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Workflow assessing the effect of gait
alterations on stresses in the medial

tibial cartilage
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Osteoarthritis (OA)

« Slow degeneration of cartilage, bone,
meniscus, ligaments etc.

* The most common joint disease with
the knee the most frequent site.

« Listed among the top 5 causes of
disability worldwide (WHO, 2016)
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Non-surgical biomechanical
Interventions
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Literature gap

Ground reaction
force

Knee Adduction Moment (KAM)
may not be a good
surrogate of the internal load1?

Moment arm

Knee adduction
moment

(1) Saxby et al 2016 (2) Richards et al 2018
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Alm

Develop a patient-specific workflow to
estimate whole-body and tissue loads

(1) Saxby et al 2016 (2) Richards et al 2018
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Musculoskeletal modelling and
Finite Element modelling

Musculoskeletal (MS) Finite Element (FE)

Initial Training Network in
Knee Osteoarthritis Research

KNEEMO




Subject Specific Multiscale Modelling: Study Design
“ Normal gait

. (%o Insole 5°
Oﬁolnsole 10°

- ‘, Toe in C}
Toe out wide\ g%

Inverse dynamics
Marker tracking analysis in MS

nalytical fitting

Full Tower body MRI Segmentation of bones, Bone morphing from of joints for the
and detailed knee MRI soft tissues (no muscles) cadaver to subject- MS model
and markers specific

Knee Joint Selection
-Hinge
-Force Dependent Kinematics (FDK)

-Moving-Axis
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FDK knee model
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Workflow assessing the effect of
gait alterations on stresses in the
medial tibial cartilage - combined
musculoskeletal modelling and

finite element analysis
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Introduction to Force-Dependent
Kinematics: Theory and
Application to Mandible
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J. Biomech. Eng. 139.
091001-1. 2007
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11 FDK DOF. (tibiofemoral and
patellofemoral)

Elastic foundation contacts

Nonlinear elastic ligaments
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Subject Specmc Multlscale Modelling: Study Design

" Normal gait

: Oso Insole 5°

Oﬁo Insole 10°

-~ [Q
Inverse dynamics
Marker tracking analysis in MS
Before
Full Tower body MRI Segmentation of bones, Bone morphing from of joints for the
and detailed knee MRI soft tissues (no muscles) cadaver to subject- MS model
and markers specific

= Normal gait

Insole 5°
| = Insole 10°
| ™ Toein

|

N\

L Add-Abduction moment

| = Toe out wide

—)

MS model output: forces, moments and
extension-flexion rotation during walking

(a) End with musculoskeletal model results

(b) Continue onto FEA modelling, using MS
outputs as boundary conditions



Healthy subject result from Scientific Reports paper
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Patient-Specific Multiscale Modelling: MRI Imaging

Patient 1 Patient 2 Patient 3 Patient 4

|< N E E M Initial Training Network in
Knee Osteoarthritis Research




Patient-Specific Multiscale Modelling: Segmentation

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5

Initial Training Network in «‘

Knee Osteoarthritis Research

KNEEMO

lllllllllllllllll



Patient-Specific Multiscale Modelling: MS Models

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5
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Patient-Specific Multiscale Modelling: Gait Modifications

Toe-In Toe-Out Width
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Medial Compressive Force [N]

Patient-Specific Multiscale Modelling: MS Outputs

(Ex. Medial Compartment Compressive Force)
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Healthy subject result from Scientific Reports paper
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Finite element modelling

A box. Meshed ACL.
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Finite element modelling

Segmentation (left) and an FE model (right).
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Finite element modelling

Collagen ﬁbrll split- Ime patterns

LS

Menisci Tibial cartilage Femoral Patellar
- cartilage cartilage

Depth-wise collagen
fibril architecture:

} Superficial zone
VY [IMiddle zone

tDeep zone

Fluid gradient

J

Subject-specific MS output is used as input to
move FE model of patient’s knee joint
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Finite element modelling

Healthy articular cartilage Early osteoarthritis Late stage osteoarthritis

Superficial
zZone

Middle zone
#1

Collagen
fibers

Deep zone

Chondrocyte
cells
1

Water
Proteoglycan

Subchondral
bone

\_ | ) - | Halonen et a (2015
KNEEMO
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Finite element modelling

Healthy \ Early OA Severe OA

[—
Superficial
zone

—
Middle zond >< XXX
Deep zone

B Subchondral
\_ Y, bone
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Finite element modelling

Subject-specific Collagen fibril slet-Ime patterns
MS output is v";j,,
used as input to SN
move FE model B

of patient’s knee Menisci Tibial cartllage Femoral Patellar
joint cartilage cartilage
— Depth-wise collagen
|npu’[ fibril architecture:
==} Superficial zone
2 Middle zone
£
g
© Deep zone
E
Ll

Medial Lateral

FE model output:
stresses and
strains in tibial
cartilage

Calculate average values in
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Initial results

 Insoles seemed promising, especially Insole 10
* Toe In helped during the 2nd peak, Toe out wide
during the 1st

HOWEVER:
« High tibial contact pressures (up to 25 MPa)

What's going on?
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Actions taken

« Parametric studies with different muscle models

« Knee extensor strength testing

 Changing a simple hinge joint knee into a complex
Force-dependent kinematics (FDK) model
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Actions taken

Contact pressure [MPa]

3E Muscles, volume weight p=2

3E Muscles, volume weight p=3
3E Muscles, volume weight p=4
3E Muscles, volume weight p=5
W= 3F Muscles, no muscle weight p=2
WIM  3F Muscles, no muscle weight p=3
™ ™ 3E Muscles, no muscle weight p=4
i ol Muscles, no muscle weight p=5
= Simple muscles, no muscle weight p=2
mim  Simple muscles, no muscle weight p=3
mm®m  Simple muscles, no muscle weight p=4
L Simple muscles, no muscle weight p=5
mesn Simple muscles, PCSA weight p=2
mim Simple muscles, PCSA weight p=3
m m  Simple muscles, PCSA weight p=4
=% Simple muscles, PCSA weight p=5
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Actions taken
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Actions taken
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Actions taken
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Actions taken

2
—Femoral cartilage
—Lateral tibial cartilage «
—Medial tibial cartilage ©
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Results

Tibiofemoral

contact

pressures during the
axial peak forces.

KNEEMO

1* axial peak force

2" axial peak force

(20% of stance) (80% of stance)

Max: 13.0 Max: 11.7§ Max: 13.0 Max: 7.95
Normal gait e

Max: 15.2 Max: 20.0§ Max: 14.1 Max: 7.8

|

Insole 5° e

Max: 13.3 Max: 15.5] Max: 11.6 Max: 7.9
Insole 10° ) ‘

Max: 11.6 Max: 10.4 Max: 8.6
Toe in ‘

Max: 11.1 Max: 10.5 Max: 11.2

Toe out wide

Lateral

Medial

Medial

Lateral
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Conclusions

» This method provides a very subject-specific analysis and
may help evaluate stresses in the cartilage non-invasively

« Both 5 ° and 10° insoles failed to reduce peak pressures
apart from 10° at 2nd peak

« Both Toe in and Toe out wide failed to reduce peak pressures
at 2nd peak

Limitations:

* Only one healthy subject. Currently, we have created models
for 5 OA patients for the next step
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Conclusions
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Finite element modelling — OA patients

Healthy articular cartilage

Superficial —
zor?e {

Middle zone

Collagen
fibers

Deep zone

Chondrocyte/
cells

Water
Proteoglycans

Tidemark
Calcified bone

Subchondral
bone

Halonen et al (2015)
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Finite element modelling — OA patients

Healthy /Early OA

Severe OA\

Superficial
zone

Middle zone ><

Deep zone

X

XX
XX

1111
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Finite element modelling — OA patients

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5

(Left knee) (Left knee)
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Finite element modelling — OA patients

+ Altered material
properties from
MRI?
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