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Medial compartment knee osteoarthritis (OA) is the most common form of knee
OA and can be influenced by off-axis (frontal and transverse plane)
biomechanics. Abnormalities such as varus malalignment, elevated knee
adduction moment (KAM), dynamic varus thrust, altered step width, lateral
trunk lean, reduced tibial rotation, and abnormal foot progression angle (FPA)
contribute to excessive medial loading and are associated with symptom
severity and structural progression. These modifiable factors present
important targets for conservative management. This mini-review synthesizes
current evidence on off-axis biomechanical impairments in medial knee OA
and evaluates rehabilitation strategies designed to modify these mechanics.
Gait retraining strategies, particularly personalized FPA modification, can
reduce KAM and improve pain, with real-time biofeedback enhancing
effectiveness. Valgus off-loader bracing alleviates pain related to medial knee
OA and may be used as an adjunct for appropriately selected patients,
especially when combined with practitioner guidance on brace fit and use.
Lateral wedge insoles may provide small biomechanical benefits in a subset of
individuals, while its effectiveness on symptom relief is not affirmative. Hip
abductor strengthening reliably improves symptoms and function, although its
load-modifying mechanisms and structural benefits remain unclear. Overall,
current evidence supports a personalized, biomechanically informed
approach targeting on off-axis biomechanics to managing medial knee OA.
Future work should prioritize long-term randomized controlled trials and
precision-based methods to identify individuals most likely to benefit from
off-axis biomechanical interventions. Future clinical trials should also
distinguish structural and functional off-axis biomechanical factors to
optimize intervention effectiveness across distinct biomechanical phenotypes
within medial knee OA.
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1 Introduction

Medial compartment knee osteoarthritis (OA) is the
commonest radiographic and symptomatic form of knee OA
(1) and is associated with disproportionate loading of the
medial tibiofemoral cartilage and subchondral bone (2).
While sagittal-plane mechanics and muscle function are
important (3-7), off-axis (frontal and transverse plane)
biomechanics play a central role in determining medial load
distribution during weight-bearing activities (8-11). The
external knee adduction moment (KAM) is widely used as
surrogate measure of medial compartment loading because
they reflect the frontal-plane moment arm of the ground
reaction force relative to the knee center (12, 13). Increased
KAM and visible varus thrust during gait have been
associated with symptoms and radiographic progression of
OA (14-19),
attractive targets for conservative interventions. Off-axis

medial knee making off-axis mechanics
biomechanical abnormalities in medial knee OA may arise
from distinct underlying mechanisms. Distinguishing between
structural and functional origins of off-axis mechanics is
clinically meaningful, as interventions such as gait retraining,
foot progression angle modification, bracing, and orthotic
use are likely to exert differential effects depending on
the wunderlying biomechanical phenotype. Accordingly,
recognizing that medial knee OA encompasses multiple
off-axis biomechanical phenotypes may support more
individualized, mechanism-informed off-axis training and
management strategies.

This review addresses two linked questions: (i) what off-axis
biomechanical (structural and functional) abnormalities
characterize medial knee OA and relate to disease progression,
and (ii) which training or device-based interventions effectively
modify off-axis mechanics and improve clinical outcomes? We
summarize current evidence related to the two questions aiming
to provide insights on effective management of medial knee OA

for clinicians and researchers.

2 Methodology of literature selection

We conducted targeted searches in PubMed and Google
Scholar
“transverse”,

using combinations of the terms: “frontal”,

“axial”, “knee adduction moment”, “varus
thrust”, “foot progression angle”, “gait retraining”, “valgus
brace”, “lateral wedge”, “hip abductor strengthening”, “medial
and “biomechanics”.

knee osteoarthritis”, We prioritized

systematic reviews, meta-analyses, randomized controlled
trials (RCTs), and prospective cohort and biomechanical
studies, particularly those that quantified frontal or transverse
plane kinematics/kinetics or evaluated interventions aimed at
modifying off-axis loading. Representative studies and
syntheses are cited in the text. Where possible, we emphasize
recent evidence on personalized/precision approaches to gait

retraining and device selection.
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3 Off-axis biomechanical
abnormalities in medial knee OA

3.1 Frontal plane biomechanics

Static varus alignment increases the medial moment arm and
shifts load toward the medial compartment during stance. Varus
malalignment leads to elevated medial tibiofemoral joint loads,
which are linked to disease progression in medial compartment
knee OA (20-23). It also predicts the onset of medial knee OA
(23, 24). Moreover, increased medial inclination of the proximal
tibia, reflecting coronal-plane tibial displacement, has been
associated with elevated external KAM in individuals with
advanced medial knee OA (25). Collectively, these findings
indicate that patients with medial knee OA exhibit static
structural alterations that are closely linked to disease severity
and progression, and which may represent important targets for
therapeutic intervention. Dynamic varus thrust—a sudden
increase in varus angulation during weight acceptance—further
amplifies medial loading transiently. Varus thrust observed
during walking has been associated with a greater varus angle
and increased peak varus angular velocity in stance (26), and it
relates to clinical symptoms and structural damage characteristic
of medial knee OA (27-31). Individuals with medial knee OA
also exhibit increased medial joint laxity and reduced joint
stiffness, potentially contributing to joint instability and
symptoms (32-34). Additionally, wider step width (35-37) and
lateral trunk lean (38-42) have been associated with reductions
in frontal-plane knee loading, such as the KAM or medial knee
joint contact force. The external KAM is widely used as a
surrogate for medial compartment loading (12, 13). Individuals
with medial knee OA commonly demonstrate elevated KAM,
which has been linked to the development and progression of
symptoms and structural deterioration (14-19). Moreover, hip
abductor weakness was commonly observed in patients with
knee OA (43), which is believed to affect frontal knee kinetics
and may contribute to disease progression (44, 45). Taken
together, the evidence indicates that patients with medial
knee OA display a spectrum of frontal-plane functional
biomechanical alterations—including dynamic varus thrust, step
width, lateral trunk lean, elevated external KAM, and hip
abductor weakness—that represent potential targets for effective
management of the disease.

3.2 Transverse plane biomechanics

Both imaging and gait studies indicate that tibial rotational
mechanics are altered in individuals with medial knee OA,
although such structural and functional changes vary with
disease severities (46-51). Imaging evidence suggests that the
direction of tibial rotation abnormalities differs across stages of
medial knee OA: increased tibial internal rotation has been
observed under weight-bearing in early OA (50), whereas
posterior tibial translation with relative external rotation—
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implying restricted knee extension—has been reported in
advanced medial OA (49). In addition, preliminary work by
Potti et al. proposed that a subset of medial knee OA may be
characterized by loss of transverse-plane internal rotation, with
relative proximal tibial external rotation occurring concurrently
with sagittal-plane tibial
displacement in the analyses

extension and lateral
(51). Gait
demonstrate reduced axial tibial rotation excursion in knee OA,

reduced
frontal plane
with medial knee OA specifically characterized by diminished
tibial internal rotation or a bias toward external rotation during
walking (46-48). Together, these findings suggest that medial
knee OA is associated with altered static tibial rotation and
constrained transverse-plane motion during gait, although the
direction and magnitude of these restrictions appear to differ
across disease stages. The reduction in internal tibial rotation
has been hypothesized to represent a compensatory adaptation
aimed at mitigating mechanical stimuli to surrounding tissues
that might otherwise provoke knee pain (52, 53). A recent study
introduced the pain threshold angle as a quantitative measure of
mechanically induced knee pain during tibial internal rotation
and found that smaller pain threshold angles were associated
with more severe clinical symptoms; additionally, individuals
with symptomatic medial knee OA demonstrated impaired
proprioception in tibial rotation (54). Foot progression angle
(FPA) (toe-out/in foot) is corresponded to tibial rotations and
related to knee loads (10, 11). Hence, modifying FPA has
become a commonly used gait-retraining strategy for managing
knee OA (55).

4 Interventions that modify off-axis
mechanics

4.1 Gait retraining: modifications of trunk
lean, knee thrust, step width, and FPA

Gait retraining, including the modifications on ipsilateral
trunk lean, medial knee thrust, step width, and FPA, has been
used for the treatment of medial knee OA by reducing external
KAM (56-58). Individual studies reported that ipsilateral trunk
lean (39, 40, 59), medial knee thrust (60), greater step width (8,
35) can
improvements in knee symptoms. However, high-quality RCTs

reduce knee loading and may produce acute
are needed to rule out potential placebo effects and to evaluate
long-term benefits for symptom relief and structural protection.
Moreover, these gait modifications (e.g., lateral trunk lean) may
increase  energy expenditure and produce uncertain
biomechanical consequences at other joints (e.g., ankle, hip,
trunk), which should be considered in clinical prescription (61).

Adjusting FPA alters the mediolateral position of the center of
pressure and the frontal-plane lever arm of the ground reaction
force, thereby reducing KAM (10, 11). A recent systematic
review and meta-analysis concluded that, among individuals
with medial knee OA, toe-out gait reduces the second peak
external KAM and KAM impulse (55). A more recent study

introduced a robotic-controlled stepping trainer capable of
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determining individualized FPA targets to optimize external
KAMs (9). In addition, Uhlrich et al. (2022) employed a
personalized approach for prescribing FPA modifications,
increasing the proportion of individuals who may benefit from
such an intervention (62). In a subsequent RCT, the authors
demonstrated that personalized FPA modification delivered with
real-time biofeedback resulted in acute improvements in knee
pain, reductions in knee loading, and the potential to slow OA
progression (63). Taken together, these findings suggest that
personalized gait retraining delivered with real-time biofeedback
or coaching can produce durable changes in gait mechanics and
yield short-term improvements in pain, although long-term
adherence and structural outcomes remain to be established.

4.2 Valgus off-loader bracing

Valgus bracing applies a corrective moment that shifts joint
loads laterally, thereby offloading medial cartilage; some designs
may also provide proprioceptive or neuromuscular benefits that
contribute to symptom relief (64). Results from a systematic
review concluded that evidence support the use of valgus off-
loader bracing as an effective treatment for alleviating pain for
medial knee OA, while its effect on function and stiffness
remains inconclusive (65). More recent work suggests that
integrating sensor technology into standard bracing for knee OA
has the potential to further improve clinical outcomes (66).
Despite the effectiveness of valgus off-loader bracing for
symptom relief, several limitations warrant consideration.
Studies report variable effect sizes, user discomfort, inconsistent
long-term adherence, and insufficient long-term RCT evidence
to determine whether bracing meaningfully alters structural
disease progression. Importantly, although complex knee-bracing
interventions are generally viewed as acceptable by first-line
(e.g.
personalized brace selection, along with ongoing support and

practitioners physiotherapists), initial training in
mentorship, is essential for enhancing practitioners’ self-efficacy

in delivering these interventions (67).

4.3 Lateral wedge insoles

Lateral wedge insoles modify hindfoot inversion/eversion and
shift the center of pressure laterally, thereby reducing the frontal-
plane moment arm and lowering the external KAM. Evidence
regarding the effectiveness of lateral wedge insoles for treating
medial knee OA has been evaluated in several systematic reviews
and meta-analyses (68-73). Lateral wedge insoles can have small
effect on knee biomechanics (e.g., reductions in knee adduction
angle, KAM, KAM impulse), while it appears ineffective at
attenuating structural changes in patients with medial knee OA
(68, 69, 73). Although an overall pooled results showing the use
of lateral wedge insoles is related to reduced knee pain, no such
significant association was found when specifically using a
neutral insole as the comparator (70-72). The divergence
between immediate biomechanical effects and variable clinical
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outcomes suggests that conventional lateral wedge insoles may
benefit only a subset of patients rather than serving as a
Additionally,
discomfort and downstream effects on ankle and hip mechanics

universally effective intervention. potential
pose concerns for widespread clinical implementation. More
recently, Sabet et al. (2025) introduced a novel footwear design
—combo slipper socks with an integrated lateral wedge insole.
Using a within-subject experimental design, the authors
reported improved comfort and greater knee pain reduction
compared with conventional sandals incorporating lateral wedge
insoles in female patients with bilateral medial compartment
knee OA (74). Future RCT with extended follow-up are needed
to determine whether advanced lateral wedge designs can
enhance symptom relief and provide long-term structural
protection while maintaining comfort in individuals with medial

knee OA.

4.4 Hip abductor strengthening

Weakness of the hip abductors is believed to be related to
increased dynamic knee adduction loading by failing to
adequately control pelvic drop (44, 45). Recent systematic
of RCTs that  hip
strengthening improves symptoms and functional outcomes (75,
76). Another RCT by Almeida et al. (2022) reported that hip
abductor and hip adductor strengthening produce comparable

reviews have concluded abductor

improvements in pain, function, and quality of life (77).
Evidence from prospective cohort study reported that hip
abductor weakness was associated with worsened knee pain in
females with strong knee extensors, suggesting knee extensor
strengthening is important, but might not be sufficient, to
(78). A RCT further
demonstrated that, relative to quadriceps strengthening, hip
effects
reduction and daily functioning (79). Thus, hip abductor

prevent pain worsening recent

abductor strengthening yielded superior on pain
strengthening reliably improves symptoms and function and
should be

However, the hypothesized mechanism whereby hip abductor

incorporated into exercise-based management.
strengthening reduces external knee loads has not been
(80). Additionally, the

effectiveness of hip abductor strengthening for structural

supported by current evidence

protection in knee OA remains unconfirmed.

5 Practical clinical recommendations

Current evidence indicates that off-axis biomechanical factors
—including varus alignment, elevated external KAM, varus thrust,
altered FPA, reduced tibial rotation, and hip abductor weakness—
represent viable targets for clinical management of medial knee
OA. Several conservative interventions can be considered in
practice. Personalized gait retraining, particularly FPA
modification delivered with real-time biofeedback, has shown
consistent short-term improvements in pain and reductions in

medial knee loading, and may be especially beneficial when
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individualized to a patient’s biomechanical profile. Adjustments
in trunk lean, step width, or medial knee thrust may acutely
KAM, although these
monitoring due to potential increases in energy expenditure or

reduce strategies require careful
unintended effects on adjacent joints. Valgus off-loader bracing
alleviates pain related to medial knee OA and may be used as
an adjunct for appropriately selected patients, especially when
combined with practitioner guidance on brace fit and use.
Lateral wedge insoles may provide small biomechanical benefits
in a subset of individuals, while its effectiveness on symptom
relief is not affirmative. Hip abductor strengthening reliably
improves symptoms and function and should be incorporated
into exercise-based management, although its biomechanical

mechanisms remain uncertain.

6 Gaps in knowledge and future
research directions
remain in

Despite promising advances, notable gaps

understanding and  optimizing  off-axis = biomechanical
interventions for medial knee OA. High-quality, long-term
RCTs are needed to determine whether gait-retraining strategies,
valgus bracing, and lateral wedge insoles produce sustained
symptom relief, promote long-term adherence, or meaningfully
alter structural disease progression. The biomechanical
mechanisms linking hip abductor strengthening to changes in
knee loading remain inconclusive, and evidence regarding its
capacity to slow structural deterioration is lacking. For gait
modifications such as trunk lean, step width, or knee thrust, the
potential adverse effects on energy cost and multi-joint
biomechanics require further investigation. Additionally, the
heterogeneity of clinical responses to lateral wedge insoles and
bracing underscores the need for improved prescreening tools to
identify responders. Emerging technologies—such as robotic-
controlled devices, wearable-integrated braces, and advanced
footwear designs—show promise for personalizing interventions,
but require validation in larger, long-term clinical trials. Future
research should prioritize precision-medicine approaches that
integrate patient-specific biomechanics, symptom profiles, and
sensor-based feedback to optimize treatment selection and
maximize therapeutic benefit. In addition, the use of artificial
intelligence-based markerless motion analysis to guide
personalized gait retraining holds promise for potential broad
implementation in community settings and may offer a cost-
effective approach to knee OA management (81, 82). Moreover,
most included studies quantify off-axis mechanics during gait or
weight-bearing tasks without explicitly differentiating structural
malalignment from functional or dysfunctional movement. This
distinction is clinically relevant because off-axis interventions
such as gait retraining, FPA modification, bracing, and insoles
may differentially benefit individuals depending on whether
abnormal mechanics are structural/functional or originate from
varus knee dysfunction. Hence, it is important to identify
phenotype-based classification distinguishing off-axis structural

changes from dysfunctional, direction-specific motion loss for

frontiersin.org


https://doi.org/10.3389/fresc.2026.1759442

Li et al.

medial knee OA. High-quality longitudinal and RCTs evaluating
whether early identification and treatment of structural or
dysfunctional off-axis mechanics can modify symptoms or
disease trajectory of medial knee OA.

7 Conclusion

Off-axis biomechanical factors contribute meaningfully to the
progression and symptoms of medial knee osteoarthritis and
present viable targets for conservative intervention. Evidence
supports short-term benefits of personalized gait retraining,
valgus bracing, lateral wedge insoles, and hip abductor
strengthening for reducing pain and knee joint loading in
selected individuals. However, long-term adherence, structural
outcomes, and consistent treatment response remain uncertain.
Future work should emphasize individualized, biomechanically
informed, phenotype-targeted approaches supported by rigorous

long-term trials to optimize treatment effectiveness.

Author contributions

ZL: Data curation, Methodology, Conceptualization, Formal
analysis, Writing - original draft, Writing - review & editing.
RB: Writing — review & editing, Data curation, Formal analysis.
L-QZ: Project administration, Supervision, Writing - review &
editing, Conceptualization, Methodology.

Funding

The author(s) declared that financial support was received for
this work and/or its publication. National Institute on Disability,

References

1. Stoddart JC, Dandridge O, Garner A, Cobb J, van Arkel R]. The compartmental
distribution of knee osteoarthritis—a systematic review and meta-analysis.
Osteoarthritis Cartilage. (2021) 29:445-55. doi: 10.1016/j.joca.2020.10.011

2. Creaby M, Wang Y, Bennell KL, Hinman R, Metcalf B, Bowles K-A, et al. Dynamic
knee loading is related to cartilage defects and tibial plateau bone area in medial knee
osteoarthritis. Osteoarthritis Cartilage. (2010) 18:1380-5. doi: 10.1016/j.joca.2010.08.
013

3. Li Z, Leung KL, Huang C, Huang X, Su S, Chung RC, et al. Higher knee flexion
moment during walking is associated with a lower risk of knee pain developing
among the elderly after 24 months. Eur J Phys Rehabil Med. (2023) 59:386-95.
doi: 10.23736/51973-9087.23.07798-5

4. Li Z, Leung KL, Huang C, Huang X, Chung R, SN F. Passive stiffness of the
quadriceps predicts the incidence of clinical knee osteoarthritis in twelve months.
Eur ] Phys Rehabil Med. (2023) 59:65-74. doi: 10.23736/s1973-9087.22.07634-1

5. Li Z, Leung AK, Huang X, Huang C, Su S, Chung RCK, et al. Knee flexion
excursion mediates the association between quadriceps stiffness and knee loads
during the mid-stance phase of gait. J Orthop Res. (2025) 43:1275-83. doi: 10.1002/
jor.26090

6. Qiestad B, Juhl C, Eitzen I, Thorlund J. Knee extensor muscle weakness
is a risk factor for development of knee osteoarthritis. A systematic review and
meta-analysis. Osteoarthritis Cartilage. (2015) 23:171-7. doi: 10.1016/j.joca.2014.10.
008

7. Li Z, Leung KL, Huang C, Huang X, Su S, Chung RC, et al. Associations amongst
dynamic knee stiffness during gait, quadriceps stiffness, and the incidence of knee

Frontiers in Rehabilitation Sciences

10.3389/fresc.2026.1759442

Independent Living, and Rehabilitation Research

(ARRT.90ARHF0009 and RERC.9OREMMO0001).

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The author L-QZ declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Generative Al statement

The author(s) declared that generative AI was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of
artificial intelligence and reasonable efforts have been made to
ensure accuracy, including review by the authors wherever
possible. If you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

osteoarthritis over 24 months: a cohort study with a mediation analysis. BMC
Musculoskelet Disord. (2024) 25:511. doi: 10.1186/512891-024-07618-4

8. Baghi R, Yin W, Badhyal S, Ramadan A, Oppizzi G, Li Z, et al. Determining the
individual relationship between the step width and peak knee adduction moment
during stepping in medial knee osteoarthritis. Clin Biomech. (2025) 128:106619.
doi: 10.1016/j.clinbiomech.2025.106619

9. Baghi R, Yin W, Ramadan A, Badhyal S, Oppizzi G, Xu D, et al. Determining
individualized foot progression angle for reduction of knee medial compartment
loading during stepping. Med Sci Sports Exerc. (2025) 57:33-43. doi: 10.1249/mss.
0000000000003531

10. Shull PB, Shultz R, Silder A, Dragoo JL, Besier TF, Cutkosky MR, et al. Toe-in gait
reduces the first peak knee adduction moment in patients with medial compartment
knee osteoarthritis. J Biomech. (2013) 46:122-8. doi: 10.1016/j.jbiomech.2012.10.019

11. Lynn SK, Kajaks T, Costigan PA. The effect of internal and external foot rotation
on the adduction moment and lateral-medial shear force at the knee during gait. J Sci
Med Sport. (2008) 11:444-51. doi: 10.1016/j.jsams.2007.03.004

12. Manal K, Gardinier E, Buchanan TS, Snyder-Mackler L. A more informed
evaluation of medial compartment loading: the combined use of the knee
adduction and flexor moments. Osteoarthritis Cartilage. (2015) 23:1107-11. doi: 10.
1016/j.joca.2015.02.779

13. Richards RE, Andersen MS, Harlaar J, van den Noort JC. Relationship between
knee joint contact forces and external knee joint moments in patients with medial
knee osteoarthritis: effects of gait modifications. Osteoarthritis Cartilage. (2018)
26:1203-14. doi: 10.1016/j.joca.2018.04.011

frontiersin.org


https://doi.org/10.1016/j.joca.2020.10.011
https://doi.org/10.1016/j.joca.2010.08.013
https://doi.org/10.1016/j.joca.2010.08.013
https://doi.org/10.23736/s1973-9087.23.07798-5
https://doi.org/10.23736/s1973-9087.22.07634-1
https://doi.org/10.1002/jor.26090
https://doi.org/10.1002/jor.26090
https://doi.org/10.1016/j.joca.2014.10.008
https://doi.org/10.1016/j.joca.2014.10.008
https://doi.org/10.1186/s12891-024-07618-4
https://doi.org/10.1016/j.clinbiomech.2025.106619
https://doi.org/10.1249/mss.0000000000003531
https://doi.org/10.1249/mss.0000000000003531
https://doi.org/10.1016/j.jbiomech.2012.10.019
https://doi.org/10.1016/j.jsams.2007.03.004
https://doi.org/10.1016/j.joca.2015.02.779
https://doi.org/10.1016/j.joca.2015.02.779
https://doi.org/10.1016/j.joca.2018.04.011
https://doi.org/10.3389/fresc.2026.1759442

Li et al.

14. Amin S, Luepongsak N, McGibbon CA, LaValley MP, Krebs DE, DT F. Knee
adduction moment and development of chronic knee pain in elders. Arthritis Care
Res. (2004) 51:371-6. doi: 10.1002/art.20396

15. Miyazaki T, Wada M, Kawahara H, Sato M, Baba H, Shimada S. Dynamic load at
baseline can predict radiographic disease progression in medial compartment knee
osteoarthritis. Ann Rheum Dis. (2002) 61:617-22. doi: 10.1136/ard.61.7.617

16. Bennell KL, Bowles K-A, Wang Y, Cicuttini F, Davies-Tuck M, Hinman RS.
Higher dynamic medial knee load predicts greater cartilage loss over 12 months in
medial knee osteoarthritis. Ann Rheum Dis. (2011) 70:1770-4. doi: 10.1136/ard.
2010.147082

17. Brisson NM, Wiebenga EG, Stratford PW, Beattie KA, Totterman S, Tamez-Pefia
JG, et al. Baseline knee adduction moment interacts with body mass index to predict
loss of medial tibial cartilage volume over 2.5 years in knee osteoarthritis. J Orthop
Res. (2017) 35:2476-83. doi: 10.1002/jor.23564

18. Chehab EF, Favre ], Erhart-Hledik JC, Andriacchi TP. Baseline knee adduction
and flexion moments during walking are both associated with 5 year cartilage
changes in patients with medial knee osteoarthritis. Osteoarthritis Cartilage. (2014)
22:1833-9. doi: 10.1016/j.joca.2014.08.009

19. Chang AH, Moisio KC, Chmiel JS, Eckstein F, Guermazi A, Prasad PV, et al.
External knee adduction and flexion moments during gait and medial tibiofemoral
disease progression in knee osteoarthritis. Osteoarthritis Cartilage. (2015)
23:1099-106. doi: 10.1016/j.joca.2015.02.005

20. Palmer JS, Jones LD, Monk AP, Nevitt M, Lynch J, Beard DJ, et al. Varus
alignment of the proximal tibia is associated with structural progression in early to
moderate varus osteoarthritis of the knee. Knee Surg Sports Traumatol Arthrosc.
(2020) 28:3279-86. doi: 10.1007/s00167-019-05840-5

21. Sharma L, Song J, Felson DT, Cahue S, Shamiyeh E, Dunlop DD. The role of knee
alignment in disease progression and functional decline in knee osteoarthritis. JAMA.
(2001) 286:188-95. doi: 10.1001/jama.286.2.188

22. Cerejo R, Dunlop DD, Cahue S, Channin D, Song J, Sharma L. The influence of
alignment on risk of knee osteoarthritis progression according to baseline stage of
disease. Arthritis Rheumatol. (2002) 46:2632-6. doi: 10.1002/art.10530

23. Sharma L, Song J, Dunlop D, Felson D, Lewis CE, Segal N, et al. Varus and valgus
alignment and incident and progressive knee osteoarthritis. Ann Rheum Dis. (2010)
69:1940-5. doi: 10.1136/ard.2010.129742

24. Sharma L, Chmiel JS, Almagor O, Felson D, Guermazi A, Roemer F, et al. The
role of varus and valgus alignment in the initial development of knee cartilage
damage by MRI: the MOST study. Ann Rheum Dis. (2013) 72:235-40. doi: 10.
1136/annrheumdis-2011-201070

25. Mochizuki T, Omori G, Nishino K, Tanaka M, Tanifuji O, Koga H, et al. The
medial inclination of the proximal tibia is associated with the external knee
adduction moment in advanced varus knee osteoarthritis. Knee Surg Sports
Traumatol Arthrosc. (2022) 30:574-83. doi: 10.1007/s00167-020-06323-8

26. Chang AH, Chmiel JS, Moisio KC, Almagor O, Zhang Y, Cahue S, et al. Varus
thrust and knee frontal plane dynamic motion in persons with knee osteoarthritis.
Osteoarthritis Cartilage. (2013) 21:1668-73. doi: 10.1016/j.joca.2013.08.007

27. Wink A, Gross K, Brown CA, Guermazi A, Roemer F, Niu J, et al. Varus thrust
during walking and the risk of incident and worsening medial tibiofemoral MRI
lesions: the multicenter osteoarthritis study. Osteoarthritis Cartilage. (2017)
25:839-45. doi: 10.1016/j.joca.2017.01.005

28. Sharma L, Chang AH, Jackson RD, Nevitt M, Moisio KC, Hochberg M, et al.
Varus thrust and incident and progressive knee osteoarthritis. Arthritis Rheumatol.
(2017) 69:2136-43. doi: 10.1002/art.40224

29. Wink AE, Gross KD, Brown CA, Lewis CE, Torner J, Nevitt MC, et al. Association
of varus knee thrust during walking with worsening western Ontario and McMaster
universities osteoarthritis index knee pain: a prospective cohort study. Arthritis Care
Res. (2019) 71:1353-9. doi: 10.1002/acr.23766

30. Lo GH, Harvey WF, McAlindon TE. Associations of varus thrust and alignment
with pain in knee osteoarthritis. Arthritis Rheumatol. (2012) 64:2252-9. doi: 10.1002/
art.34422

31. Fukutani N, Iijima H, Fukumoto T, Uritani D, Kaneda E, Ota K, et al. Association
of varus thrust with pain and stiffness and activities of daily living in patients with
medial knee osteoarthritis. Phys Ther. (2016) 96:167-75. doi: 10.2522/ptj.20140441

32. Cammarata ML, Dhaher YY. Associations between frontal plane joint stiffness
and proprioceptive acuity in knee osteoarthritis. Arthritis Care Res. (2012)
64:735-43. doi: 10.1002/acr.21589

33. Lewek MD, Rudolph KS, Snyder-Mackler L. Control of frontal plane knee laxity
during gait in patients with medial compartment knee osteoarthritis. Osteoarthritis
Cartilage. (2004) 12:745-51. doi: 10.1016/j.joca.2004.05.005

34. Chang AH, Lee SJ, Zhao H, Ren Y, Zhang L-Q. Impaired varus-valgus
proprioception and neuromuscular stabilization in medial knee osteoarthritis.
J Biomech. (2014) 47:360-6. doi: 10.1016/j.jbiomech.2013.11.024

35. Paquette MR, Klipple G, Zhang S. Greater step widths reduce internal knee
abduction moments in medial compartment knee osteoarthritis patients during
stair ascent. ] Appl Biomech. (2015) 31:229-36. doi: 10.1123/jab.2014-0166

Frontiers in Rehabilitation Sciences

10.3389/fresc.2026.1759442

36. Sample DW, Thorsen TA, Weinhandl JT, Strohacker KA, Zhang S. Effects of
increased step-width on knee biomechanics during inclined and declined walking.
J Appl Biomech. (2020) 36:292-7. doi: 10.1123/jab.2019-0298

37. Wang Y, Mei Q, Jiang H, Hollander K, Van den Berghe P, Fernandez J, et al. The
biomechanical influence of step width on typical locomotor activities: a systematic
review. Sports Med Open. (2024) 10:83. doi: 10.1186/s40798-024-00750-4

38. Hunt MA, Birmingham TB, Bryant D, Jones I, Giffin JR, Jenkyn TR, et al. Lateral
trunk lean explains variation in dynamic knee joint load in patients with medial
compartment knee osteoarthritis. Osteoarthritis Cartilage. (2008) 16:591-9. doi: 10.
1016/j.joca.2007.10.017

39. Simic M, Hunt MA, Bennell KL, Hinman RS, Wrigley TV. Trunk lean gait
modification and knee joint load in people with medial knee osteoarthritis: the
effect of varying trunk lean angles. Arthritis Care Res. (2012) 64:1545-53. doi: 10.
1002/acr.21724

40. Gerbrands TA, Pisters M, Theeven P, Verschueren S, Vanwanseele B. Lateral
trunk lean and medializing the knee as gait strategies for knee osteoarthritis. Gait
Posture. (2017) 51:247-53. doi: 10.1016/j.gaitpost.2016.11.014

41. Bechard DJ, Birmingham TB, Zecevic AA, Jones IC, Giffin JR, TR J. Toe-out,
lateral trunk lean, and pelvic obliquity during prolonged walking in patients with
medial compartment knee osteoarthritis and healthy controls. Arthritis Care Res.
(2012) 64:525-32. doi: 10.1002/acr.21584

42. Atia I, Arachchige RSS, Sreenivasa M, Cheung RT. Influence of wide-stance gait,
foot progression modification and lateral trunk lean on knee contact forces in healthy
adults: a musculoskeletal modelling-based study. Gait Posture. (2025) 121:301-7.
doi: 10.1016/j.gaitpost.2025.06.011

43. Deasy M, Leahy E, Semciw Al Hip strength deficits in people with symptomatic
knee osteoarthritis: a systematic review with meta-analysis. ] Orthop Sports Phys Ther.
(2016) 46:629-39. doi: 10.2519/jospt.2016.6618

44. Chang AH, Chmiel JS, Almagor O, Hayes KW, Guermazi A, Prasad PV, et al. Hip
muscle strength and protection against structural worsening and poor function and
disability outcomes in knee osteoarthritis. Osteoarthritis Cartilage. (2019)
27:885-94. doi: 10.1016/j.joca.2019.02.795

45. Takacs J, Hunt MA. The effect of contralateral pelvic drop and trunk lean on
frontal plane knee biomechanics during single limb standing. J Biomech. (2012)
45:2791-6. doi: 10.1016/j.jbiomech.2012.08.041

46. Weidow J, Tranberg R, Saari T, Kérrholm J. Hip and knee joint rotations differ
between patients with medial and lateral knee osteoarthritis: gait analysis of 30
patients and 15 controls. ] Orthop Res. (2006) 24:1890-9. doi: 10.1002/jor.20194

47. Nagano Y, Naito K, Saho Y, Torii S, Ogata T, Nakazawa K, et al. Association
between in vivo knee kinematics during gait and the severity of knee osteoarthritis.
Knee. (2012) 19:628-32. doi: 10.1016/j.knee.2011.11.002

48. Bytyqi D, Shabani B, Lustig S, Cheze L, Karahoda Gjurgjeala N, Neyret P. Gait
knee kinematic alterations in medial osteoarthritis: three dimensional assessment.
Int Orthop. (2014) 38:1191-8. doi: 10.1007/s00264-014-2312-3

49. Tkuta F, Yoneta K, Miyaji T, Kidera K, Yonekura A, Osaki M, et al. Knee
kinematics of severe medial knee osteoarthritis showed tibial posterior translation
and external rotation: a cross-sectional study. Aging Clin Exp Res. (2020)
32:1767-75. doi: 10.1007/s40520-019-01361-w

50. Kaneda K, Harato K, Oki S, Yamada Y, Nakamura M, Nagura T, et al. Increase in
tibial internal rotation due to weight-bearing is a key feature to diagnose early-stage
knee osteoarthritis: a study with upright computed tomography. BMC Musculoskelet
Disord. (2022) 23:253. doi: 10.1186/s12891-022-05190-3

51. Potti NK, Jamil K, Sahu KS. Varus knee dysfunction contributing to early medial
knee arthritis: novel pathomechanics, diagnosis and multi-modal conservative
interventions. ] Bodyw Mov Ther. (2024) 40:373-84. doi: 10.1016/j.jbmt.2024.04.035

52. Kudo K, Nagura T, Harato K, Kobayashi S, Niki Y, Matsumoto M, et al.
Correlation between static limb alignment and peak knee adduction angle during
gait is affected by subject pain in medial knee osteoarthritis. Knee. (2020)
27:348-55. doi: 10.1016/j.knee.2019.11.008

53. Hilfiker R, Jiini P, Niesch E, Dieppe PA, Reichenbach S. Association of
radiographic osteoarthritis, pain on passive movement and knee range of motion: a
cross-sectional study. Man Ther. (2015) 20:361-5. doi: 10.1016/j.math.2014.11.014

54. Li Z, Baghi R, Oppizzi G, Bowman P, Henn F, Zhang LQ. Quantitative assessment
of knee pain and proprioception in tibial rotation in individuals with knee
osteoarthritis. J Orthop Res. (2025) 43:1748-56. doi: 10.1002/jor.70022

55. Wang S, Mo S, Chung RC, Shull PB, Ribeiro DC, Cheung R. How foot
progression angle affects knee adduction moment and angular impulse in people
with and without medial knee osteoarthritis: a meta-analysis. Arthritis Care Res.
(2020) 73:1763-76. doi: 10.1002/acr.24420

56. Silva MDC, Perriman DM, Fearon AM, Tait D, Spencer TJ, Walton-Sonda D,
et al. Effects of neuromuscular gait modification strategies on indicators of knee
joint load in people with medial knee osteoarthritis: a systematic review and meta-
analysis. PLoS One. (2022) 17:€0274874. doi: 10.1371/journal.pone.0274874

57. Reeves ND, Bowling FL. Conservative biomechanical strategies for knee
osteoarthritis. Nat Rev Rheumatol. (2011) 7:113-22. doi: 10.1038/nrrheum.2010.212

frontiersin.org


https://doi.org/10.1002/art.20396
https://doi.org/10.1136/ard.61.7.617
https://doi.org/10.1136/ard.2010.147082
https://doi.org/10.1136/ard.2010.147082
https://doi.org/10.1002/jor.23564
https://doi.org/10.1016/j.joca.2014.08.009
https://doi.org/10.1016/j.joca.2015.02.005
https://doi.org/10.1007/s00167-019-05840-5
https://doi.org/10.1001/jama.286.2.188
https://doi.org/10.1002/art.10530
https://doi.org/10.1136/ard.2010.129742
https://doi.org/10.1136/annrheumdis-2011-201070
https://doi.org/10.1136/annrheumdis-2011-201070
https://doi.org/10.1007/s00167-020-06323-8
https://doi.org/10.1016/j.joca.2013.08.007
https://doi.org/10.1016/j.joca.2017.01.005
https://doi.org/10.1002/art.40224
https://doi.org/10.1002/acr.23766
https://doi.org/10.1002/art.34422
https://doi.org/10.1002/art.34422
https://doi.org/10.2522/ptj.20140441
https://doi.org/10.1002/acr.21589
https://doi.org/10.1016/j.joca.2004.05.005
https://doi.org/10.1016/j.jbiomech.2013.11.024
https://doi.org/10.1123/jab.2014-0166
https://doi.org/10.1123/jab.2019-0298
https://doi.org/10.1186/s40798-024-00750-4
https://doi.org/10.1016/j.joca.2007.10.017
https://doi.org/10.1016/j.joca.2007.10.017
https://doi.org/10.1002/acr.21724
https://doi.org/10.1002/acr.21724
https://doi.org/10.1016/j.gaitpost.2016.11.014
https://doi.org/10.1002/acr.21584
https://doi.org/10.1016/j.gaitpost.2025.06.011
https://doi.org/10.2519/jospt.2016.6618
https://doi.org/10.1016/j.joca.2019.02.795
https://doi.org/10.1016/j.jbiomech.2012.08.041
https://doi.org/10.1002/jor.20194
https://doi.org/10.1016/j.knee.2011.11.002
https://doi.org/10.1007/s00264-014-2312-3
https://doi.org/10.1007/s40520-019-01361-w
https://doi.org/10.1186/s12891-022-05190-3
https://doi.org/10.1016/j.jbmt.2024.04.035
https://doi.org/10.1016/j.knee.2019.11.008
https://doi.org/10.1016/j.math.2014.11.014
https://doi.org/10.1002/jor.70022
https://doi.org/10.1002/acr.24420
https://doi.org/10.1371/journal.pone.0274874
https://doi.org/10.1038/nrrheum.2010.212
https://doi.org/10.3389/fresc.2026.1759442

Li et al.

58. Simic M, Hinman RS, Wrigley TV, Bennell KL, MA H. Gait modification
strategies for altering medial knee joint load: a systematic review. Arthritis Care
Res. (2011) 63:405-26. doi: 10.1002/acr.20380

59. Hunt MA, Simic M, Hinman RS, Bennell KL, Wrigley TV. Feasibility of a gait
retraining strategy for reducing knee joint loading: increased trunk lean guided by
real-time biofeedback. J Biomech. (2011) 44:943-7. doi: 10.1016/j.jbiomech.2010.11.
027

60. Bokaeian HR, Esfandiarpour F, Zahednejad S, Mohammadi HK, Farahmand F.
Effects of medial thrust gait on lower extremity kinetics in patients with knee
osteoarthritis. Ortop Traumatol Rehabil. (2021) 23:115-20. doi: 10.5604/01.3001.
0014.8141

61. Takacs J, Kirkham A, Perry F, Brown J, Marriott E, Monkman D, et al. Lateral
trunk lean gait modification increases the energy cost of treadmill walking in those
with knee osteoarthritis. Osteoarthritis Cartilage. (2014) 22:203-9. doi: 10.1016/j.
joca.2013.12.003

62. Uhlrich SD, Kolesar JA, Kidzinski ¥, Boswell MA, Silder A, Gold GE, et al.
Personalization improves the biomechanical efficacy of foot progression angle
modifications in individuals with medial knee osteoarthritis. / Biomech. (2022)
144:111312. doi: 10.1016/j.jbiomech.2022.111312

63. Uhlrich SD, Mazzoli V, Silder A, Finlay AK, Kogan F, Gold GE, et al.
Personalised gait retraining for medial compartment knee osteoarthritis: a
randomised controlled trial. Lancet Rheumatol. (2025) 7:€708-18. doi: 10.1016/
§2665-9913(25)00151-1

64. Maleki M, Arazpour M, Joghtaei M, Hutchins SW, Aboutorabi A, Pouyan A. The
effect of knee orthoses on gait parameters in medial knee compartment osteoarthritis:
a literature review. Prosthet Orthot Int. (2016) 40:193-201. doi: 10.1177/
0309364614547411

65. Gohal C, Shanmugaraj A, Tate P, Horner NS, Bedi A, Adili A, et al. Effectiveness
of valgus offloading knee braces in the treatment of medial compartment knee
osteoarthritis: a systematic review. Sports Health. (2018) 10:500-14. doi: 10.1177/
1941738118763913

66. Darcy R, Couri J, Newkirk K, Neagu R, Darbhe V, Jayabalan P. Impact of a
sensor-based platform on the outcome of medial off-loader bracing in individuals
with knee osteoarthritis: a pilot randomized clinical trial. Am ] Phys Med Rehabil.
(2025) 104:155-62. doi: 10.1097/PHM.0000000000002560

67. Bullock L, Holden MA, Jinks C, Atiah Asamane E, Herron D, Borrelli B, et al.
Physiotherapists’ experiences and perceived acceptability of delivering a knee
bracing intervention for people with symptomatic knee osteoarthritis in a
randomised trial (PROP OA): a qualitative study. Musculoskeletal Care. (2024) 22:
€70021. doi: 10.1002/msc.70021

68. Arnold JB, Wong DX, Jones RK, Hill CL, Thewlis D. Lateral wedge insoles for
reducing biomechanical risk factors for medial knee osteoarthritis progression: a
systematic review and meta-analysis. Arthritis Care Res. (2016) 68:936-51. doi: 10.
1002/acr.22797

69. Shaw KE, Charlton JM, Perry CK, de Vries CM, Redekopp MJ, White JA, et al.
The effects of shoe-worn insoles on gait biomechanics in people with knee
osteoarthritis: a systematic review and meta-analysis. Br J Sports Med. (2018)
52:238-53. doi: 10.1136/bjsports-2016-097108

Frontiers in Rehabilitation Sciences

07

10.3389/fresc.2026.1759442

70. Penny P, Geere ], Smith TO. A systematic review investigating the efficacy of
laterally wedged insoles for medial knee osteoarthritis. Rheumatol Int. (2013)
33:2529-38. doi: 10.1007/s00296-013-2760-x

71. Khosravi M, Babaee T, Daryabor A, Jalali M. Effect of knee braces and insoles on
clinical outcomes of individuals with medial knee osteoarthritis: a systematic review
and meta-analysis. Assist Technol. (2022) 34:501-17. doi: 10.1080/10400435.2021.
1880495

72. Parkes MJ, Maricar N, Lunt M, LaValley MP, Jones RK, Segal NA, et al. Lateral wedge
insoles as a conservative treatment for pain in patients with medial knee osteoarthritis: a
meta-analysis. JAMA. (2013) 310:722-30. doi: 10.1001/jama.2013.243229

73. Ferreira V, Simdes R, Gongalves RS, Machado L, Roriz P. The optimal degree of
lateral wedge insoles for reducing knee joint load: a systematic review and meta-
analysis. Arch Physiother. (2019) 9:18. doi: 10.1186/540945-019-0068-1

74. Sabet F, Anbarian M, Kainz H, Gongalves B. Acute effects of lateral wedge insoles
on lower limb joint kinematics and symptoms in women with medial compartment
knee osteoarthritis during walking. Gait Posture. (2025) 122:272-8. doi: 10.1016/j.
gaitpost.2025.07.319

75. Thomas DT, Shruthi R, Prabhakar AJ, Dineshbhai PV, Eapen C. Hip abductor
strengthening in patients diagnosed with knee osteoarthritis—a systematic review
and meta-analysis. BMC Musculoskeletal Disord. (2022) 23:622. doi: 10.1186/
512891-022-05557-6

76. Neelapala YR, Bhagat M, Shah P. Hip muscle strengthening for knee
osteoarthritis: a systematic review of literature. | Geriatr Phys Ther. (2020)
43:89-98. doi: 10.1519/JPT.0000000000000214

77. Almeida GPL, Monteiro 10, Tavares MLA, Porto PLS, Albano TR, Marques AP.
Hip abductor versus adductor strengthening for clinical outcomes in knee
symptomatic osteoarthritis: a randomized controlled trial. Musculoskeletal Sci Pract.
(2022) 61:102575. doi: 10.1016/j.msksp.2022.102575

78. Lewis CL, Segal NA, Rabasa GV, LaValley MP, Williams GN, Nevitt MC, et al.
Hip abductor weakness and its association with new or worsened knee pain: data
from the multicenter osteoarthritis study. Arthritis Care Res. (2023) 75:2328-35.
doi: 10.1002/acr.25160

79. Qiu J, Zhou T, Jin H, Pan Y, Qian T, Xue C, et al. Effect of adding hip exercises to
general rehabilitation treatment of knee osteoarthritis on patients” physical functions:
a randomized clinical trial. BMC Sports Sci Med Rehabil. (2023) 15:158. doi: 10.1186/
s13102-023-00772-7

80. Bennell K, Hunt M, Wrigley T, Hunter D, McManus F, Hodges P, et al. Hip
strengthening reduces symptoms but not knee load in people with medial knee
osteoarthritis and varus malalignment: a randomised controlled trial. Osteoarthritis
Cartilage. (2010) 18:621-8. doi: 10.1016/j.joca.2010.01.010

81. Leung KL, Li Z, Huang C, Huang X, SN F. Validity and reliability of gait speed
and knee flexion estimated by a novel vision-based smartphone application.
Sensors. (2024) 24:7625. doi: 10.3390/524237625

82. Scataglini S, Abts E, Van Bocxlaer C, Van den Bussche M, Meletani S, Truijen S.
Accuracy, validity, and reliability of markerless camera-based 3D motion capture
systems versus marker-based 3D motion capture systems in gait analysis: a
systematic review and meta-analysis. Sensors. (2024) 24:3686. doi: 10.3390/s24113686

frontiersin.org


https://doi.org/10.1002/acr.20380
https://doi.org/10.1016/j.jbiomech.2010.11.027
https://doi.org/10.1016/j.jbiomech.2010.11.027
https://doi.org/10.5604/01.3001.0014.8141
https://doi.org/10.5604/01.3001.0014.8141
https://doi.org/10.1016/j.joca.2013.12.003
https://doi.org/10.1016/j.joca.2013.12.003
https://doi.org/10.1016/j.jbiomech.2022.111312
https://doi.org/10.1016/s2665-9913(25)00151-1
https://doi.org/10.1016/s2665-9913(25)00151-1
https://doi.org/10.1177/0309364614547411
https://doi.org/10.1177/0309364614547411
https://doi.org/10.1177/1941738118763913
https://doi.org/10.1177/1941738118763913
https://doi.org/10.1097/PHM.0000000000002560
https://doi.org/10.1002/msc.70021
https://doi.org/10.1002/acr.22797
https://doi.org/10.1002/acr.22797
https://doi.org/10.1136/bjsports-2016-097108
https://doi.org/10.1007/s00296-013-2760-x
https://doi.org/10.1080/10400435.2021.1880495
https://doi.org/10.1080/10400435.2021.1880495
https://doi.org/10.1001/jama.2013.243229
https://doi.org/10.1186/s40945-019-0068-1
https://doi.org/10.1016/j.gaitpost.2025.07.319
https://doi.org/10.1016/j.gaitpost.2025.07.319
https://doi.org/10.1186/s12891-022-05557-6
https://doi.org/10.1186/s12891-022-05557-6
https://doi.org/10.1519/JPT.0000000000000214
https://doi.org/10.1016/j.msksp.2022.102575
https://doi.org/10.1002/acr.25160
https://doi.org/10.1186/s13102-023-00772-7
https://doi.org/10.1186/s13102-023-00772-7
https://doi.org/10.1016/j.joca.2010.01.010
https://doi.org/10.3390/s24237625
https://doi.org/10.3390/s24113686
https://doi.org/10.3389/fresc.2026.1759442

	Off-axis biomechanical alterations and related interventions in medial knee osteoarthritis: a mini review
	Introduction
	Methodology of literature selection
	Off-axis biomechanical abnormalities in medial knee OA
	Frontal plane biomechanics
	Transverse plane biomechanics

	Interventions that modify off-axis mechanics
	Gait retraining: modifications of trunk lean, knee thrust, step width, and FPA
	Valgus off-loader bracing
	Lateral wedge insoles
	Hip abductor strengthening

	Practical clinical recommendations
	Gaps in knowledge and future research directions
	Conclusion
	Author contributions
	Conflict of interest
	Generative AI statement
	Publisher's note
	References


