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The lumbopelvic-hip complex plays a crucial role in tibiofem-
oral joint loading through kinetic-chain interactions in knee
osteoarthritis (KOA). Dysfunction in proximal muscles, includ-
ing core and hip musculature, may amplify mechanical stress
at the knee joint, yet evidence synthesising these relationships
remains limited. This review aimed to update the evidence on
the biomechanical impact of lumbopelvic-hip and core mus-
cle function on gait and proximal compensatory strategies in
individuals with KOA. Methods. Electronic databases, in-
cluding PubMed, PEDro, Cochrane, Elsevier/Science Direct,
NoteKLM, and Google Scholar, were searched for publications
Sfrom January 2020 to January 2026. While risk of bias was as-
sessed independently using the ROBINS-I framework. Results.
Fourteen cross-sectional observational studies were included.
Evidence on neuromuscular control and gait studies is trust-
worthy with moderate risk of bias. Findings on kinetic chain
asymmetry, lumbopelvic-hip and pelvic tilt, and muscle synergy
adaptation derive predominantly reported in studies with seri-
ous risk of bias due to uncontrolled confounding. Conclusion.
These findings suggest that KOA rehabilitation should integrate
kinetic-chain knee exercises combined with lumbopelvic-hip
muscle function and core stabilisation training to address the
alteration of knee loading. Future longitudinal research with
larger sample sizes and standardised biomechanical protocols
is recommended.

Tlonepexoso-ma3080-Kynbuiogull KOMNIEKC 8idiepae 8UpiuaL-
HY pOb ¥ HABAHMANCEHHI HA KOMIHHULL CY2n00 yepe3 83aeMOoOii
6 KIHeMamuyHOMY JaHylo3i 6 pasi ocmeoapmpo3y KOAIHHO20
cyenoba (KOA). [Hucgynxyis npoxcumanvHux ma3ie, 30Kpema
MA318 KOpa ma Kyavuio8oeo cy2nobd, Modce NoCUnosamu mexa-
HIYHe HA8ANMAdICeHHs Ha KONIHHULL CYen06, npome y3a2aibHeHi
00KA3U U000 YUX 63AEMO38 A3KI6 3ANUULAIOMbCI 0OMENCCHUMLL.
Memoro yv020 02150y 6y10 oHOBUMU OaHI W00 DIOMEXAHIUHO2O
6NAUBY PYHKYIT NONEPEKOBO-MA3080-KYIbULOBO2O KOMNIEKCY Md
M 51318 KOPA HA X0OY MA NPOKCUMATIbHI KOMNEHCAMOpHi cmpame-
eii 6 oci6 3 KOA. Memoou. [Iposedeno nowyk nyonikayiii  enex-
mpounux 6azax oauux, zokpema PubMed, PEDro, Cochrane,
Elsevier/ScienceDirect, NoteKLM ma Google Scholar, 3a nepioo
i3 ciuna 2020 poky 0o ciuna 2026 poxy. Pusux cucmemamuunoi
NOMUNIKU HE3ANIeHCHO OYIHIOBANU 3d OONOMO20K THCIMPYMEHma
ROBINS-I. Pesynomamu. J{o oenady o6yno exnoueno 14 nepexpec-
HUX 00cepsayitinux 0ocaiddicens. [lani wo0o Helpom 51308020
KOHMPOI0 ma 8UE4eHHs X00u OYIu 00CMamHbo HAOIIHUMU MA
Xapakmepuszyeanucs NOMIPHUM PUSUKOM CUCMEMAMUYHOL No-
munxu. Tlpoananizoeano acumempiio KiHeMamuiHo2o 1aHyod,
HAXUTl NONEPeKo80-mMa3080-KYIbULOBO20 KOMRIEKCY md masd.
Aoanmayii M’s1306ux cunepeitl nepesaicrHo bYiu OMmpuMani 6 po-
bomax i3 ceplio3HUM PUSUKOM CUCIEMATNUYHOI NOMUIKU Yepes
HEKOHmMpObosane 3miuysannsa gaxmopis. Bucnosox. Lli pe3yno-
mamu ceiouams npo me, wo peadirimayis sa KOA nosunna noeo-
Hy8amu enpasu OJisi KIHEMAMUYHO20 AAHYI02A HUNCHbOT KIHYIBKU
3 mpeny8anHAM YHKYIT M’A316 NONEPEeK08O-MAaA3080-KYIbUOBO20
Komniexkcy ma cmabinizayicio myayoa 0ns 8paxyeanus 3MiH Ha-
B8AHMAICEHHS HA KONHHULL CYeno0. Pekomenoyemvcs nposedents
NOO0ATLULUX NO3008ICHIX OOCTIONCEHD 13 DLILUUUMU BUOIPKAMU MA
cmanoapmuszosanumu diomexaniunumu npomokoramu. Kuwouosi
cnosa. biomexanika;, cmabinvhicmv mynyba; QyHKyis ma3ie
cmeeHa; peabinimayis 6 pasi ocmeoapmposy KOIHHO20 cyenoba;
NnonepeKo8o-ma306uti KOHMPOIb.
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Introduction

Knee osteoarthritis (KOA) is a chronic, degen-
erative joint condition characterised by progres-
sive structural damage to multiple tissues of the
knee joint, involving articular cartilage, menisci
and subchondral bone in older adults [1]. Approxi-
mately one quarter of individuals with KOA are
over 55 years; 39 % are among those aged over 65
years [2, 3]. KOA presents clinically as pain and
weakness, rigidity, and functional impairment, with
morphological degradation observable by imaging
techniques [4, 5]. A previous study reported KOA
is the fourth and eighth leading causes of disabili-
ty for women and men, respectively [6]. In East and
Southeast Asia, the burden of KOA has escalated
sharply. High-income Asia Pacific countries, name-
ly Singapore, South Korea, and Japan, record the
highest per-capita figures. Populous nations such as
China and India drive the greatest overall volume |7,
8]. It’s estimated that by 2035, the global KOA inci-
dence, prevalence, and DALYs are expected to rise by
33-44 %, nearly doubling by 2050 [9, 10].

The site of knee pain in KOA is related to the pri-
mary structural deterioration within the joint and
increased angulation of mechanical forces in the po-
sition. For example, pain felt in the medial compart-
ment is caused by uneven pressure on the inner part
of the knee joint [11]. In normal walking, the medial
compartment allows approximately 60—70 % of total
tibiofemoral contact force; whereas in varus malalign-
ment, which coexists with an elevated knee adduc-
tion moment, this proportion rises further, sustaining
the cycle of medial cartilage degradation and sub-
chondral bone remodelling observed in progressive
disease [12]. For example, lateral compartment pain
is linked to excessive dynamic knee valgus during
weight-bearing, causing lateral patellar maltracking,
while iliotibial band tightness increases compressive
forces on the lateral tibiofemoral and patellofemoral
compartments, often differing from the medial phe-
notype clinically and radiographically [13, 14]. In
some cases, biochemical and microstructural changes
occur before the appearance of radiographical abnor-
malities and are associated with clinical symptoms
and progressive disease [15]. The trend highlights
the importance of early detection and personalized
treatment in potentially reducing the risk of chronic
arthritis development.

From a pathological perspective, KOA is caused
by an active imbalance between proinflammatory
and anti-inflammatory cytokines, resulting in ab-
normal metabolism in knee articular cartilage [16].

This reduces cartilage elasticity, cartilage synthesis
and degradation, and eventual fissuring and erosion
of the articular surface [5], leading to a gradual loss
of proteoglycans and collagen [17]. As the disease ad-
vances, the development of osteophytes and subchon-
dral bone remodeling causes further deterioration
of joint mechanics and load distribution [18]. After
these structural changes, neuromuscular adaptations
occur, such as arthrogenic quadriceps inhibition and
gait deviations, worsening of chronic pain and stiff-
ness, and further reduction in functional capacity [5].
These adaptations are not only local; they can repre-
sent a general, compensatory mechanism needed to
maintain mobility in the presence of the progressive
deterioration of the joint [19]. Restricted knee flexion
due to capsular stiffness and structural joint changes
like osteophyte formation, which can cause pain, are
all examples of pain-related inhibition [20].

The lower limb is part of a kinetic chain from
the lumbar spine and pelvis to the knee joint from an
anatomical and biomechanical standpoint. The pso-
as major muscles from the lumbar to pelvic attach
to the femur bone, while the quadriceps, hamstrings,
and sartorius are important for controlling the rela-
tionship of trunk, pelvis, and lower limbs. The "core"
muscles, superficial and deep, of the lumbopelvic and
lumbar areas have a central role in postural stability
and force transmission between the upper and low-
er limbs [21]. Think of the lower limb as a chain of
interconnected links. If one is weak or misaligned,
the load is transferred to neighbouring links. In KOA,
the compromised knee redistributes load upward to
the pelvis and spine. Balance impairments reflect al-
tered proprioception and compensatory neuromuscu-
lar strategies adopted to minimise joint loading [5].
Dysfunction in any of these proximal segments may
increase mechanical stress at the distal knee joint. For
instance, a decline in lumbar extensor muscle strength
and endurance is associated with impaired balance
and functional performance among older adults with
KOA compared with healthy controls [22]. In addi-
tion, an increase in trunk flexed posture may further
contribute to impaired core muscle function, hip and
knee extensors, presenting in daily tasks such as sit-
to-stand and walking [23, 24].

Posterior pelvic tilt, often linked to weak lower
back muscles or tight hip flexors, reduces the natural
curve in the lower back and moves the body's center
of mass backward [25]. The resultant augmentation
in knee flexion moment at mid-stance amplifies pa-
tellofemoral compressive stresses and necessitates
heightened quadriceps exertion throughout the gait
cycle [24]. Anterior pelvic tilt, associated with lum-
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bar hyperlordosis and hip flexor dominance, modifies
ground reaction force vectors because of the aug-
mented hip flexion angle at initial contact; this sub-
sequently intensifies the knee adduction moment
and increases medial compartment loading [24]. In
the case of lateral pelvic tilt, which arises from in-
adequate function of the gluteus medius muscle,
the pelvis on the opposite side drops when standing
on one leg [26]. This shift in position moves the cen-
ter of mass of the trunk toward the body's center. This
increases the length of the lever arm in the front-to-
back direction, which then increases the forces acting
on the medial part of the knee joint [13, 27], subse-
quently accelerating disease progression [28]. Each
lumbopelvic deviation represents a unique mechani-
cal pathway through which proximal dysfunction af-
fects the knee joint.

In addition to trunk-related deficits, substantial
evidence highlights the role of hip musculature, par-
ticularly the hip abductors and external rotators, in
regulating knee mechanics in the frontal and sagittal
planes, respectively [29]. Weakness in hip abductors
and flexor and extensor muscle groups has been re-
lated to pelvic drop, compensatory trunk lean, dy-
namic knee valgus, and increased medial knee joint
loading during gait [30]. Hip extensor weakness may
further alter trunk posture and increase quadriceps
demand, thereby exacerbating joint compression
during weight-bearing activities [31]. Collectively,
these findings suggest that dysfunction of the lum-
bopelvic and proximal hip musculature contributes to
abnormal knee loading, pain, and functional decline
in individuals with KOA. These findings suggest al-
teration of lumbopelvic sagittal alignment in individ-
uals with KOA, exhibiting trunk flexion, posterior
pelvic tilt, a center of body mass shift anteriorly, and
being predisposed to higher medial tibiofemoral load-
ing and knee flexion contracture [32, 33].

Conventional physiotherapy management for
KOA has traditionally focused on localised knee im-
pairments. These include knee pain, range of motion,
and knee extensor and flexor muscle strength train-
ing. Narrative reviews have highlighted the impor-
tance of trunk and hip musculature in knee joint load-
ing. There remains a paucity of evidence examining
the role of core muscle function within rehabilitation
interventions for KOA [34]. Accordingly, rehabilita-
tion approaches that integrate targeted core strength-
ening alongside conventional knee- and hip-focused
exercises may offer a more comprehensive strategy
for addressing both local impairments and proximal
kinetic-chain dysfunction contributing to KOA-relat-
ed disability [21, 24, 34].

Contemporary clinical guidelines consistently
recommend exercise therapy, patient education, and
weight management as first-line interventions, with
manual therapy and physical modalities used primar-
ily as adjuncts [35, 36]. Weight reduction of approxi-
mately 10 % or more has been shown to significantly
reduce symptoms [37]; however, a substantial propor-
tion of individuals with KOA continue to experience
persistent pain and functional limitations if receiv-
ing conventional therapy alone [38]. This discovery
indicates that components beyond localised knee
pathology may affect clinical outcomes, highlight-
ing the necessity for clinicians to examine the low-
er limb within a more comprehensive kinetic-chain
context. A more comprehensive understanding of the
interplay between the biomechanics of the proximal
kinetic chain, including core muscle and hip muscle
function, and its-association with clinical outcomes
in individuals afflicted with KOA. Hence, this review
aimed to update the current evidence-based physio-
therapy rehabilitation protocols to minimise chronic-
ity and disability caused by KOA.

Methodology

An integrative review methodology was used to
review and synthesize existing findings regarding
the biomechanical and anatomical links between knee
osteoarthritis (KOA), lumbopelvic—hip function and
the performance of core muscles. The methodolog-
ical quality assessment and systematic search proce-
dure were used to improve the rigor and transparency
of the review process, but the integrative design was
chosen to allow for inclusion and synthesis of evidence
from observational biomechanical studies, which may
not be appropriate for a traditional systematic review.

An extensive electronic database literature search
was carried out across PubMed, PubMed Central
(PMC), PEDro, the Cochrane Library, Google Schol-
ar, NoteKLM, and Elsevier/ScienceDirect. Studies
were searched from January 2020 to January 2026.
Search terms were made of combinations of key-
words focused on knee osteoarthritis, biomechan-
ics, anatomical aspects, lumbopelvic—hip muscles,
and core muscles. The search terms were combined
using Boolean operators ("AND" and "OR") as per
the search requirements of each database. Only full-
text articles in the English language and those with
human subjects were searched. The reference lists
of eligible studies and relevant review articles were
hand-searched for any other publications that fulfilled
the inclusion criteria in addition to the electronic da-
tabase search.

Studies were only included if they were original
observational studies in adults with clinically and/or
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radiographically diagnosed KOA that reported a bio-
mechanical or clinically relevant outcome. Eligible
outcomes were any measure of gait biomechanics,
lower-limb kinematics or kinetics, muscle activation
patterns, lumbopelvic and/or trunk function, core
muscle endurance and/or strength (if measured), bal-
ance, mobility, physical function, pain intensity or
health-related quality of life. Studies with non-KOA
conditions (e.g., ligament injuries or fractures), with-
out a confirmed diagnosis of KOA (e.g., post-surgical
rehabilitation), pharmacological or surgical interven-
tion only, narrative reviews, systematic reviews, case
reports, conference abstracts without full text infor-
mation, and those that could not reliably distinguish
the contribution of the lumbopelvic or core muscula-
ture from general whole body exercise were excluded.

Two independent reviewers assessed methodologi-
cal quality based on an adapted domain-based frame-
work created for the Risk of Bias in Non-randomized
Studies of Interventions (ROBINS-I) tool. The ROB-
INS-I domains were used for the included biome-
chanical studies as they were observational in nature,
and because of this, possible sources of methodolog-
ical bias within non-randomized observational stud-
ies were assessed, such as bias due to confounding,
participant selection, classification of the exposure,
deviations from the intended exposure, missing data,
outcome measurement, and selection of reported re-
sults. All domains were assessed as low, moderate,
serious, or critical risk of bias. Discussions were held
among the reviewers when there were any disagree-
ments to reach a consensus.

Information regarding ‘the biomechanical .and
anatomical relationship between KOA, lumbopel-
vic/hip function, and core muscle performance was
synthesized using an integrative review method-
ology. The reporting process was done using Pre-
ferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines to maximize
methodological transparency and reproducibility,
even though there was a wide variety of observational
evidence included in the integrative review.

Results

The observational studies included in this study
contained cross-sectional biomechanical studies us-
ing motion capture, force platform, electromyography,
musculoskeletal modelling, and radiographic imaging
that assessed biomechanical features of KOA (STa-
ble 1). Across the studies, biomechanical outcomes
measured involved trunk posture, spinopelvic align-
ment, gait mechanics, lower-limb kinematics and ki-
netics, joint loading, muscle activation patterns, and

intersegmental coordination in adults with clinically
and/or radiographically’ diagnosed KOA. These stud-
ies together allowed insight into the adaptations of the
kinetic chain in KOA and laid a foundation for under-
standing the impact of lumbopelvic-hip biomechanics
on disease-related movement impairments (SFigure 1).
The most common methodological issues identified in
the included observational studies, across the adapted
ROBINS-I framework, were bias caused by confound-
ing (STable 2). This domain was given several studies
serious ratings due to the fact that important covariates
(BMLI, level. of physical activity, disease severity, and
coexisting MS conditions) were not measured or sta-
tistically controlled consistently across studies. This is
not necessarily indicative of poor study conduct, nor
a deficiency of the studies included, as this is a com-
mon drawback of observational studies. However, bias
associated with outcome measurement was generally
considered low, due to the use of objective biomechani-
cal assessment methods such as three-dimensional mo-
tion analysis, force platforms, electromyography, and
standard imaging methods.

While, narrative synthesis involved arranging
the included 14 studies into five domains of biome-
chanics: kinetic chain asymmetry (n = 3), lumbopel-
vic—hip and pelvic alignment (n = 3), muscle synergy
adaptation (n = 2), neuromuscular control (n = 2), and
lumbopelvic—hip influences on gait (n = 6); two stud-
ies contributed to more than one thematic category
because they applied the same study sample to more
than one biomechanical outcome. These thematic
categories were also considered with the risk-of-bias
findings to give background information on the quali-
ty of evidence in the respective areas (STable 3).

Singh et al., [39] presented the lowest overall risk
of bias with moderate risk owing to partial adjustment
for relevant confounding variables, within the kinet-
ic chain asymmetry category. Bakker et al., [40] and
[28] were rated as having a serious overall risk of bias,
mainly due to the lack of adequate control of potential
confounding factors. Therefore, interpretation of ev-
idence of asymmetrical loading patterns and contra-
lateral compensatory mechanisms should be treated
with proper precaution. In the studies of lumbopel-
vic—hip and pelvic alignment, [41] had the highest
quality of methodology and received a moderate rat-
ing for overall quality. Fu et al., [33] reported a higher
overall risk of bias because of the potential risk of
confounding and the potential risk of participant se-
lection, whereas the overall risk of bias of [42] was
mainly high due to the lack of attention to potential
confounding variables. These studies all showed as-
sociations between KOA and changes in spinopelvic
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alignment, but the limitations of the studies need to
be taken into account when interpreting the findings.

All the studies in the muscle synergy adaptation
category [16, 43] had a serious overall risk of bias
due to the lack of attention given to key confounding
variables, such as BMI and other coexisting muscu-
loskeletal health conditions. Thus, their results offer
preliminary insight into changes in muscle activation
and co-activation patterns, but should be confirmed
in future studies that have more methodological con-
trol. The quality of the methodological performance
was relatively good in the category of neuromuscular
control. Ana Luiza Costa e Silva Cabral, and Petrel-
la et al., studies [44, 45] assigned moderate overall
risk ratings, which indicated more detailed reporting
of methodological aspects and a better consideration
of potential confounding variables. Thus, these stud-
ies represent more credible evidence of the neuromus-
cular adaptations and how movement is controlled in
people with KOA. In the lumbopelvic—hip influences
on gait category, there were moderate overall ratings
for [44—46]; this is the best available evidence for this
category. The overall risk of bias for [2, 47, 48] was
serious due, in part, to uncontrolled confounding.
However, the changes in gait biomechanics and trunk
posture that were found in all these studies were sug-
gestive of KOA but not conclusive.

Discussion

Across the observational literature, a consistent
pattern emerges in which biomechanical adaptations
extend proximally and distally from the knee joint
rather than functioning as a purely local degenera-
tive process. KOA appears to involve compensatory
adjustments across multiple segments of the lower
kinetic chain.

Kinetic Chain Asymmetry

Observational evidence is firmly in favor of a co-
ordinated change along the lower-limb kinetic chain,
beyond a single joint, with biomechanical changes in
KOA not being just an isolated degenerative process.
Changes in gait mechanics, hip muscle activity, pelvic
alignment, and trunk posture suggest that a compensa-
tory strategy is created across several body segments
in order to maintain locomotor function in the face of
pain and joint dysfunction. A number of biomechani-
cal analyses showed that mechanical loading is shifted
away from the affected knee via proximal and contra-
lateral compensatory mechanisms. Wang et al., [28]
found that hip contact forces and gluteus medius acti-
vation in the contralateral leg increased with increasing
severity of KOA, indicating that the hip and pelvis play
an active role in load redistribution during gait. These
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changes are not just'knee-related but also support the
idea that there is a lower-limb kinetic chain effect of
KOA. The findings of the included studies suggest the
same: When knee function is impaired, the proximal
musculature plays a role in maintaining dynamic sta-
bility and forward movement.

A major conclusion from the existing evidence is
that there are sex-related differences in biomechanical
compensation. Singh et al., [39] reported that males
were more likely to show varus knee alignment while
females showed greater changes in spinopelvic pa-
rameters such as pelvic incidence—lumbar lordosis
mismatch. The results indicate that anatomical fea-
tures and neuromuscular control strategies may be
factors affecting the development of compensato-
ry mechanisms in people with KOA. The available
evidence does not give women and men the same
evidence-based rehabilitation strategies, but it does
provide support for the importance of individual bio-
mechanical assessment and not treating all patients
as having the same compensation pattern. Clinical
movement assessments, such as gait analysis, sin-
gle-leg squat performance, and functional balance
testing, might therefore help to detect movement im-
pairments in individual patients prior to prescribing
rehabilitation strategies.

The available evidence also suggests that compen-
satory loading is not uniform within the population
of people with KOA. Contrary to studies that show
loading patterns are asymmetrical, [40] found no sig-
nificant interlimb differences in frontal plane knee
and hip moments during gait. The results do not con-
tradict the overall biomechanical model, but rather
they reflect the diversity of compensatory strategies
and may indicate that the extent of kinetic-chain com-
pensation depends on the severity of pain, structural
disease progression, walking strategy, and individu-
al neuromuscular adaptations. Therefore, the lack of
any quantitative asymmetry in some patients should
not be regarded as normal biomechanical function but
could be part of the variability of disease presenta-
tion or adaptive movement strategies. The majority
of studies included were cross-sectional; however, it
is unclear whether these compensatory mechanisms
change over the course of KOA. Longitudinal studies
are needed to explore the changes in biomechanical
adaptations as the disease progresses, and whether
early compensation strategies help to predict later
limitations in function.

The evidence presented together points to a sys-
tems-based view of KOA, in which a combination
of altered loading of the lower limb, proximal muscle
activation, pelvic alignment, and intersegmental co-
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ordination work together to maintain mobility while
the joints degrade over time. These adaptations do
not seem to be biomechanical dysfunctions but rath-
er a pattern of coordinated compensatory responses
along the lower-limb kinetic chain. This view is not
limited to the traditional joint-centered approach and
emphasizes evaluating the quality of movement in
the lumbopelvic/hip complex as well as the knee.

The observational studies in this review do not
demonstrate treatment efficacy, but they all conclude
that modifiable biomechanical deficiencies may be
suitable rehabilitation targets. There is stronger evi-
dence for the clinical relevance of these findings. Ac-
cording to the results of the network meta-analysis by
[49], which included 139 randomised controlled trials,
active rehabilitation methods (such as structured ex-
ercise therapy and hydrotherapy) showed greater pain
and physical function improvements than passive
physical methods. Their findings revealed that exer-
cise therapy ranked consistently among the most ef-
fective modalities for pain reduction (SUCRA: 22.8 %)
and functional improvement (SUCRA: 32.6 %), while
hydrotherapy demonstrated the highest probability
of overall WOMAC improvement. Likewise, a large,
recent network meta-analysis of 217 RCTs with more
than 15,000 patients with KOA showed that exercise
therapy was consistently beneficial for pain, physical
function, and health-related quality of life, thus high-
lighting the importance of active rehabilitation in con-
temporary conservative management [50]. The current
review data, combined with these findings, support
the clinical importance of the biomechanical impair-
ments identified and rehabilitation programs designed
to include lumbopelvic control, hip muscle strength-
ening, and neuromuscular coordination, in addition
to traditional knee-focused rehabilitation. However,
the current evidence that biomechanical impairments
are associated with rehabilitation outcomes is mostly
observational, and further well-designed prospective
and interventional studies are needed to identify which
patients benefit the most from targeting interventions
at the kinetic chain.

Pelvic tilt in relation to lumbar posture in KOA

There is increasing evidence to support the treat-
ment of KOA as a disorder of the whole body sag-
ittal alignment and not just the knee. The observa-
tion-based studies that were part of this review have
all shown that the structural changes of the knee are
linked to changes in the orientation of the pelvis and
the posture of the spine, thus supporting the concept
of a lumbopelvic—lower limb kinetic chain. Katsu-
mi et al., [41] found that the femoral tilt angle (FTA)
is a key factor associated with overall sagittal bal-

ance in KOA patients. In their study, they found that
as the knee becomes flexed forward, the pelvis tilts
backward and the lumbar lordosis decreases, show-
ing that biomechanical changes are present in more
proximal levels to maintain upright posture. These
findings are in line with the idea that compensato-
ry postural adjustments are whole-body responses
to altered knee mechanics and not a local phenome-
non of the lumbar spine or pelvis. Therefore, chang-
es in loading through the axial skeleton due to in-
creased retroversion of the pelvis and altered lumbar
alignment could result in alterations in the demands
of trunk muscles and postural control. While these
studies are not explicit about low back pain, altered
spinopelvic alignment has been suggested to be
a plausible mechanism of altered biomechanics that
may contribute to the common occurrence of lumbar
complaints in individuals with KOA, which should be
examined in future prospective studies.

The connection between the spine and the knee
was also illustrated by [33], who performed full-body
EOS imaging to assess global sagittal alignment. Pel-
vis tilt and higher pelvic incidence, lumbar lordosis
(PI-LL) mismatch also showed an altered knee align-
ment with a tendency towards compensatory knee
flexion. The results support the idea of sagittal imbal-
ance as a global biomechanical adaptation in which
the changes in each segment are coordinated instead
of independent segmental problems. Therefore,
spinopelvic alteration can either have an effect on or
be a consequence of the compensatory movement
strategies used for progressive knee degeneration.

This relationship is also supported by [42], who
reported evidence from radiographs. There was a sig-
nificant difference in posterior pelvic tilt between
more and less advanced KOA and also between more
and less advanced KOA and the PI-LL mismatch, in-
dicating that posterior pelvic tilt increases with struc-
tural joint degeneration and that the PI-LL mismatch
becomes greater as KOA progresses. These findings
are only cross-sectional and therefore only show as-
sociations and do not prove the causal relationship.
However, the uniformity of the observations noted in
the various independent studies supports the hypoth-
esis that sagittal alignment and KOA are biomechan-
ically related. It is not yet known whether changes
in spine alignment are a cause of KOA or a result
of knee injury, or if these changes occur as a result
of the interplay between the two.

These results all point to the need for a whole-
body analysis of KOA. When evaluating and rehabili-
tating patients with knee pathology, clinicians should
take into account the roles of spinopelvic alignment
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and lumbopelvic function. This interpretation is
supported by recent systematic evidence [50] that
multi-component KCTB programs have a positive
effect on pain, physical function, and quality of life
in people with KOA. The best available biomechani-
cal evidence suggests that postural assessment, lum-
bopelvic stability, and trunk control should be part
of a broader rehabilitation program and may be useful
components of various intervention studies in clinical
practice once the direct therapeutic effect is estab-
lished through prospective studies.

Muscle Synergy Adaptations

Existing evidence indicates that alterations in neu-
romuscular coordination are linked to the development
of KOA, altered strategies of muscle activation during
functional movements. These results are not the only
evidence for lower-limb muscle weakness in KOA,
but suggest a reorganisation of motor control along the
whole of the lower-limb kinetic chain that could affect
movement efficiency and dynamic stability. Roelker et
al., [43] found that people with more severe' KOA had
fewer muscle modules during walking than healthy
adults, suggesting reduced neuromuscular complexity
in them. The decrease in muscle synergies indicates
that more muscle groups are used together more close-
ly, resulting in a more limited motor control strategy
in walking. This simple organization of the neuromus-
cular system could be an adaptive reaction to pain,
joint instability, or poor proprioceptive input, allowing
for functional mobility when there are structural al-
terations occurring within the joint [51]. Such adapta-
tions may, however, enhance joint'stability during the
initial stages of the movement, but may also reduce
movement adaptability and put a greater mechanical
load on the adjacent joints when they are used repeti-
tively. These muscle synergies are altered, but the con-
tribution of these changes to the progression of dis-
ease or their association with normal biomechanical
adaptation is not known at this time, since these are
cross-sectional data.

Liu et al., [52] also found that there are strong rela-
tionships among muscle stiffness, co-activation, and
balance in older adults with KOA. The authors con-
clude'that the functional implications of co-activating
muscles may vary depending on the type of move-
ment demands, and that the neuromuscular respons-
es may vary across the force generation, controlled
deceleration, and postural regulation phases of the
movement. The evidence does not suggest that the
co-activation of muscles is always good or bad, but
rather that it is dependent on the task being under-
taken and its biomechanical function. There are po-
tential implications related to rehabilitation, such that

interventions aimed at optimizing movement quality
and task specificity should account for increases or
decreases in muscle activation.

These studies suggest that neuromuscular adapta-
tions to KOA are more complex than muscle strength
changes and that they are also manifested as altered
motor control strategies, which impact dynam-
ic stability and movement efficiency. The stability
across all these studies justifies adding task-specif-
ic functional exercises and motor control retraining
of the lumbopelvic—hip musculature to traditional
strengthening exercises within the framework of re-
habilitation. The present results show a biomechan-
ical rationale to use neuromuscular training as part
of a thorough KOA rehabilitation.

Neuromuscular Control

Based on the observational evidence, the neuro-
muscular dysfunction associated with KOA not only
includes muscle weakness but also disturbances in
motor control,” movement coordination, and func-
tional stability. The studies in this collection indicate
that people with KOA use alternative (modified) neu-
romuscular strategies to preserve functional perfor-
mance despite pain, joint deterioration, and reduced
mechanical efficiency. Petrella et al., [44] showed that
lower-limb kinematics, kinetics, and muscle activation
were altered during the sit-to-stand task in individu-
als with unilateral and bilateral KOA, suggesting that
neuromuscular adaptations occur during other func-
tional weight-bearing activities, not just when walking.
These results highlight that movement impairments in
KOA are associated with changes in the coordination
of multiple lower-limb muscle groups in challenging
functional tasks, which is consistent with the idea
that the neuromuscular dysfunction in KOA is relat-
ed to both force production and movement organisa-
tion. This means programs that concentrate only on
strengthening may not be sufficient to meet the mo-
tor control deficits of KOA. The addition of functional
tasks challenging dynamic stability, intersegmental co-
ordination, and/or movement quality may therefore be
a source of added therapeutic benefit.

The changes in movement strategies are probably
multifactorial. A structural degeneration of mechano-
receptors in the KOA may contribute to propriocep-
tive dysfunction, which [53] have noted. Decreased
accuracy of JPS could affect sensorimotor integration
and increase the use of compensatory neuromuscular
strategies for stability during functional tasks. This
theory is also supported by the observation of [43]
finding simplified muscle synergy patterns, and [52]
showing a relationship between muscle co-activation,
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muscle stiffness, and balance performance in older
adults with KOA.

The evidence presented above indicates that neu-
romuscular dysfunction in KOA should not be con-
sidered as a muscle weakness per se but rather as an
integrated sensorimotor dysfunction. The changes
in proprioceptive input, muscle activation strategies,
and co-activation are adaptive responses to obtain
joint stability during mechanically compromised con-
ditions. While these compensatory strategies can pro-
vide short-term stability, they can also limit the abil-
ity to move and increase loading in the lower-limb
kinetic chain. However, since the current evidence is
largely based on cross-sectional observational stud-
ies, the direct role these neuromuscular adaptations
play in disease progression remains unknown, as they
may simply be compensatory mechanisms.

Lumbopelvic & Hip affect gait, Gait Biomechan-
ics, and Intersegmental Coordination in KOA

One of the most consistently reported functional
features of KOA is altered gait biomechanics. In all
of the included observational studies, people with
KOA tended to have a slower walking speed, a shorter
step length, a different coordination pattern of the low-
er limbs, and a different pattern of trunk mechanics
during walking than healthy adults. These gait changes
are not simply due to isolated gait changes, but rather
represent coordinated compensatory adaptations that
shift the mechanical demands along the lower-limb ki-
netic chain in response to pain, joint degradation, and
decreased mechanical efficiency.

Studies using motion analysis and musculoskeletal
modelling have shown that these adaptations are not
restricted to the affected joint but are a result of the co-
ordination of the changes across the hip, knee, pelvis,
and trunk. In stance and swing phases, [47] showed
that there was more variability in thigh—shank co-
ordination, with less consistency in movement coor-
dination between segments. These findings are con-
sistent with the simplified muscle synergy patterns
reported by [43] and show that altered gait in KOA
is related to the changes in the neuromuscular organ-
isation as well as the changes in the joint mechan-
ics. It seems as though the more movement forward
is required while trying to stabilise a painful knee,
the more complex the compensatory motor strategy
of multiple body segments that is required.

Suzuki et al., [48] further investigated gait-related
compensations and showed that kinetic changes oc-
curred in advance of the appearance of postural com-
pensation. In particular, a change in the contribution
of knee flexion moments to knee adduction moments
was seen in subjects with moderate KOA, while in-

creased forward trunk flexion was noted in advanced
KOA. This observation indicates that the kinetic
changes may occur first, before more apparent pos-
tural changes, but due to the cross-sectional nature of
this data, a longitudinal study would be warranted to
corroborate changes over time. In the same way, [28]
found higher contralateral hip contact forces and
higher gluteus medius muscle forces along with high-
er gait asymmetry in more severe disease. The re-
sults indicate that progressive redistribution of me-
chanical loading could be a significant compensatory
mechanism. in the progression of disease and could
be a helpful biomechanical marker of functional de-
cline, though its implication in prognosis needs to be
proven.

Further evidence from perturbation-based stud-
ies shows that adaptations in gait occur beyond
the steady-state walking condition. [2] found that
people with KOA have shorter recovery steps and
lower ground reaction forces after slip perturbations,
suggesting a possible increased risk of falls in people
with KOA due to impaired reactive balance control.
However, [46] found a relatively small change in bio-
mechanics for frontal plane gait perturbations, with
broadly similar adaptation across participants with
KOA and healthy older adults. Combined, these data
indicate that although some reactive movement im-
pairments may be linked to KOA, others could be
a reflection of age-related adaptations and not neces-
sarily disease-specific neuromuscular changes.

Compensatory movement strategies were also ob-
served in activities other than level walking. Petrella
et al., [44] found that bilateral KOA patients also had
a decrease in knee extensor moments and an increase
in trunk flexion when completing a sit-to-stand, sug-
gesting that proximal body segments were used to
compensate for decreased knee function. Likewise,
[45] found higher degrees of activation in the tibi-
alis anterior, gastrocnemius, and gluteus medius in
the single-leg squat, indicating the neuromuscular de-
mand to achieve lower limb stability while perform-
ing weight-bearing exercises. Given the consistency
of these results across the various functional activi-
ties, altered lumbopelvic and hip mechanics are not
only seen during gait but also reflect compensatory
movements across the various functional activities
of daily living.

Taken together, the evidence suggests that gait dys-
function in KOA is more than simply a decrease in
walking speed or dysfunction at the knee. Interseg-
mental coordination is altered, mechanical loading
is asymmetric, the muscles of the proximal segments
are more involved, and the mechanics of the trunk
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are modified; all of this points to a whole-body bio-
mechanical response to progressive joint degeneration.
The results of this study support the idea that the lum-
bopelvic—hip complex is crucial for the maintenance
of locomotor stability in the presence of altered knee
mechanisms. The clinical implications of this body
of evidence are that rehabilitation programs aimed at
improving gait, neuromuscular control, strengthening
the hip, lumbopelvic stability, and functional move-
ment retraining should not be limited to knee strength-
ening alone. While the studies reviewed here were ob-
servational studies that cannot prove the effectiveness
of specific rehabilitation techniques, they consistently
identified some proximal biomechanical changes that
form a strong mechanistic basis for broad kinetic-chain
rehabilitation in subjects with KOA.

Limitations of Current Evidence

The findings presented in this review should be
interpreted in light of several methodological limita-
tions that temper the strength of conclusions that can
be drawn. A considerable proportion of the includ-
ed observational studies employed cross-sectional
designs, which by their nature preclude causal infer-
ence regarding the directional relationship between
biomechanical alterations and disease progression.
A fundamental question remains unanswered: wheth-
er lumbopelvic malalignment and simplified muscle
synergy patterns develop prior to and contribute to
knee degeneration, or whether they emerge second-
arily as adaptive responses to pain and progressive
structural joint changes. Resolving this direction-
ality will require longitudinal prospective studies
that track relevant biomechanical parameters from
early-stage KOA through disease progression. This
study design remains notably absent from the current
evidence base.

Sample size is a recurring limitation across the ob-
servation studies included in this review. The major-
ity of studies recruited participants from single clin-
ical sites, and considerable variation in demographic
characteristics, including age range, body mass index
and habitual physical activity level, makes pooled
interpretation across studies difficult to justify with
confidence. These methodological gaps introduce
the possibility of performance and detection bias in-
fluencing reported outcomes.

Conclusion

Biomechanical and neuromuscular dysfunction in
the lumbopelvic—hip—knee kinetic chain is associated
with KOA and is not a knee-only disease, as shown
by this integrative review article. All of the obser-
vational studies included in this review consistently

showed alterations in spinopelvic alignment, muscle
coordination, gait biomechanics, and intersegmental
control, with the changes worsening as the disease
progressed. The findings indicate that rehabilitation
should involve more than emphasis on local knee
strengthening activities, but should include lumbopel-
vic stability, neuromuscular control, gait retraining,
and individual movement assessment. Longitudinal
and interventional studies in the future are needed to
confirm causal relationships and effectiveness of ki-

netic-chain—focused rehabilitation strategies.
Conflict of interest. The authors declare no conflict
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