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Abstract

Knee osteoarthritis affects a large number of people in Japan, so preven-
tion and therapeutic intervention is important. Management and evaluation
of knee osteoarthritis are therefore necessary. In recent years, with the
advancement of 3D gait analysis technology, many studies have been con-
ducted on factors related to mechanical stress during gait. We reviewed
the factors related to mechanical stress during gait from a biomechanical
perspective. We focused upon knee adduction moment and knee joint
compression force, mechanical load indicators that utilize 3D gait analysis,
and musculoskeletal simulation technology, and outline the current knowl-
edge and treatment strategies. Studies reported in the literature are mostly
of basic research and have not been derived from clinical practice. Clinical
research utilizing these technologies will hopefully lead to the development
of more evidence-based prevention and treatment interventions for knee os-

gait, mechanical stress, musculoskeletal simulation teoarthritis.

INTRODUCTION

Knee osteoarthritis (KOA) affects 50.3% of people
in Japan aged 40 years or older, (Yoshimura, 2010)
and approximately 300 million people worldwide
(Sabha, 2022). KOA is a cartilage degeneration-based
joint disease that causes knee joint pain, functional
decline, deformity, and decrease of walking ability.
Furthermore, it has been suggested that KOA signifi-
cantly reduces health-related quality of life in terms of
physical function (Muraki, 2010). In Japan, where the
population is aging, the prevalence of KOA is high,
and the disease is a cause of frailty and prompts
the need for nursing care. In addition to anatomical
factors such as cartilage thickness (Wieland, 2005)
and subchondral bone mineral density (Clarke, 2004;
Lo, 2006), there have also been reports of mechan-
ical stress during walking. In addition to anatomical
factors such as subchondral bone mineral density
(Clarke, 2004; Lo, 2006), mechanical stress during
gait is one of a number of factors associated with
progression of KOA (Favre, 2016).

Excessive mechanical stress on the knee joint
during gait contributes to KOA. Mechanical stress
can be divided into compression, shearing, and
stretching forces (Figure 1). Among these, excessive
knee joint compression force (KCF) has been report-
ed as a risk factor for KOA (Bennell, 2011). Evaluation
and management of KCF is therefore an effective

76

method of prevention and conservative treatment of
KOA. However, measurement of KCF is not possible
except by invasive methods, such as by implantation
of a strain gauge in the knee joint.

In recent years, there has been development of
indices reflecting KCF and based on noninvasive
3D gait analysis. In this paper, we summarize our
research on 3D gait analysis and methods of calcu-
lating mechanical load indices using musculoskeletal
simulation technology and their related factors, and
we outline the treatment strategies and future pros-
pects.

MODEL OF KOA AND MECHANICAL
LOADING DURING WALKING: INTEGRATED
JOINT SYSTEM

The integrated joint system (IJS) model has been
proposed in consideration of the relationship between
KOA and mechanical loading (Edd, 2018; Figure 2).
The IJS model is a homeostatic state in which carti-
lage thickness, mechanical stress during motion, and
subchondral bone mineral density of the knee joint
adapt to each other, and the knee joint can remain
healthy.

Among healthy subjects, those with relatively
great loading at a particular site, as measured me-
chanically during gait, tend to have thicker cartilage
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Figure 1. Mechanical stress on the knee joint during walking
The knee joint is subjected to compressive, shearing, and stretching forces during walking.
Compressive and shear forces are believed to contribute to cartilage damage. Stretching forces

mostly affect ligaments and soft tissues.
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Figure 2. Integrated joint system (IJS)
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IJS is the idea that the knee joint can remain healthy as long as the cartilage thickness, me-
chanical stress during movement, and subchondral bone mineral density are homeostatic and
adapting to each other (modified quote from Edd SN, et al. Osteoarthritis Cartilage 26(11),

1425-1437, 2018).

at the same site (Schmitz, 2017). Healthy cartilage
is suggested to adapt in response to certain gait
mechanics, for example, cartilage in areas of high
mechanical stress tends to become thicker. On the
other hand, a negative correlation between cartilage
thickness and mechanical stress has been shown
in patients with KOA (Maly, 2015); this may be the
result of a subject with thin cartilage being subject-
ed to loading with strong intensity, which can lead

to cartilage failure. Thus, for example, strong me-
chanical stress in a young subject without cartilage
degeneration does not necessarily lead to KOA. As
a preventive or conservative treatment method for
KOA it is therefore effective to evaluate the subject’s
KCF and to manage it not only by decreasing the
KCF, but also by determining the extent to which
KCF can be increased, depending on the subject’s
condition.
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MARKER OF MECHANICAL STRESS ON THE
KNEE JOINT DURING GAIT

As mentioned above, it is difficult to measure me-
chanical stress on the knee joint. 3D gait analysis is
mainly an optical method in which reflective markers
are attached to landmarks on the body surface and
are photographed by an infrared camera. Muscu-
loskeletal simulation is an analysis technique that
simulates motion using ground reaction force data in
addition to marker trajectories obtained by 3D gait
analysis. This paper focuses on KCF, knee adduction
moment (KAM), and knee joint rotation moment (KRM)
as indices of mechanical stress on the knee joint that
can be validly calculated using 3D gait analysis and
musculoskeletal simulation technology.

Knee joint compression force

Musculoskeletal simulation technology has made
great progress in recent years. Musculoskeletal sim-
ulation analysis can quantify the relationship between
muscle force and joint motion, etc., and can show
the mechanical relationship between muscle and
motion. For joint loading, it is now possible to dy-
namically calculate accurate KCFs, including muscle
tension during movement in vivo, which is not nor-
mally measurable (Figure 3; Delp, 2007). In another
demonstration of the usefulness of musculoskeletal
simulation techniques, the amount of internal loading
on the knee joint and muscle activity during gait ob-
tained using these techniques differed between nor-
mal subjects and patients with KOA (Richards, 2010).
A recent systematic review concluded that the KCF
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calculated by musculoskeletal model analysis better
reflects the mechanical loading on the knee joint than
the KCF calculated by knee adduction moment (KAM)
and musculoskeletal model analysis (Holder, 2020).

Models with joint morphology specific to each sub-
ject have also recently begun to be used. KCF was
calculated in a model reflecting subject-specific knee
joint morphology in post-prosthetic patients with KOA
with built-in strain gauges and obtained values that
approximated measured values (Lerner, 2015). How-
ever, most studies using KCF with musculoskeletal
simulation are basic studies and there are still few
clinical studies.

Knee adduction moment

KAM is the torque applied by an external force in
the direction of adduction of the knee joint. Signifi-
cant correlation has been shown with the tibio-femo-
ral interosseous compression force measured in the
implant after total knee replacement for 10 different
activities, including walking, stair climbing, standing,
sitting, squatting, and one-legged standing (Trep-
czynski, 2014). KAM has therefore been the most
commonly used simply-measured assessment as a
valid marker to reflect KCF during motion.

For patients with KOA, KAM is related to knee joint
pain (Amin, 2004) and radiographic osteoarthritic
changes (Miyazaki, 2002). The first peak of KAM re-
portedly significantly correlated with the total score of
the Western Ontario and McMaster Universities Os-
teoarthritis Index (WOMAC), a patient-based assess-
ment of KOA, and the scores of stiffness and function

Figure 3. Process of musculoskeletal simulation analysis
Calculate KCF from marker trajectories and ground reaction force information obtained from 3D gait analysis
through inverse kinematics, inverse dynamics, and static optimization analysis.
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(Hurwitz, 2002). Furthermore, higher KAM during gait
in KOA patients was associated with the degree of
long-term subchondral bone and cartilage damage
(Bennell, 2011). Research on the relationship between
KOA and mechanical loading has therefore made
significant progress since the utility of KAM was first
reported.

Invasive treatments, such as high tibial osteotomy
and knee arthroplasty, are treatment modalities that
reduce the load on the medial compartment by alter-
ing the alignment of the subject’s knee joint, thereby
reducing the distance between the ground reaction
force projection line and the knee joint, or the knee
joint lever arm on the frontal plane. Many studies
on clinical symptoms and KAM changes before and
after these surgeries have reported good postoper-
ative improvement (Lind, 2013; Sosdian, 2014). This
is consistent with the mechanical changes due to
surgical alignment correction and improvement in
clinical symptoms, suggesting that surgical therapy
is a causative treatment that decreases mechanical
stress. In contrast, there are still few reports that
show that exercise therapy reduces KAM.

The validity of KAM has also been suggested to
be problematic because it depends on the subject
and the movement task: KCF is composed of about
50% each of the effects of gravity and muscle forces
(Saxby, 2016), and KAM can only reflect the effects
of gravity. If patients with KOA walk with knee joint
stiffness, for example, there could be greater mus-
cle activity (Na, 2019) and increased pressure due to
muscle forces than walking normally. KAM cannot
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therefore reflect changes in KCF due to muscle func-
tion, which is the target of rehabilitation therapy. In
other words, the method using KAM cannot capture
the mechanical load on the knee joint, which is a ki-
nematic factor including the force generated by mus-
cle contraction.

Knee joint rotation moment

CT examinations and three-dimensional gait analy-
sis were performed on patients with KOA to calculate
bone density of subchondral bone and KAM, KCF,
and KRM. The less subchondral bone, the significant-
ly higher the KRM was during gait (Roberts, 2018).
Shear force, expressed as KRM, is therefore thought
to be an important factor for OA changes in subchon-
dral bone. Although the literature is currently very
limited, further investigation is expected in the near
future.

FACTORS RELATED TO MECHANICAL
LOADING IN PATIENTS WITH KNEE
OSTEOARTHRITIS AND TREATMENT
STRATEGIES
Cases with foot abnormalities

Abnormal foot alignment and poor foot function
may contribute to KOA by increasing mechanical
stress on the knee joint during motion. Flatfoot mor-
phology was determined to be significantly correlated
with the degree of cartilage damage in the tibiofem-
oral joint based on MRI findings, suggesting that
foot alignment and function may be connected and

First medial CF [BW]
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Figure 4. Relationship between KCF and foot morphology in patients with KOA and in healthy subjects
a) KCF of patients with KOA and healthy subjects in the ambulatory stance phase

b) Relationship between foot morphology and KCF

CF; Contact force, SAl; Staheli arch index (adapted from Kubo T, et al. BMC Musculoskeletal Disorders 23, 660-660, 2022)
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that there may be a link with the development of OA
(Gross, 2011). Meanwhile, while flat feet (Reilly, 2006),
clubfoot (Levinger, 2010), hallux valgus (Golightly,
2015), and decreased toe grip strength (Uritani, 2017)
reportedly occur in patients with KOA, few reports
have biomechanically demonstrated such a relation-
ship between these conditions and KOA. The rela-
tionship between foot morphology and KCF calculat-
ed by a foot manometer was studied in 18 patients
with KOA and 18 healthy subjects (Kubo, 2022). KCF
was calculated using the musculoskeletal model,
which has 92 Hill-type muscle-tendon units with 23
degrees of freedom of the patients with KOA that
reflected the subjects’ knee joint alignment from the
radiographs obtained during the clinical evaluation.
The KCF during the stance phase of gait for each
group is shown in Figure 4; it was bimodal, with peak
values designated as the first peak and the second
peak. The medial arch was lower in patients with KOA
than in normal subjects, and the first peak of KCF
was higher in those with a lower medial arch (Figure
4 b). This may be due to the medial displacement of
the center of pressure (COP) as the arch decreases
and the distance between the ground reaction force
projection line and the knee joint center increases. In
this case, interventions to increase the medial arch of
the foot, such as training the tibialis posterior muscle,
may prevent arch reduction and increase KCF.

Gait modification for mechanical stress reduction

The KAM is calculated as the spatial relationship
between the center of the knee joint and the ground
reaction force projection line from the COP on the
forehead plane toward the body’s center of gravity,
or the length of the knee joint lever arm (KLA). The
KAM of patients with KOA is at its maximum when
the knee joint lever arm is at its greatest. The KLA of
patients with KOA is at its lowest at the time of max-
imum KAM, indicating that the KLA of the knee joint
is at its lowest when the COP and center of gravity
are closer to the knee joint and the ground reaction
force is lower. Interventions on the lever arm are
thus thought to be effective in managing KAM (Hunt,
2006).

A systematic review was conducted on gait modi-
fication strategies to reduce KAM (Simic, 2011). Ac-
cording to the 24 articles that met inclusion criteria,
KAM was decreased by use of a walking cane on the
contralateral side, increased stride length, increased
hip internal rotation angle, and increased lateral flex-
ion angle of the trunk to the target side. Widening of
hip internal rotation and lateral flexion of the trunk to
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the target side can bring the body’s center of grav-
ity closer to the knee joint, thus reducing the lever
arm. However, the amount of modification and clear
post-intervention effects were not mentioned in the
review, and further research is required.

Orthotic therapy for KCF reduction

In a meta-analysis of 17 papers, it was reported
that KAM during gait can be reduced by using valgus
knee bracing (Moyer, 2015). This is done by inhibiting
the adduction motion of the knee joint during gait and
preventing the knee joint from displacing outward,
thereby bringing the knee joint closer to the ground
reaction force projection line. This may be because
the lever arm can be shortened as a result.

In addition, a biomechanical study of patients
wearing ankle foot orthoses for KOA reported that
the lateral lower leg frame and plantar plate fixate
the subtalar joint, causing the COP to be deflected
outward (Menger, 2016). The COP is defined as the
point of action of the ground reaction force, so the le-
ver arm of the knee joint adduction moment shortens
as the ground reaction force vector moves outward.
Interventions to change the knee joint and COP posi-
tion using orthotics and to make the decreasing KAM
are thought to be effective.

CONCLUSION

In this paper, we outlined the current knowledge
and treatment strategies for KOA with a focus on
KAM and KCF, mechanical load indicators that uti-
lize 3D gait analysis and musculoskeletal simulation
technology. However, most studies to date have
been basic research and are not derived from clinical
practice. Clinical research utilizing these technologies
will hopefully lead to the development of more evi-
dence-based prevention and treatment interventions
for KOA.

ACKNOWLEDGEMENT
This work was supported by JSPS KAKENHI Grant
Number 22K21258.

REFERENCES

Amin S, Luepongsak N, et al. Knee adduction moment and de-
velopment of chronic knee pain in elders. Arthritis Rheum 51(3),
371-376, 2004

Bennell KL, Bowles KA, et al. Higher dynamic medial knee load
predicts greater cartilage loss over 12 months in medial knee os-
teoarthritis. Ann Rheum Dis 70, 1770-1774, 2011



Factors of mechanical stress in knee osteoarthritis patients

Clarke S, Wakeley C, et al. Dual-energy X-ray absorptiometry ap-
plied to the assessment of tibial subchondral bone mineral den-
sity in osteoarthritis of the knee. Skeletal Radiol 33(10), 588-95,
2004

Delp SL, Anderson FC, et al. OpenSim: open-source software to
create and analyze dynamic simulations of movement. IEEE
Trans Biomed Eng 54(11), 1940-1950, 2007

Edd SN, Omoumi P, et al. Modeling knee osteoarthritis pathophys-
iology using an integrated joint system (IJS): a systematic review
of relationships among cartilage thickness, gait mechanics,
and subchondral bone mineral density. Osteoarthritis Cartilage
26(11), 1425-1437, 2018

Favre J, Jolles BM. Gait analysis of patients with knee osteoarthri-
tis highlights a pathological mechanical pathway and provides a
basis for therapeutic interventions. EFORT Open Rev 1(10), 368-
374, 2016

Golightly YM, Hannan MT, et al. Factors associated with hallux val-
gus in a community-based cross-sectional study of adults with
and without osteoarthritis. Arthritis Care Res (Hoboken) 67(6),
791-798, 2015

Gross KD, Felson DT, et al. Association of flat feet with knee pain
and cartilage damage in older adults. Arthritis Care Res (Hobo-
ken) 63(7), 937-944, 2011

Holder J, Trinler U, et al. A systematic review of the associations
between inverse dynamics and musculoskeletal modeling to
investigate joint loading in a clinical environment. Front Bioeng
Biotechnol 8, 603907, 2020

Hunt, MA, Birmingham TB, et al. Associations among knee adduc-
tion moment, frontal plane ground reaction force, and lever arm
during walking in patients with knee osteoarthritis. J Biomech
39(12), 2213-2220, 2006

Hurwitz DE, Ryals AB, et al. The knee adduction moment during
gait in subjects with knee osteoarthritis is more closely correlat-
ed with static alignment than radiographic disease severity, toe
out angle and pain. J Orthop Res 20(1), 101-107, 2002

Kubo T, Uritani D, et al. Association between foot posture and
tibiofemoral contact forces during barefoot walking in patients
with knee osteoarthritis. BMC Musculoskeletal Disorders 23,
660, 2022

Lerner ZF, Demers M, et al. How tibiofemoral alignment and con-
tact locations affect predictions of medial and lateral tibiofemoral
contact forces. J Biomech 48(4), 644-650, 2015

Levinger P, Menz HB, et al. Foot posture in people with medial
compartment knee osteoarthritis. J Foot Ankle Res 3, 29, 2010

Lind M, McClelland J. Gait analysis of walking before and after
medial opening wedge high tibial osteotomy. Knee Surg Sports
Traumatol Arthrosc 21(1), 74-81, 2013

Lo GH, Zhang Y, et al. The ratio of medial to lateral tibial plateau
bone mineral density and compartment-specific tibiofemoral os-
teoarthritis. Osteoarthr Cartil 14(10), 984-90, 2006

Maly MR, Acker SM, et al. Knee adduction moment relates to me-
dial femoral and tibial cartilage morphology in clinical knee os-
teoarthritis. J Biomech 48(12), 3495-3501, 2015

Menger B, Kannenberg A, et al. Effects of a novel foot-ankle ortho-

sis in the non-operative treatment of unicompartmental knee os-
teoarthritis. Arch OrthoP Trauma Surg 136(9), 1281-1287, 2016

Miyazaki T, Wada M, et al. Dynamic load at baseline can predict
radiographic disease progression in medial compartment knee
osteoarthritis. Ann Rheum Dis 61(7), 617-22, 2002

Moyer RF, Birmingham TB, et al. Biomechanical effects of valgus
knee bracing: a systematic review and meta-analysis. Osteoar-
thritis Cartilage 23(2), 178-188, 2015

Muraki S, Akune T, et al. Association of radiographic and symp-
tomatic knee osteoarthritis with health-related quality of life in a
population-based cohort study in Japan: the ROAD study. Os-
teoarthritis Cartilage 18(9), 1227-1234, 2010

Na A, Buchanan TS, et al. Self-reported walking difficulty and knee
osteoarthritis influences limb dynamics and muscle co-contrac-
tion during gait. Hum Mov Sci 64, 409-419, 2019

Reilly KA, Barker KL, et al. Influence of foot characteristics on the
site of lower limb osteoarthritis. Foot Ankle Int 27(3), 206-211,
2006

Richards C, Higginson JS, et al. Knee contact force in subjects
with symmetrical OA grades: differences between OA severities.
J Biomech 43(13), 2595-2600, 2010

Roberts BC, Solomon LB, et al. Relationships between in vivo dy-
namic knee joint loading, static alignment and tibial subchondral
bone microarchitecture in end-stage knee osteoarthritis. Osteo-
arthritis Cartilage 26(4), 547-556, 2018

Sabha M, Hochberg MC. Non-surgical management of hip and
knee osteoarthritis; comparison of ACR/AF and OARSI 2019 and
VA/DoD 2020 guideline. Osteoarthr Cartil Open 4(1), 100232,
2022

Saxby DJ, Modenese L, et al. Tibiofemoral contact forces during
walking, running and sidestepping. Gait Posture 49, 78-85, 2016

Schmitz RJ, Harrison D, et al. Sagittal-plane knee moment during
gait and knee cartilage thickness. J Athl Train 52(6), 560-566,
2017

Simic M, Hinman RS, et al. Gait modification strategies for altering
medial knee joint load: a systematic review. Arthritis Care Res
(Hoboken) 63(3), 405-426, 2011

Sosdian L, Dobson F. Longitudinal changes in knee kinematics and
moments following knee arthroplasty: a systematic review. Knee
21(6), 994-1008, 2014

Trepczynski A, Kutzner |, et al. Modulation of the relationship be-
tween external knee adduction moments and medial joint con-
tact forces across subjects and activities. Arthritis Rheumatol
66(5), 1218-1227, 2014

Uritani D, Fukumoto T, et al. The association between toe grip
strength and osteoarthritis of the knee in Japanese women: a
multicenter cross-sectional study. PLoS One 12(10), e0186454,
2017

Wieland HA, Michaelis M, et al. Osteoarthritis - an untreatable dis-
ease?. Nat Rev Drug Discov 4(4), 331-44, 2005

Yoshimura N, Muraki S, et al. Cohort profile: research on Osteo-
arthritis/Osteoporosis Against Disability study. Int J Epidemiol
39(4), 988-995, 2010

81





