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Annotation. Knee joint contractures are among the most common and clinically significant
complications following traumatic injuries, surgical interventions, and inflammatory disorders of
the musculoskeletal system. This article provides an analytical review of current rehabilitation
strategies for patients with this condition. The pathogenetic mechanisms underlying contracture
development, the main stages of the recovery process, and the effectiveness of various
physiotherapeutic, kinesiotherapeutic, and manual techniques are discussed. Particular emphasis
is placed on a comprehensive rehabilitation program that includes early mobilization,
individualized exercise prescription, and the use of modern rehabilitation technologies.
Publications from both domestic and international sources over the past five years were analyzed.
The importance of multidisciplinary collaboration among rehabilitation physicians, orthopedic
specialists, and physiotherapists is highlighted.
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Relevance. Knee joint contractures continue to occupy a leading position among the most
common and socially significant medical problems. A decrease in the joint's range of motion
(ROM) causes a pronounced limitation in functional activity, impaired walking biomechanics,
the formation of chronic pain syndrome, and a deterioration in the patients' quality of life.
Against the background of an increase in the number of musculoskeletal injuries, a rise in
postoperative complications, and the demographic aging of the population, the issue of
optimizing and improving the effectiveness of rehabilitation programs is of particular relevance.

Modern comprehensive rehabilitation includes a wide range of methods: kinesiotherapy,
manual techniques, physiotherapeutic procedures, orthotics, mechanotherapy, as well as the
introduction of innovative technologies—robotic recovery systems, biofeedback techniques, and
high-tech physiotherapeutic solutions. At the same time, information about their comparative
effectiveness is fragmented, which complicates the formation of evidence-based and
standardized treatment algorithms.

Conducting a review study contributes to the systematization of accumulated scientific data,
the determination of the most effective approaches, and the identification of promising directions
for the development of comprehensive rehabilitation for knee joint contractures. This highlights
the significance of the chosen topic for both the scientific community and practical healthcare.

Purpose of the study. To analyze modern approaches to comprehensive rehabilitation for
knee joint contractures, evaluate their effectiveness, and identify the most productive methods
used in clinical practice.

Materials and Methods. A literature search was conducted in the PubMed, Scopus, Web of
Science, and Google Scholar databases covering the last five years. The review included original
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studies, clinical trials, systematic reviews, and meta-analyses dedicated to the rehabilitation of
knee joint contractures. The selected works were analyzed to summarize rehabilitation methods,
treatment stages, intervention parameters, and clinical outcomes. The final analysis allowed for
highlighting modern evidence-based approaches, the effectiveness of multidisciplinary strategies,
and identifying gaps requiring further investigation.

Results and Discussion. The knee joint is one of the most heavily loaded and structurally
complex joints, providing stability and mobility during walking and running [1]. Its
biomechanics are determined not only by the geometry of the articular surfaces but also by the
action of stabilizing muscles, the capsuloligamentous apparatus, and neuromuscular regulation
[2]. Ligament damage or altered joint anatomy leads to kinematic disturbances and tissue
overload, which contributes to the development of contractures and increases the risk of
recurrent injuries [3].

The anterior cruciate ligament (ACL) is a key stabilizer of the knee. Alteration of its length
or orientation impairs the control of anterior tibial translation and increases the risk of instability
[5]. ACL injury causes an increase in anterior displacement and a rise in load on the menisci and
cartilage, leading to secondary changes and complications, including contractures [6]. Even with
a technically successful reconstruction, a mismatch in the restored anatomy can disrupt
biomechanics and increase the risk of complications [8].

Normally, flexion is accompanied by physiological rotation and a shift in the knee's center
of rotation, ensuring smooth movement [9]. The center of rotation is more often localized
laterally during the stance phase, providing a normal "lateral pivot" [10]. Soft tissue properties—
elasticity, stiffness, tension—significantly influence joint kinematics [11], and their impairment
can lead to excessive rotation, patellar maltracking, and contracture formation [12; 13; 14].

ACL injury causes a change in the force vector, the axis of motion, and load redistribution.
A shift in the center of rotation disrupts meniscal function, increases contact pressures, and
promotes microtrauma, which creates preconditions for fibrosis and motion restriction [15; 16;
17].

The pathophysiology of contractures involves myofascial, capsuloligamentous, and
neurogenic mechanisms. Within just two weeks of immobilization, a myogenic contracture
develops, accompanied by a decrease in muscle fiber volume and fibrosis [18]. Increased
expression of TGF-B1, p-Smad2/3, and a-SMA confirms the development of soft tissue fibrosis
[19]. In the capsule, the HIF-la — NLRP3 — caspase-1 — GSDMD-N and TGF-f1/Smad3
pathways are activated, causing fibrosis and decreased elasticity [20; 21]. Neurogenic
mechanisms, including Arthrogenic Muscle Inhibition, lead to decreased quadriceps activation
and increased flexor tone, reinforcing the contracture [22; 23].

Contracture is one of the most frequent complications following ACL reconstruction,
occurring in 2-35% of cases [24]. Its development is associated with biological characteristics,
the severity of the inflammatory response, a predisposition to hyperfibrosis, intra-articular
hemorrhages, and the formation of Cyclops syndrome [25; 26]. The optimal window for early
mobilization is 7-14 days, provided the graft is stable [27]. Rehabilitation errors, lack of
quadriceps activation, and chronic pain increase the risk of persistent pathological movement
patterns and contractures [28].

To choose the correct treatment strategy, it is important to distinguish between muscular,
fibrous, arthrogenic, and mixed contractures. The muscular form is associated with the
predominant involvement of myofascial structures. Fibrous contracture arises due to prolonged
movement restriction or inflammation; fibrosis can affect the capsule and intra-articular plicae,
causing significant limitations in flexion and extension [29]. Arthrogenic contracture is caused
by intra-articular changes—adhesions, synovial scarring, posterior capsule thickening, as well as
Cyclops syndrome or improper ACL graft placement [30]. The mixed form includes elements of
all the listed mechanisms and is encountered most frequently. Modern classifications distinguish
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mild, moderate, and severe degrees of mobility restriction based on the extent of flexion and
extension loss [31].

Contractures cause a shift in the knee joint's center of rotation (COR) in various directions,
which alters the muscle moment arm, increases contact pressures, and disrupts load transmission
[32]. Limited mobility leads to compensatory overload of the hip and ankle joints, as well as
myofascial disorders and secondary dysfunctions.

Key markers are a decrease in active and passive range of motion, especially the loss of full
extension, which is associated with the risk of developing osteoarthritis [34]. Additional
diagnostic methods allow for differentiating tissue changes from simple muscle rigidity [35].
Even when the range of motion is restored following an ACL reconstruction, rotational and tibial
translation abnormalities may persist, indicating hidden contractures and altered biomechanics
[36].

Modern approaches to rehabilitation after ACL reconstruction. The evolution of
rehabilitation has led to the introduction of early mobilization, neuromuscular stimulation,
isokinetic training, and 3D movement control, which has significantly reduced the incidence of
contractures [37].

Main stages of rehabilitation. Modern protocols are based on a phase-driven rather than a
calendar-driven principle [38].

Acute phase (02 weeks): pain and inflammation control, contracture prevention, restoration
of full passive extension [39].

Subacute phase (2—6 weeks): restoration of active movement control, gait normalization,
increasing ROM.

Recovery phase (6—12 weeks): muscle strengthening, restoring symmetry; the key criterion
1s >90% flexor and extensor strength compared to the healthy limb, with no asymmetries [40].

Early mobilization is a key factor in preventing contractures; prolonged immobilization
leads to structural changes and loss of mobility [41]. Early restoration of full extension reduces
the risk of arthrofibrosis and improves long-term functional outcomes [42]. At the same time,
weight-bearing should be individualized, taking into account the graft type and tissue condition
[43].

Kinesiotherapy, manual therapy, physiotherapy, electrical muscle stimulation, and
hydrokinesiotherapy remain the core methods of recovery after ACL reconstruction [44].
Kinesiotherapy is aimed at restoring the range of motion, strength, and neuromuscular control;
early dosed exercises, including isometrics and closed kinetic chain exercises, reduce the risk of
contractures [45; 46].

Manual therapy reduces soft tissue rigidity and improves fascial glide; its combination with
active exercises accelerates the restoration of extension and normalizes the axis of motion [47;
48]. Physiotherapy reduces pain and inflammation (magnetotherapy, ultrasound therapy, laser
therapy, cryotherapy) but requires personalization depending on the healing stage [49; 50].

Electrical muscle stimulation prevents quadriceps atrophy in the early stages; parameters of
35-50 Hz and 300—400 ps are considered optimal [51; 52].

Hydrokinesiotherapy provides gentle training, improves gait and blood circulation, and promotes
tissue regeneration [53; 54].

Traditional methods do not sufficiently account for biomechanics, including shifts in the
center of rotation and axis of motion, which leads to asymmetric loading on the joint [55; 56]. In
addition, there is a lack of quantitative control of three-dimensional kinematic parameters [57],
and electrical stimulation and hydrotherapy do not provide full proprioceptive activation of the
knee extensors and stabilizers [58]. Physiotherapeutic methods act locally and do not always
account for the interconnection of the capsule, fasciae, and biomechanics of the entire limb [59].
This underscores the need for integrating 3D movement analysis, robotic therapy, and
sensorimotor training [60].
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Innovations in contracture rehabilitation: Robotic kinesiotherapy and exoskeletons allow
for dosed movement and control over speed and force, ensuring safe loading conditions for the
graft and soft tissues [61]. The use of visual and tactile feedback facilitates real-time movement
correction and improves functional kinematics [62]. Integrative methods target myofascial,
capsular, and neurogenic mechanisms, reducing the risk of contracture chronification [63].
Artificial intelligence-based technologies provide a personalized approach that considers
anatomophysiological characteristics, graft status, and the patient's biomechanical parameters
[64].

Biomechanical movement analysis: Motion capture systems with optical and inertial
sensors enable the quantitative assessment of kinematics, load distribution, and compensatory
strategies, which is important for contracture prevention [65; 66; 67]. Integrating gait analysis
improves exercise personalization and functional outcomes [68].

Use of feedback sensors: Wearable sensors allow tracking of ROM, gait symmetry, and
load parameters, making therapy accessible in the clinic and at home [69]. Training with load or
centrifugal feedback improves strength and walking parameters [70]. Modern IMU systems are
comparable in accuracy to optical methods for standard movements, although they are less
accurate during high-speed maneuvers [71].

The development of telemedicine expands the possibilities for remote monitoring, but hybrid
protocols combining sensors and clinical assessment are considered optimal [72].

Conclusion. The literature review shows that knee joint contractures following ACL
reconstruction have a multifactorial nature, involving biomechanical, myofascial,
capsuloligamentous, and neurogenic mechanisms. Even minor disruptions in the axis of motion
and load distribution can lead to secondary tissue changes and persistent mobility restriction.

Traditional rehabilitation methods remain the foundation of recovery; however, their
effectiveness is limited by an insufficient consideration of hidden kinematic abnormalities.
Modern technologies—robotic therapy, 3D movement analysis, feedback systems, and artificial
intelligence tools—allow for more precise movement control, correction of compensatory
strategies, and personalized treatment.

Thus, the literature analysis confirms that the most effective strategy for the prevention and
treatment of knee joint contractures is multidisciplinary, biomechanically oriented, and
personalized rehabilitation, based on early mobilization, movement quality control, and the use
of modern kinematic analysis and correction technologies. Future research should be directed
towards developing standardized protocols that account for biomechanics, graft type, degree of
soft tissue injury, and individual recovery characteristics.
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