the non-fibrillar matrix damage can be reflected in the decreased FCD content
via consecutive loading iterations (arbitrary time). The amount of FCD for each iteration 7in
the domain can be described as

CFCD; = CFCD; _ | (1- Dr)7 (20)

following each iteration, the variation of the FCD content was implemented to modify the
Donnan osmatic swelling pressure gradient and the chemical expansion stress (Egs. 9 and
11), subsequently, the FCD decrease affects the total stress tensor (Eq. 1) in the forward
iteration. The rate function (5;) provided FCD loss predictions in a reasonable amount of
time.

After the FE simulation of a patient’s gait, an updated FCD content was obtained from the
adaptation algorithm and was fed back to the FE model. This process was repeated 20 times
(iterations) to predict possible changes in the FCD content as a function of time, which here
refers to an arbitrary time. For computational stability purposes, the FCD content was not
allowed to decrease to zero during the simulations. Hence, 10% of the initial FCD content
was set as the smallest FCD concentration in the models. During the simulations, the FCD
content distribution reached an equilibrium state, displaying a null FCD loss progression
after iteration 16. The computational workflow of this proof-of-concept study is shown in
Fig. 1.

Comparison between FCD loss predictions and MRI maps

The FCD loss predictions were contrasted with the changes observed in Ty, and T
relaxation times of cartilage from 1- to 3-years after surgery; both qualitatively and
quantitatively. In the quantitative analysis, volumes of FCD loss in the FE models and
volumes of altered MRI signals were analyzed. In the FE models, volumes of elements
associated with FCD loss were calculated from the last iteration, divided by the total volume
of cartilage in each compartment. Using the MRI datasets, volumes of cartilage with T, and
T, relaxation times above 60 ms were calculated. This value is above the reported value in
the literature (50 ms) for healthy cartilage3? and the values between 50 and 60 ms were
observed in the areas where the WORMS evaluation indicated healthy cartilage (see
WORMS in Supplementary material). The relative volume of cartilage with altered
relaxation times was calculated by subtracting the calculated volume at the 3-year time point
from the volume at the 1-year time point, divided by the total volume of cartilage in the
compartment. A sensitivity analysis of the effect of the relaxation time threshold on the
results was also conducted (see more details in the Results).

J Orthop Res. Author manuscript; available in PMC 2022 May 01.
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Results

Sensitivity analysis for MRI relaxation time thresholds

The sensitivity analysis showed that when the relaxation time threshold was reduced from 60
ms to 50 ms, the volumes of cartilage with altered cartilage composition (as assumed from
the altered MRI signal) reached the areas of healthy cartilage (based on WORMS evaluation
included in Supplementary material) (Supplemental Figs. S2-S3).

Sensitivity analysis for adaptation algorithm thresholds

The sensitivity analysis for the numerical threshold values revealed that with smaller strain
and fluid flow velocity threshold values, the FCD loss was faster and occurred also in other
locations than those near to the cartilage lesions (e.g. deep cartilage and central tibial
cartilage surface). In contrast, for larger values, the FCD loss was either prolonged or
negligible in the entire cartilage volume (Supplemental Figs. S4-S5).

Patient-specific finite element models

For Patient 1, the FE model revealed those areas in the tibial cartilage where the maximum
shear strain, deviatoric strain, and fluid velocity exceeded the thresholds of FCD loss and
were at a maximum during the second peak of the stance phase (~0.75 stance fraction) (Fig.
4). For Patient 2, primarily the maximum shear strain exceeded the FCD loss threshold in
small areas located in both the lateral and medial tibial cartilage during the first peak of the
stance phase (~0.35 stance fraction) (Fig. 5). However, around the defect in the lateral
femoral cartilage (Fig. 5C), only the fluid velocity exceeded the threshold in a small area
during the loading response of the stance.

Qualitative and quantitative comparison between Ty, and T, maps and mechanobiological
model predictions

For Patient 1, volumes of Ty, and T relaxations times over the 60 ms threshold increased by
~18% and ~17% in the lateral tibial cartilage from 1- to 3-year follow-up time points,
respectively (Figs. 6A and 7). These increases were specifically located near the lesion. The
numerical predictions corresponded with the MRI findings and showed that the volume of
FCD loss was ~9% near the lesion and located on the central surface of the lateral tibial
cartilage when the FCD loss in the model was driven by the excessive maximum shear
strain. With respect to the deviatoric strain criterion, the volume of FCD loss was 6.5%,
while the fluid flow velocity mechanism predicted only ~2% FCD loss, particularly
localized around the chondral lesion (Figs. 6B—D and 7). Smaller changes in the predicted
FCD loss and altered MRI signals were observed in the medial joint compartment and
patellar cartilage.

For Patient 2, the volumes of Ty, and T, relaxation times over the 60 ms threshold increased
by ~7% and ~2% in the medial and lateral tibial cartilages from the 1- to 3-year follow-up
time points, respectively (Figs. 8A and 9). Numerical predictions were consistent with the
MRI results and showed that the volume of FCD loss was 3.5% and 2% in the lateral and
medial tibial cartilages, respectively when the model was driven by the maximum shear
strain, while the deviatoric strain mechanism predicted a 0.5% FCD loss volume in the
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lateral tibial cartilage. The FE model driven by the fluid flow velocity revealed a 0.2% FCD
loss around the lesion in the femoral cartilage (Figs. 8B-D and 9).

Discussion

In the present proof-of-concept study, we applied a mechanobiological model to ACL
reconstructed patients to predict the FCD loss in injured articular cartilage. The knee joint
structures were segmented from MRI and the patient-specific motion was extracted from the
combination of motion capture and a musculoskeletal model. Then, by utilizing a
mechanobiological FE knee joint model, we predicted the FCD loss of injured cartilage
under normal physiological loading (the stance phase of gait) by applying three different
mechanisms to trigger PTOA (excessive fluid velocity, deviatoric strain, and maximum shear
strain). Our mechanobiological model predictions corresponded well with the changes in the
Ty, and T relaxation times obtained near the chondral lesion; they both either increased
clearly during the follow-up at the same locations around the lesion where the model
predicted an FCD loss or showed only minor or negligible increases. Numerical results
suggested that both the fluid velocity and strain-based mechanisms could be plausible,
though the maximum shear strain mechanism seems to explain better the cartilage FCD loss
in the knee.

For Patient 1, the mechanobiological model driven by the strain-based mechanisms
predicted a decrease in the FCD content near the lesion and on the surface of the lateral
tibial cartilage, and a negligible FCD loss elsewhere. Localized FCD loss around the lesion
was also predicted by the mechanobiological model driven by the fluid flow velocity.
Consistently, elevated Ty, and T relaxation times and WORMS scores were observed
during the follow-up, particularly in the lateral tibial cartilage at the site of the lesion, while
fewer changes were observed elsewhere. In particular, the increased Ty, relaxation time
during the follow-up has been considered to be sensitive to FCD loss.34:35 Our results were
also in accordance with previous in vivo studies3®:37, computational models21-38 and clinical
evaluations3940 in which excessive strains have been suggested to contribute to cell death,
matrix damage and FCD loss in injured cartilage.

For Patient 2, the slight or negligible increases observed in Ty, and T, relaxation times and
WORMS scores in the tibial cartilage during the follow-up support the numerical predictions
of minor FCD loss. The model prediction showed the best correspondence with the
experiments when the shear strain-driven mechanism was employed. Interestingly, the small
FCD loss predicted by our mechanobiological model driven by the fluid flow velocity in the
lateral femoral cartilage, including the defect, was in good agreement with the MRI follow-
up data.

The findings from both models with different lesion sizes and anatomical locations are
supported by previous studies that have reported the importance of location, shape, and size
of lesions in determining the mechanical response of articular cartilage and risk for
developing PTOA.#1 The clinical definition of critical lesion size for further structural
changes of cartilage is 2.0 mm in diameter.#2 Based on this proof-of-concept study, the first
model (Patient 1) includes a high-risk defect (diameter=~2.8 mm) as indicated by the
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excessive shear strain-driven FCD loss. The second model (Patient 2) includes a low-risk
lesion (diameter=~1.6 mm) for the development of PTOA, even though the excessive fluid
velocity might explain the slight structural changes around the lesion. These results highlight
the potential of utilizing these new mechanisms to categorize patients at high and low risk
for the disease progression which may improve patient management and treatment.

Similar iterative tissue adaptation algorithms have been used for studying cartilage
mechanics, bone remodeling, and tissue engineering approaches. The present investigation is
the first to apply this approach using an entire knee joint model. The selection of the
adaptation algorithm thresholds is crucial in our numeral approach. The proposed values
were calculated from previous investigations and after many complementary simulations
(sensitivity analysis), contrasting between the predictions from mechanobiological models
and longitudinal changes in MRI maps. In concordance with our reported values, previous
investigations have reported similar disruption thresholds*3 and failure strains.4 Likewise,
additional studies have defined similar fluid velocity values to describe mass transport
processes and predict bone tissue formation in cartilage.

In this proof-of-concept study, some limitations exist regarding the clinical part, and
numerical model development and specific assumptions. First, although two subjects might
not represent all aspects of a population-based ACL reconstruction, it is a reasonable number
for this proof-of-concept work, suggesting novel mechanisms to explain FCD loss. However,
in future studies, more patients should be studied.

Second, the exact mechanical properties of cartilage and menisci of these patients were
unknown, and their selection was based on previous studies.?8:38 Subject-specific material
and compositional properties may affect the local strains and fluid velocities and,
consequently, slightly change the predicted FCD loss. This was revealed recently in an /in
vitro computational model.” The predicted FCD loss might also change slightly if there were
changes in material and compositional properties near the lesion immediately after the
formation of the lesion. In addition, one might claim that the selection of healthy material
parameters in the models is not accurate. However, WORMS gradings did not reveal any
evident structural changes in different cartilage areas of the knee joint other than those close
to the lesions. Nonetheless, if different material properties were used, they would neither
change the observed mechanisms nor the conclusion of this study. Future numerical
investigations might include the patient-specific properties of cartilage using quantitative
MR|.25'45

Third, cartilage lesion geometries were segmented in a specific time and their propagation
over time was not considered. However, the FCD decrease predictions concurred well with
the follow-up MRI findings. In the future, defect propagation could be potentially included
through a mesh-dependent damage theory which could account for nonlinear effects of
mechanical loading on defect propagation in the tissue.*® However, a validation of this
approach would be challenging from MRI.

Fourth, we did not consider possible changes in the collagen network structure or content in
our models because we assumed that the ground substance and the subsequent FCD loss
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would appear prior to any disorganization of the collagen network, as has been reported
before, particularly with a relatively short follow-up period.”-19 A combined approach
considering alterations in both collagen fibril network!! and FCD after a traumatic knee
joint injury will be a part of our future studies.

Fifth, our current model does not include a physical timescale (in days, months, years).
Rather, an arbitrary time was considered, and 20 iterations used in our simulations could
indicate thousands of repetitions. Our approach should be calibrated against /n vivo and/or in
vitro experiments in a time-dependent manner.

Sixth, the FCD content was not allowed to decrease to zero during the iterative process. The
minimum value allowed was set to 10% of the smallest initial FCD content to avoid
computational instabilities. The FCD distribution reached an equilibrium state after the
iterative process. This might not be fully realistic since a possible further FCD loss might
occur due to other factors that were not considered in the model, such as different physical
activities, thresholds for the initiation of FCD loss, biochemically-driven degradation due to
diffusion of inflammatory cytokines. However, our numerical predictions led to a good
match with the experimental MRI follow-up data.

Due to the resolution of MRI, probably small uncertainties were present during the
segmentation process. The voxel size was 0.55x0.55x4 mm which might mean that synovial
fluid has contributed to the slightly increased relaxation times due to the partial volume
effect, especially for Patient 2. However, since the changes were rather small, this
uncertainty should not affect our conclusions.

For both patients, full-thickness cartilage lesions (WORMS score 2.5) were diagnosed at the
1-year follow-up time point by 3 experienced musculoskeletal radiologists. However, the
cartilage lesions in both patients were challenging to identify and segment due to the size of
the lesions and inherent limitations of MRI (i.e. the contrast between fluid and cartilage,
spatial resolution). In particular, the lesion segmentation of Patient 2was challenging, and
the final lesion geometry appears to be ideally symmetric. However, a musculoskeletal
radiologist (see Acknowledgments) assisted us in identifying and segmenting the lesion
geometries. It is also worth mentioning that our model predictions and Ty, and T relaxation
times did not reveal any evidence of alterations around the lesion in Patient 2. Thus, even if
the segmentation could be performed more accurately, the main conclusions would not
change due to the small lesion size.

In conclusion, we suggest that the FCD decrease following ACL injury and reconstruction,
including cartilage injury and subsequent tissue loading, might be caused by a large tissue
deformation around the defect and extensive leakage of PGs through the damaged surface by
high fluid outflow.” In the future, we will expand this proof-of-concept study to investigate
also other mechanisms (biomechanical and biochemical) leading to changes in cartilage
composition and structure after a traumatic joint injury, and compare the model results with
the data obtained from a larger cohort of patients. After careful validation, the model could
be applied in planning of joint loading and rehabilitation procedures to prevent or delay
further disease progression.
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Figure 1.
(A) Segmentation of knee geometries for the finite element model. (B) Simultaneous MRI

acquisition was performed to generate Ty, and T, maps. (C) Gait data of both patients based
on motion analysis. (D) Knee joint biomechanical data obtained from a musculoskeletal
model. (E) Mechanobiological knee joint models driven by the adaptation algorithm by
assuming that excessive maximum shear strain, deviatoric strain, and fluid velocity cause the
FCD loss.
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Figure2.

Gait data for the computational knee joint model of both patients: External-internal and
valgus-varus moments, and flexion-extension rotation. In addition, anterior-posterior, distal-
proximal and medial-lateral forces, and total quadriceps force. Finally, a posterior-lateral
view of the three-dimensional finite element model of the knee shows articular cartilages
(including lesion), ligaments and tendons in Patient 1 (A) and in Patient 2 (B).
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Figure 3.
Lesions in the articular cartilage identified in the MRI data at the 1-year follow-up time

point (magenta dashed lines). These full thickness cartilage defects were especially
considered during the segmentation process for developing numerical models for Patient 1
(A) and Patient 2 (B).
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(A) Maximum shear strain, (B) deviatoric strain, and (C) fluid flow velocity distributions for

Patient 1 at 75% of the stance phase of gait. For every studied mechanism, time-dependent
changes of the maximum values as a function of the stance phase are shown. The thresholds
to trigger adaptive responses of cartilage are indicated in the graphs with dashed lines.
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Figure5.
(A) Maximum shear strain, (B) deviatoric strain, and (C) fluid flow velocity distributions for

Patient 2 at 35% of the stance phase of gait. For every studied mechanism, time-dependent
changes of the maximum values as a function of the stance phase are shown. The thresholds
to trigger adaptive responses of cartilage are indicated in the graphs with dashed lines.
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Figure 6.

(A) Sagittal Ty, and T, map slices at both 1- and 3-year follow-up time points for the lateral
and medial compartments of Patient 1. (B) FCD content distributions predicted by the
models with maximum shear strain, (C) deviatoric strain, and (D) fluid flow driven adaptive
mechanisms. FCD content reduced around the lesion and in the central surface of the lateral
tibial cartilage when the adaptation algorithm was driven by the strain-based mechanism,
while the fluid velocity mechanism revealed the FCD loss primarily around the cartilage
defect.
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Figure7.

Relative volumes of FCD loss, as predicted by each mechanism in the FE models, and
altered Ty, and T relaxation times during the follow-up of Patient 1. The relative volume of
FCD loss in the FE models was estimated as the volume of the elements associated with
FCD loss in the last iteration, divided by the total volume of each compartment. The relative
volume of cartilage with altered relaxation times was estimated by subtracting the calculated
volume over the threshold of 60 ms at the 3-year time point from the volume at the 1-year
time point, divided by the total volume of cartilage in the compartment.

J Orthop Res. Author manuscript; available in PMC 2022 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Orozco etal.

Patient 2

Page 25

MRI maps

Medial compartment

A Lateral compartment

Tlp / TZ (ms)

0 20 40 60 80 100
Maximum shear strain effect
0.20 Femoral cartilage Tibial cartilage Sagittal view

Post
! 1mulated!

FCD loss

FCD loss occurs neither
in femoral nor patellar cartilages

o/

Post lateral compartment

FCD (mEg/ml)

@)

Deviatoric strain effect

Sagittal view
0.20 lateral compartment
o [
w ]
é Post :
o} i
Q H
= o 06 :
Very small E
FCD loss i S S S
D Fluid velocity effect
0.20 Sagittal view

lateral compartment

FCD (mEg/ml)
=)
—
N

0.06
0.0 Ant
\.
Figure8.

(A) Sagittal Ty, and T, map slices at both 1- and 3-year follow-up time points for the lateral
and medial compartments in Patient 2. (B) FCD content distributions predicted by the
models with maximum shear strain, (C) deviatoric strain, and (D) fluid flow driven adaptive
mechanisms. FCD content reduced slightly in both compartments of the tibial cartilage when
the adaptation algorithm was driven by the strain-based mechanism, while the fluid velocity
mechanism showed a slight FCD loss around the lesion located in the lateral femoral
cartilage.
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Figure9.
Relative volumes of FCD loss, as predicted by each mechanism in the FE models, and

altered Ty, and T relaxation times during the follow-up in Patient 2. The relative volume of
FCD loss in the FE models was estimated as the volume of the elements associated with the
FCD loss in the last iteration, divided by the total volume of each compartment. The relative
volume of cartilage with altered relaxation times was estimated by subtracting the calculated
volume over the threshold of 60 ms at the 3-year time point from the volume at the 1-year
time point, divided by the total volume of cartilage in the compartment.
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Table 1

Material parameters implemented for cartilages and menisci.

Page 27

Material parameter Femoral cartilage Tibial cartilage Patellar cartilage M enisci
£y (MPa) 092" 018" 1.88% -
£ (MPa) - - - 2877
E, (MPa) 150 ™ 236" 597~ -
7 (MPa) 1062 1062 1062 -
Eqt (MPa) 0215 0.106 ™ 0505~ 05"
Ko (10725 m#(Ns)) 6* 8% 19% 12577
Vo 0.15™" 015" 0.15™" 0.36"7
M 509" 15647 15.93% 5.09
c 12.16™ 12.16™ 12.16™F 12.16™F
Composition
m 0.8-0.151"" 08-0.151"" 0.8-0.15n"" 0.72%
Grep (MEg/mI) ~0.1/7+0.24/+0.056" ~0.1/7+0.24/1+0.056 ~0.1/7+0.24/+0.056" 0.03%
20.6/F - 64.41F 20.6/F - 64.41F

+O.967L

+78.1//-45.9/P+13.4/P-1.6h

+0.967L

+78.1//-45.9/P+13.4/P-1.6h

20.6/F - 64.4/F +T8.1/7
45.9/P+13.4/7-1.6/+0.96"

Ep=initial fibril network modulus, &=fibril network modulus, Ee=strain-dependent fibril network modulus, 7=damping coefficient,

Enf=nonfibrillar matrix modulus, Ap=initial permeability, 1hf=Poisson’s ratio of the nonfibrillar matrix, M = exponential term for the strain-
dependent permeability, C=ratio of primary to secondary collagen fibers, 77| =depth-wise fluid fraction distribution, crcD =depth-wise fixed

charge density distribution, pz=depth-wise collagen distribution, / indicates normalized distance from the cartilage surface (surface = 0, bottom =

1).

*Julkunen etal4?

**Wilson etal.24
fSaarakkaIa and Julkunen.48
" Dabiri and Li.49

’tMakris etal.50

#Mow and Ratcliffe.51
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