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ABSTRACT: Subject-specific three-dimensional finite slément fodels of the knee joint wore created and used to study the effect of the
frental plane tibiofemoral angle on the stresg and strain distribution in the knee car tilage during the stance phase of the gait cycle.
Kinee models of three subjects with different tibiofemoral angle and body weight were created:-based on magnetic resonanee imaging
of the knee. Loading and boundary conditions were determined from motion analysis and foree platmrm data, in conjunction with the
musele-force reduction method. Thuring the stance phase of walking, ail subjects exhibited a vaigus%ams vaigus knee moment pattern
with the maximum compressive load and varus knee wipment oecarring at approximately 25% of the stance phase of the gait eycle. Our
results demonstrated that the subject with varus alignment had the largest stresses at the medial compartment of the knee compared to
the subjects with normal alignment and valgus alignment, suggesting that this subject might be most susceptible to developing medial
compartment osteparthritis {OA). In addition, the magnitude of stress and sirain on the lateral cartilage of the subfect with valgus
alignment were found to be Iarger compuared to subjects with normal alignment and varus alignment, suggesting that this subject might
be most susceptible to developing lateral compartment knee OA. 02010 Orthopacdic Kesearch Society. Published by Wiley Periodicals,
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INTRODUCTION

Knee malalignment is congidered one of the key biome-
chanical factors that influence the progression of knee
osteoarthritis (0A)1? The frontal plane tibiofemoral
alignment at the knee is measured by the angle formed
by the intersection of the anatomical axes of the
femur and the tibia. A “normal” knee alignment has a
tibiofemoral angle of approximately 5-7 valgus.®* A
varus-aligned knee is described as “bow-legged” with
an anglée =5 valgus and a valgus-aligned knee is
described as “knocked-kneed” with an angle >7° val-
gus. The varus {adduction) moment is the primary factor
in the force distribution to the medial compartment
of the knee jeint during normal gait. During walk-
ing, approximately 70-75% of the load passes to the
medial compartment of the knee joint.™® At the single-
leg support phage of the gait cycle, a varus-aligned knee
will have a moment that increases the loading on the
medial compartment of the kuee and a valgus-aligned
knee will have a momentthat increases the loading on
the lateral compartment of the knee. However, in indi-
viduals with extremely malaligned valgus knees (15°
valgus), the lateral kpee compartment will-experience
more load than the medial koee compartment:3#In lon-
gitudinal studies, from baseline asseasment, individuals
who demonstrated a varus knee alignment were shown
to have an increase in medial compartment QA pro-
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gression and valgus knee aligniment was shown to have
an increase in lateral OA progression in as little as 18
months” It is not entirely clear if varusivalgus align-
ment is a cause or a result of knee QA but animal data
supports a link between pre-existing varusfvalgus align-
ment and QA initiation.”® Furthermore, the increased
stress and strain caused by the varus moment due to
alignment could contribute to the initiation and progres-
sion of OA and has not been previously investigated.
Direct measurement of stress and strain at the
koee cartilage in vivo is challenging, therefore the
finite element (FE} method has been used to determine
the stresses and strains within the knee® 12 Previ-
ously developed FE knee models provide significant
insight into the stress and strain distribution and con-
tact kinematics at the knee joint and have been used
to investigate the effect of ligament injury'®* and
meniscectomy™® on the contact stress and strain ai the
knee cartilage. However, many FE studies apply simple
Ipading conditions and dg not consider subject-specific
physiciogical loading dufihg functional activities which
would provide a more realistic representation of the

-.agtunl slresses and strains within the knee joint.

I the present study, the effect of frontal plane
tibiofemoral angle on the distribution of stresses and
strains in the knee cartilage was investigated using
detailed subject-specific FE models. We developed
subject-specific biomeehanical FE models of the knee

joint for three subjects with normal, varus, and valgus

tibiofemoral alignment and used the models to moni-
tor the distribution of stresses and strains during the |
entire stance phase of the gait cycle. It was hypoth-
esized that varus knee alignment will lead to greater
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Table 1. Subjects’ Frontsal Plane Tibiofemors] Angle and
Body Weight

Subject 1 (Varus) 2 (Normald 3 (Valgus)

Tibivfemoral 6.20 767 10.34
angle valgus (%)

Bady weight (N) 840 725 TG4

varus knee moments which will lead to greater stresses
at the medial knee compartment during the gait cycle
and possibly increage the likelihood of QA initiation and
progression.

METHODS

Three healthy individuals with no history of knee QA or prios
knee injury were reeruited from the Northeastern Uriiversity
cormmunity. The subjects consisted of one male and tivo Temales
{21- to 23-year old) with different frontal plane tibiofermoral
angle (normal, varus, valgus). The frental plane fibiofemoral
angle was measured while the subjects were in a double leg-
stance position with each leg on a separate force plate (while

monitoring the force to.ensure an even weight distribution |
hetween each leg) with the second metatarsal of the 2feet -

approximately 30 cm apart. The anatomical axis of the femurin
the frontal plane was defined with the marker at the ASIS and
the knee-joint center. The hip joint center has been measured in
a noninvasive manner by taking the midpoint of the line from
the ASIS to the pubic symphsis and move inferiorly 2cm.”
A marker placed just lateral to the palpable femorsl pulse
approximately 2-3 em below the inguinal ligament is suitable
as a guide to locate the center of the femoral head when deter-
mining the mechanical axis during total knee arthroplasty.'®
In the current study, the hip joint center was defined using
markers placed at ihe ASIS and the greater trenchater. A
more accurate definition of the hip joint center would be nee-
egsary to determine the hip joint kinematics, however, those
were not calculated in this investigation. The anatomical axis
of the tibia was defined from the ankle joint center to the knee-
joint center, similar to previous studies which used markers
and motion analysis to define the frontal plane angle.’¥ The
tibicfemoral angle was assessed while the subjects were in this
standard deuble-leg stance to ensure minimal rotation of the
tibia.5 The measurement of the tibiofemoral angle of the three
subjects showed a varas individual (subject 1), normal {slightly
valgus) individual {subject 2}, and a valgus individual (subject
3; Table 1),

Subject-specific three-dinensienal (3D) knee models were

constructed from sagittal view magnetic resonance images:

(MRI). The MRI weve obtained using a short bore, high-field 1.5
Testa MRI device and a fat suppressed fast spin echo sequence
with a with TH=10ms, TR = 536 ms, 160 mm A 68mm field
of view and slice thickness of 2mm with 256 » 256 matrig-and
approximately 50 images. The 3D knee geometry was exported
te ABAQUS v 6.7 {Simulia, Previdence, RI}, which was used to

perform the FE simulations. The details for development of

subject-specific models, ineluding the material models used to
represent the behavior of different knee elements, are demon-
strated in the Supporting Material. The bone in the model
included the femuy, tibia and fibula with the corresponding
cartilage on the femur and tibia. The cartilage was modeled
as isotopic elastic and the meniscus as transversely isotopic
elastic. The medial and lateral menisci were also included as
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well as the anterior cruciate ligament (ACL}, posterior cruci-
ate Hgament (PCLY, Literal collateral Nigament (LCL), and the
medial collateral ligament (MCL).

Subject-specific loading at the koee was determined from
mation anaiysis and foree platform data and a musele-foree
reduction model. Retro-reflective markers were placed at bony
landmarks to define the different segments of the lower leg.
Kinematics and kinetic data were collected with a six-camern
motion analysis system (EVaRT 5.0, Motion Analysis Cor-
peration, Santa Resa, CA} and two-force platforms [Models
ORE-6-2000, ORG-7-2000; Advanced Mechanical Technology,
Ine. (AMTI), Waltham, MAL, respectively. The motion analy-
sis cameras recordéd at a frequency of 120 Hz over a capture
volume of 115 m %200 2.00 m. Two-force platforms were
used for recording the ground¥eaction ferces at & frequency of
1,260 Hz and were time synchroznized with the motion analy-
ais system. The ground reaction forces and center of pressure
(COP) wete measured by the force platforms. The measure-
ments in this system were accurate within 2 mm. 20

Subjects performed three trials of walking st a self-selected
speed while monitoring the ground reaction forces and the
kinematics of one leg. We preferred to use over ground walk-
ing with self-selected speed to sereen natural functioning of

‘the knee, therefore, treadmills and timing techniques to con-
trol speed were not used. Our previgns investigations suggest

that the inter-cycle gait variability during self-selected speed
is fow in healthy subjects (2% for coefficient of variation
of gait speed). 2% An inverse dynamics analysis was used
to caleulate the knee-joint reactions forces and moments as
explained in our previous study.® To caleulate the contribu-
tion of the muscle forces, a muscle-force reduction modal was
used similar te previcus studies by Morrison™ and Schipplein
and Andriacehi.?® The forces appied to the FE models were a
summation of the joint reactions forces and the muscle forces.
Figure 1 shows the total axial forece and anterior/posterior
force for a typical subject and the contributions from the
ground reaction forces and muscle forces. The time history
loading conditions were applied to the femur to define the knee
forces during the stance phase of the gait cycle, The loading
conditions applied to the model included the axial force F,,
the anterior/posterior force Fy, and the varusfvalgus moment
M, ard the internal/external rotation moment 3,. The fex-
ionfextension moment M, was not divectly applied to the model
but the knee-flexion angle was defined with an angular veloe-
ity, which was determined as the time derivative of the fexion
angle during the stance phase of the gait cycle.

The moments at the knee were divided by the subject-
specific body mass to define the normalized varus/valgus knee

- moment to account for the different body weights of the sub-

Jjects. Similarly, results from the FI% miodels were divided hy
subject-specific body weight to define the normalized stress and
strain to account for the éar_ent body weight of the subjects
and to view the role of the'tibiofemoral angle.

RESULTS

The inverse dynamics analysis and muscle-force redue-
tion models showed each sulgect had different joint
reaction forces and moments. As an example, Figure
2A and B shows the history of the axial and ante-
rior/posterior reaction forces during the stance phase of
the gait cycle for the three subjects. The different peaks
demonstrate the activation of the different muscles
where the first peak was activation of the hamsirings,
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Figure 1. ’1‘)_16 tatal force, muscle force contribution and joint
reaction force contribution in multiples of body weight (BW) in the
(A) vertical direction, F,, and the (B) anterior/posterior direction,

£y, during the stance phase of the gait cyele for Subject Livarus).

third peak was the gastrocnemius muscle group: Figare
2C shows the time history of varus/valgus knee moment
during one gait cycle for three subjects. Of particular
interest is the varus knee moment distribution because
it iz key factor in the force distribution at theknée and
increased tibiofemoral alignment was expected to lead
to greater force distributed to the medial knee com-
partment. Comparing the varusfvalgus knee moment
during the stance phase of the gait cycle showed that
Subject 1 (varus alignment) exhibited a larger varus
knee moment during single-leg support compared to
Subjects 2 (relative normal alignment) and 3 (valgus
alignment). The maximum varus knes moment was nor-
malized by subject-specific body mass and was 0.49,
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6.37, and 0.34 Nm/kg for Subjects 1, 2, and 3, respec-
tively.

FE analysis was carried out to obtain the distri-
bution of the stresses and strains in the knee-joint
cartilages during the gait cyele using detailed subject-
specific models. Figure 3 shows a typical distribution
of compressive stresses in the femoral cartilage, menis-
eus, and tibial cartilage at different points of the gait
cyele (Subject 2). At heel-sirike, the subiect had an
initial valgus moment and this caused the maximum
compressive stress in the cartilage to occur on the lat-
eral knee compartment. During the single-leg support
phase of the stance phase, the subject exhibited a varus
moment and the maximum compressive stress in the
cartilage occurred on the medial knee compartment.
At toe-off, there was a valgus knee moment and the
mMaxinum compressive stress occurred on the lateral
compartment. Similar results were obhserved for both
the maximum shear stress (Tresca stress) and the nor-
mal strain. The results clearly show the role of the
varus/valgus knee moment in determining the location
of maximum stress on either the medial or latersl knee
compaitmeérnt during the gait cycle. The maximum con-
pressive siress on the knee cartilage for each subject
at different points of the gait cycle is quantified in Fig-
ure 4. For each subject, at a valgus knee moment (hee}
strike to foot flat, first 10% of siance phase and toe
off or 95% of the stance phase} the maximum com-

pressive stress cccurred on the lateral compartment of

the knee. From 25% to 75% of the stance phase (e,

(luring the varus moment), the maximum compressive
- stress oceurred on the medial knee compartment. For-
thermore, the peak maximum stress occurred on the

medial cartilage at 25% of the stance phase of the gait
eycle for each subject, which is associated with the peak
varus knee moment for each subject—see Figure 2.
The distribution of the compressive stress and Tresca
shear stress, Figure 5, showed that the maximum values
accurred on the medial cartilage for each subject. The
greatest value of the normalized maximum compressive
stress {normalized by the subject-specific body weight),
normalized maximum Tresca shear stress, and normal
strain occurred at 25% of the stance phase and increased
with increased varus alignment as quantified in Table 2.
At 20% ol the stance phase, Stibject T (varus) had greater
values of the maximum normalized compressive stress,
normalized shear stress, and nermal strain compared
to Subjects 2 (norial) and 3 (valgus). The greatest dif-
ference. ocetrrad for the normal strain at the femoral
cartilage where Subject 1 had a 20% greater strain than
Subject 2 and a 39% greater strain than Subject 3,

We also determined the ligament forces in the ACL,
PCL, LCL, and MCL during the stance phase of the
gait cycle for each subject using our FIU caleulations.
Figure 6 shows the ligament forces for each subject dur-
ing a specific trial of the stance phase of the gait cydle
for each subject. The largest foree oceurred in the ACL
andd LCL. The maximum force in the ACL was approx-
imately 350N for Subject 1 (varus), 500N for Subject
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Figure 2. {(A) Total compressive force:; F,, (8) total anterior/posterior shear foree, Fy, and (C) mean varusfvalgus knee moment, M, for
Suhject 1 {varus alignment), Subject 2 (relative normall, and Supjéet 3 {valgus alignment) during the stance phase (heel-strike to toe-off)
of the gait cycle. {C) Varus/valgus knee moment and standard devintion for three trials of gait. A positive thoment is varus snd a negative

moment is valgus.

2 (normal alignment), and 300 N for Subject 3(valgus).
The maximum force in the LCL for Subject I occurred
at approximately mid-stance and was 350N, at 25% of
the stance phase and approximately 376N for Subject
2, and at heel-strike and 200N for Subject 3.

DISCUSSION

In this study, we used subject-specific 3I) models of the
knee joints to explore the effect of the frontal plawé
tibiofemoral angle on the stress and sérain at the knee
eartilage during the stance phase of the gait cycié:
Studying the compressive stress aid strain is of inter-
est because experimental studies have related cartilage
damage with the magnitude of the compressive siress
and strain.®™?® Shear stress has also been associnted
with increased catabolic factors and decreased cartilage
hicgynthetic activity and leads to cartilage damage and
subsequent OA™ The results showed the maximum
value of the stress and strain occurred at 25% of the
stance phase which ig when the initial peak varus knee
moment occurred. This could explain why the initial
peak varus knee moment Lias been shown to be a pre-
dictor of the presence, severity, and rate of progression
in knee OA on the medial compartment.?® The results
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also showed “increased varus knee alignment led to
greater varus knee moments during single-leg support.
The results agree with our hypothesis that increased
varus knee moment led to greater stresses and strain
on the medial knee compartment for the varas-aligned
individual compared to the normal-aligned and valgus-
aligned subjects, suggesting that Subject 1 (varus)
would be most susceptible to developing medial com-
partment knee OA. Tt is apparent that the increased
varus moment generated in varus tibiofemoral aligned

Jindividuals would create larger forces at the medial knee

compartment compared to.normal-aligned individuals
or valgus-aligned mdivigudls. However, FE results pro-
vide important iiformation on the stress and sirain
disttibution at the knee cartilage for each individual
that cannot be obtained with motion analysis techniques
alone.

To replicate the suhject’s gait outdoors and in nat-
ural environment, we used over ground walking with
self-selecting speed. Gait speed could contribute to the
overall magnitude of the forces at the knee during gait.
Although by using instrumented treadmills the gait
speed can be controlled, uncertainty remains regard-
ing the extent to which treadmill walking can be used
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Figure 3. Finite clement results from Su jett 2 {normal alignment). The varus/valgus knes moment during the stance phase of the gait
cycle determined from inverse dynamics analysis. Compressive stress distribution of femoral cartilage and tibial plateait {meniseus and
tibial cartilage) of the right knee corresponding to specific amounts of the varusfvalgns knee moment. In all the images, the medial side

is on the lefl and the lateral side is on the right.

to mimic walking on the ground.?¥ In addition, the
narrow path offered by the treadmill as well as small
freedom for inter-cycle speed variability may hinder

freedom in selection of gait trajectory andfor speed. This -

in turn may impact the functioning of knee’joint, which
is hard to control, This suggests that the fluctaation
of selfselected gait speed during over ground walking
15 low, therefore, the functioning of knee assessed in a
{ypical cycle and in natural condition w6ild be repre-
sentative of knee functioning of subject’s gait in daily
condition. However, walking slower or faster than self-
selected speed may significantly inerease subject's gait
inter-cycle fluctuations'™ ! and may not replicate sub-
ject’s knee functioning during daily activity.

To show the validity of the current model, the mag-
nitude of the lignment forces calculated in the current
model agreed with previously published studies, 258132
The material models of the Hgaments were taken from

previously published studies and changes in the pre-
. strain of the ligaments may change the overall contact
. forces as well as the forces in the ligaments. The max-
imum vaive in the ACL computed by Morrison® was
156N, in a mathematical model, 303N calculated by
Shelburne et al.® in 3D computer model and 411N
by Harrington® in'a niathematical model. The maxi-
mum load inthe LCL computed by Morrison® was 262N
and Shelbirne et al.*! caleulated 150 N. Our maximum
LOCL force was greater compared o the previous stud-
ies but this could be attributed to the varus moment
generated during the gait eycle or due to a difference
in walking velocity. The previcus studies used normal
healthy individuals and did not consider varus align-
ment. Morrison® observed that the farces in the knee
ligaments varied significantly between individuals due
to subject-specific gait characteristics and knee-joint
geometry, which is in agreement with cur analysis.
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[ YANG ET AL

Medin} Femoral Cardilage

[
&

s Sukjea 3

B B Sublecr s

e
[

® Suhject 3

Normal Stress (MPa}
S o

10 5 59 75
% Stance Phase of Gait

Medial Tibial Cartilage

3=
Ll

# Subjucrl

1 Subjacr2

v
[

W Sukjent 3
T

Nommal Stress {ViPa}
E=Y L+

15 25 50 75 g5
% Stance Phase of Gait

Lateyal Fervoral Cartilage

20
e & Sarkfeat T
£ 18
§ 2 Subleer 2 @
& Subject 3 B
91z o
i -
fod
&
— B
]
£
5 4
=
G
% Stance Phase of Gait
Latersl Tikial Cartilage
20
. = Sulsjeet 1
)
% is % % Subject 2
i o
- = o Subjeetd B
2 o1z . v .
o
2
A
- B
= &
:
S 4 o
=
G

75 a5
% Starce Phiase of Gait

Figore 4. Maximum compressive stress en medial femoral, lateral femoral cartilage, medial tibial cartitage, and lateral tibial eartilage

during the stance phase of the gait eyele.

The key limitation of our study-is the low number of

individuals examined which makes drawing any quanti- .

tative and general conclusions infeasible. However, our
study provides valuable insight into the role of {rental
plane tibiofemoral angle on the stress and strain at
the knee and motivates studies with a larger num-
ber of individuals using subject-specific models during
walking and other functional activities. Furthermore,
the dynamic tibiofemoral alignment may be different
compared to the static tibicfemoral alignment and mon-
ttoring the dynamie alipnment may provide further
ingight into the comparfmental lcading at the knee
joint during gait. Noyes et al.?® analyzed knee-joint
loads and ligament tensile forces in ACL-deficient and
varus-aligned individuals during level walking. It wasg
observed that a majority of the subjects exhibited high
medial knee compartment leads and high lateral soft

tissue loads but it was not correlated with -Lhe:;@egre:e of
ahgnment measured during standing roentgenogramig: -

Monitoring the dynamic tibiofemoral alignment during
gait may provide a correlation between the medial com-
partment knee-joint leading and dynamic tibiofemoral
alignment.

The overall muscle-force contributions represent a
minimum due to the absence of co-contraction in the
reduction model but provides a more realistic loading
condition than applying the knee-joint reactions deter-
mined from the inverse dynamics analysis alone. To
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demonstrate the validity of the current musele-force
reduction motel, the peak musele forces and activa-
tion timing (Fig. 1A) was compared to EMG data taken
from Besier et al™ based on data of 15 pain-free con-
trol subjects monitored during normal gait (Table 3).
The peak muscle forces and activation timing from
Besier et al.®* are approximations based on graphi-
cal data and summation of the different muscles that
compose the different muscle groups including the
hamstrings [semi-membranosus (SM), semi-tendinosus
(8T}, and bicep femoris (BF)], quadriceps [vastus medi-
alis (VM), vastus lateralis (VL), vastis intermedius (VI},
.and rectus femoris (RF}}, and the gastrocnemius [lateral
cgastroenemius (LG) and medial gastroenemius (MG,

- Comparisen of the current model to EMG data show

similar results that are within the standard deviation
caiculated by Besier et a1 A limitation of the currsnt
model is it does ot take into account the individ-

~0Hl fediuitment patterns of the different muscles. For
example, the quadriceps muscles are composed of four
muscles. In the current musecle-force reduction model,
the quadriceps act ai 20-25% stance phase and at
90-100% of the stance phase. EMG data from Besier et
al.* showed the guadriceps muscie acting at the same
timing, however, they have the ability to show the indi-
vidual muscle recruitment patterns ag the SM, ST, and
BY act at 20-25% of the stance phase while the RF acts
at toe off (90-100% of the stance phase).




Subject 1

a8

Norrmal stress (MPa}

% 1

EFFECT OF FRONTAL PLANE TIHIOFEMORAL ANGLEMS 7

Subject 2 Subject 3

interal vive clial laterat medial lateral raedial

‘Tresca shear stress (MPa)

lateral  medial fateral  madial fateral  medial
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approximately 25% of the stance phase of the gait cycle. This was associated with the initial peak varus moment.

Many existing FE studies use unrealistic loading con-
diticns and do not typically consider the knee-flexion
angle, which affects the magnitude and location of the
maximum stress and strain in the knee cartilage. ' [n
addition, subject-specific joint geometry is very impor-
tant as thickness variation and jeint architecture could
greatly affect the stress and strain distribution in the
cartilage. Thus, our subject-specific approach provides
valuable insight that previous FE studies could not. Tt
should be noted that in owr subject-specific FE models

the muscle forces and joint reaction forces are applied -

at one location in thie femur. The actual muscle architec-

ture at the knee is very complicated. The muscle forces

at the knee occur at different locations aned the magni-
tude of the muscles vary greatly over the stance phase of
the gait cycle. Incorporating thespuscle forees based on

muscle location and line of action worldenhance results..

of the actual stress'and strain distribution at the knee
but may also increase error due to the large number of
variables. However, developing the musele-force data is
very difficuit and involves complicated models. Further-
more, determining subject-specific muscle data would be
very difficult and expensive due to the high cost of MR
plus the multiple views needed from the MR to deter-
mine the size and location of the muscles at the knee.
Another consideration is that the muscle forces acted to
oppose the external flexion/extension, however, in the
anrent model the LCL was the dnly component that
opposed the varus knee moment and the MCL was the
only componert that oppesed the valgus knee moment.
Inclusion of the muscle forces to oppose the varus/valgus
moment would have an effect on the overail force dis-
tribution: o the medial and fateral knee compartments
.. during-the stance phase. The stress distribution may

Table 2. Finite Element Results for Normalized Maximum Compressive Stress, Normalized Maximum Shear Stress,
and the Normal Strain on the Medial Tibial Cartilage and Femoral Cartilage

Subject Normalized Compressive Stress (MPa/N} Nermalized Tresca Stress (MPa/N) Normal Strain (%)
Tibia Femur Tibia Femur Tibia Pemur

1{varus; 0020 0.023 0.009 .01 18.86 26.68

2 (nermady  0.017 G.020 0.007 0.4010 17.01 067

3valgus) 0018 0.018 0.006 0.007 14.99 16.18

FOURMAL GF ORTHHOPAEDEC RESEARCH XXXX 2010



8 YANG BT AL

Subject 1 (varus)

400
ACL
300 m/f\
e
=
M
00 -
bl
o
18
10¢ L [
'\h‘\«.- ES
-, PLL //\\\ \ /
b4 i
a 26 40 60 80 100

% Stance Phase

560 -

400
= aup -
@
2 200
fri

10¢ ffIMCL &

o . o peL o
0 20 40 80 80 100

Subject 2 (normal}

% Stance Phase

Subject 3 {valgus)

384

Foree {N)

160

% Stance Phase

Figure 6, Ligament forces during the stance phage of gmt for each of the subjects caleulated using finite element analysis.

Table 8. Activation Timing and Peak Foree for the Different Muscle Groups From EMG Data From Besier et al. and for
the Subjects in Current Study Based on the Muscle-Foree Reduction Model

Muscles Group

Hams (SM, 5T, BF) Quads (VM, VI, V1) Gast (MG, L&h Quads (R¥)
Activation timing, % of stance phase . 0-10% 20-25% T0-75% 90--100%
Besier et al, (N} . 886 1,087 688 85
Subj. 1(N) T 838 698 470 424
Subj. 2 (N) S 1,368 1,319 362 483
Subi. 3 (N) VE T 747 : 743 384

¢ Approximations baged on. graphical data.

also change and the peak values of the stress and strain
may decrease.

The material models used In this investigation were
linear elastic. The mechanieal properties of the soft tis-
sue at the knee are nonlinear and the material model
in this investigation does not account for the effect of
loading rate or stress relaxation. This mey change the
magnitude of the stress and strain buf the distrihution
to the medial compartment would be similar.

In this study, we developed a subject-specific method
to determine the stress and strain at the knee car-
tilage during the stance phase of the gait cycle. The
method developed in this study could be used to identify
individuals susceptible to OA, assess the effectiveness
of OA preventive measures and for long-ferm follow-
up studies. Limitations in this study include the small
stady population and assumptions (muscle-force model,
material model, et in the models. However, this study

JOURNAL OF QRTHOPAEDIC RIESEARCH XXXX 2010

provides useful subject-specific data that observes the
role of different biomechanical factors on'the stress and
strain at the knee cartilage. .
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