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Walking is an indispensable mode of transportation for human survival. Gait is a characteristic of walking. In the clinic, patients with different diseases exhibit different gait characteristics. Gait analysis describes the specific situation of human gait abnormalities by observing and studying the kinematics and dynamics of limbs and joints during human walking and depicting the corresponding geometric curves and values. In foot and ankle diseases, gait analysis can evaluate the degree and nature of gait abnormalities in patients and provide an important basis for the diagnosis of patients’ diseases, the correction of abnormal gait and related treatment methods. This article reviews the relevant literature, expounds on the clinical consensus on gait, and summarizes the gait characteristics of patients with common ankle and foot diseases. Starting from the gait characteristics of individuals with different diseases, we hope to provide support and reference for the diagnosis, treatment and rehabilitation of clinically related diseases.
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1 INTRODUCTION
Walking is the most important mode of transportation of the human body. It is integrated into daily life and movement and is necessary for human survival. Its process is extremely complex and requires the coordinated deployment of various parts of the body: the movement of the centre of gravity of the body, the flexion and extension of the joints, and the rotation of the pelvis. It is a random movement. Gait is a behavioural feature of human walking that is affected by many factors, such as living habits, nature of work, sex and disease. It is generally believed that gait deviation is often caused by specific neurological, muscle or skeletal pathological features (Baker et al., 2016). Gait analysis is a biomechanical research method that integrates human anatomy, physiology and mechanics to analyse the function and state of human walking. Through kinematic observation and dynamic research, limb and joint actions during human walking are analysed, and the relevant geometric curves and corresponding parameters are depicted. The purpose of disease diagnosis, efficacy evaluation and rehabilitation guidance has been achieved. Gait analysis originated in the 17th century. Giovanni Borelli first proposed the application of mechanics and geometry principles to explore the movement of the musculoskeletal system during exercise. In 1988, the successful development of the VICON system and AMASS hardware gradually brought computer 3D gait analysis technology to people’s attention. The three-dimensional ground reaction force (GRF) was measured by a force plate, and kinematic information and muscle function information were added for further analysis (Sutherland, 2001; Sutherland, 2002; Sutherland, 2005). The purpose of describing the gait pattern of a specific population, evaluating and classifying the functional severity of a specific population, and evaluating the effect of specific treatment interventions has been achieved (Debi et al., 2017). As the technology has continued to improve, gait analysis has been widely used to identify abnormal gait characteristics due to a variety of diseases and to monitor and evaluate these characteristics over time to achieve effective tailored treatment, provide information for the evaluation of predictive results, and better ensure the overall practice of precision medicine. We searched the Web of Science and PubMed databases for literature related to human gait analysis. The search terms included “gait”, “walking”, “biomechanics”, “kinematics”, “foot”, “ankle”, “plantar pressure”, “segment”, and “modelling” combined with the terms analysis, evaluation, and diagnostic techniques. We also used the combined terms of gait analysis, motion analysis, and biomechanic analysis. The retrieved articles were screened for their relevance to gait analysis of common orthopaedic foot and ankle disorders, and references unrelated to gait analysis were excluded. The search for references was limited to the English language, and other older references known to us were also included. In this review, we summarize the application of different gait analysis techniques and foot models in the diagnosis, therapeutic assessment of orthopaedic common foot and ankle disorders.
2 BASIC CONCEPTS OF GAIT ANALYSIS
The gait cycle consists of two main phases: the stance phase and swing phase. During the whole gait cycle, the time that each limb remains in contact with the ground accounts for approximately 60% of the total time, which is called the stance phase. The swing phase accounts for 40% of the movement, which refers to the period when the limb is not touching the ground and is swinging forward (Hecht et al., 2022). The above two stages can be further divided into initial contact, loading response, mid-stance, terminal stance, preswing, initial swing, mid-swing, and terminal swing (Figure 1). The main characteristics of a healthy gait are a stable stance phase, appropriate stride length and step size, prepositioning when swinging, and relatively less energy consumption (Alam et al., 2017). As a dynamic result of the coordination between the nervous system and skeletal muscles, any change in pathological conditions will lead to abnormal gait. The biomechanical study of gait analysis includes a series of biomechanical variables: surface electromyography (sEMG), spatiotemporal parameter, kinematic and dynamic data (Kuo and Donelan, 2010). To help explain these numerous gait parameters, gait indices, such as the gait contour score (GPS) and gait deviation index (GDI), were developed to more clearly reflect gait quality by eliminating subjective differences in the selection of these parameters (Schwartz and Rozumalski, 2008; Baker et al., 2009).
[image: Figure 1]FIGURE 1 | The key phases, stages, and events of the gait cycle.
3 FOOT MODEL AND INDICES
In traditional clinical gait analysis, the foot is modelled as a single rigid part interacting with the tibia, that is, a single-segment model (Brodsky et al., 2011). The advantage of this modelling approach is that it can provide data on the dynamics of the ankle joint (i.e., force, torque and power). However, viewing the foot as a single component is an oversimplification of its complex structure (Theologis and Stebbins, 2010), and this ignores energy generated/absorbed within the segment, distorts our understanding of joint and muscle-tendon dynamics, and thus misrepresents the function of the foot (Mannoni et al., 2003). With the advancement of gait analysis technology, multisegment foot models (MFMs) can explain the above problems by analysing the relative motion between the internal segments of the foot. A variety of MFMs have been developed (Kadaba et al., 1990; Kidder et al., 1996; MacWilliams et al., 2003; Simon et al., 2006; Leardini et al., 2007; Henley et al., 2008; Wright et al., 2011; Oosterwaal et al., 2011; De Mits et al., 2012; Saraswat et al., 2012; Schallig et al., 2022) (Table 1), and there has been much discussion on the application of these models.
TABLE 1 | Different multi-segment foot models.
[image: Table 1]Novak (Novak et al., 2014) described the strengths and limitations of clinically used MFMs; MiFM (Long et al., 2010), OFM (Wright et al., 2011), RFM (Arnold et al., 2013), mSHCG (Saraswat et al., 2013), and HFMM (Kalkum et al., 2016) have been proven to have good reproducibility and are commonly used models when conducting clinical studies. OFM and RFM have been shown to be useful for detecting differences in motion in the coronal plane of athletes with foot deformities, as well as for assessing the risk factors for traumatic injuries (Powell et al., 2013), and the mSHCG has been used to address functional differentiation of the developmental foot from the pathologic foot in children (Saraswat et al., 2012). These models differ in many features, such as type of marker cluster, selection of bony markers, construction of anatomical frameworks, definition of joint rotations, and kinematic differences; however, the main difference lies in the definition and selection of the number of foot segments. Most of the models construct the tibial, hindfoot and forefoot frameworks; however, some models choose to construct the midfoot and lesser toe joints, and even scholars build a 26-segmented foot model through finite element simulations to directly study the internal loads and motions of the complex structure of bones and soft tissues (Oosterwaal et al., 2011). Yoo (Yoo et al., 2022) compared the experimental results obtained with five MFMs in terms of reproducibility: the coronal plane of the OFM, DFM, and mRFM models of HFs for labelling-based analyses was less reproducible than was the cross-sectional plane when compared to the MiFM and mSHCG models, which used the angle of offset; in terms of kinematics, all three planes of the HF segments of the OFM and DFM showed a high degree of similarity, and there was a certain degree of similarity between the DFM, the mRFM, and the OFM in the rotational motion of the HF; however, the MiFM and mSHCG showed inconsistent kinematics and a lower ROM. The authors attributed these differences to the different local coordinate systems constructed by the MFMs and differences in the coordination of the segments with each other and the sensitivity of the models to motion; comparisons between studies of different MFMs are not purely difference analyses but must account for numerous influencing factors.
Different from the plane motion of the knee joint, the foot-ankle complex carries out a kind of “spatial motion”. Compared with the motion axis of the knee joint perpendicular to the three basic planes, the motion axis of the foot exists in three-dimensional space because of the influence of the bony structure. There is a certain angle from each plane. Therefore, the motion of the foot is defined by describing the projection of the motion axis on three planes. For the first time, Morton used this “pronation” to describe the movement of the human foot, which is a motion trend that combines three planes; “pronation/supination” is used to describe the special three-plane motion of the foot (Suciu et al., 2016). In addition to movement trends, there are characteristic gait indicators that can be used to characterize foot and ankle movements (Mcdonald and Tavener, 1999). The foot progression angle (FPA) is the angle between the gait direction and the line between the heel bone and the second heel bone (Beyaert et al., 2003). It can be used to describe the rotational state of the foot, and abnormalities in the FPA reduce the efficiency of mechanical gait, change the force arm of the lower limb force line, induce ankle injuries, and even exacerbate osteoarthritis of the knee; therefore, the FPA is regarded as an important target for improvement in gait rehabilitation (Schelhaas et al., 2022). The centre of pressure (COP), referred to as the “gait line”, is the centroid of the total number of active sensors for each data sample collected and depicts the spatial and temporal relationship between the pressure distribution and the entire plantar surface (Cornwall and McPoil, 2000). The COP has been widely used for the assessment of foot posture, dynamic foot function, and balance (Buldt et al., 2018a). The joint peak torque is the torsional effect that occurs when a moment is applied to a joint; this torque is an important indicator of ankle strength and is influenced by numerous factors, such as foot-ankle joint position and muscle strength. Measurement of joint torque can be used to assess the strength of foot-ankle muscles and identify the weakest range, thus helping individuals detect in advance some foot deformities associated with muscle weakness and neuromuscular diseases, such as Charcot-Marie-Tooth disease (CMT) (Bombelli et al., 2014), hammertoe deformity (Kwon et al., 2009), Duchenne muscular dystrophy (DMD) and diabetic neuropathy (Bakker et al., 2002; Bus et al., 2009), among others, and to develop more specific preventive strength training for clinical populations. Previous studies have shown that ankle strength is an important factor in walking and balance (Ng and Hui-Chan, 2012; Guillebastre et al., 2013); therefore, early clarification of joint torque allows screening for people at high risk of falls and appropriate interventions to prevent fall complications.
4 APPLICATION IN FOOT AND ANKLE DISEASES
The foot and ankle joints are the links between the supporting ground and the lower limbs. They bear a large force and face complex and changeable terrain, which plays an important role in the dynamic function of the whole limb. In recent years, the progress in motion analysis technology has offered higher resolution and increased precision in data acquisition, and the development and application of multisegment foot model has enabled clinicians and scientists to explore the analysis of relative motion between anatomical segments of the foot during gait. In this review, we summarize the use of gait analysis in orthopaedic common diseases from the perspective of deformity lesions, trauma and degenerative lesions. (Table 2).
TABLE 2 | Gait analysis techniques for different foot and ankle joint diseases.
[image: Table 2]4.1 Cavus foot
Cavus foot deformity is characterized by an increased longitudinal arch of the foot. The aetiology is relatively complex and often combined with varus, horseshoe or other deformities. According to previous studies (Walker and Fan, 1998; Crosbie et al., 2008; Sanchis-Sales et al., 2019), the proportion of cavus foot in the population is approximately 10%–15%, and 60% of patients will experience foot pain. A study of plantar pressure in two-foot positions showed that the plantar contact area was significantly reduced in cavus foot, with the forefoot becoming the main weight-bearing structure and the load distribution shifting towards the medial aspect of the foot (Fernández-Seguín et al., 2014). Of these, the second and third metatarsal heads are under the most pressure, and because the metatarsals are embedded between the cuneiform bone joints, the area has low mobility, making it difficult to distribute the load (De Doncker and Kowalski, 1979), which has been suggested to be the cause of the associated pain. In terms of kinematics, Kruger (Kruger et al., 2019) compared the effects of different foot postures on movement. Compared with those in the normal group, the cavus foot group had obvious hindfoot dorsiflexion and varus, and plantar flexion, valgus and adduction of the forefoot also increased, which was inconsistent with the increase in hindfoot valgus and abduction and increase in forefoot adduction reported by Buldt et al. (2015). The possible reasons for these results are as follows: 1. The segmental models used are different, and the positioning and direction of the coordinate axes are also different. 2. There may be differences in the reference position used (neutral position/comfort position).
Buldt reported that the middle foot coronal mobility of the cavus foot group decreased during the stance period, which indicated that the deformation of the medial longitudinal arch was reduced, the foot became more rigid, and the arch rigidity increased, which may have caused the foot to absorb the impact load. The ability to absorb the impact load can be reduced when a patient with a high arch foot touches the ground, causing damage to the arch. Therefore, in clinical practice, it is necessary to improve the detection, evaluation and early correction of plantar pressure and kinetic parameters in this group of people to reduce pain in the corresponding area and prevent the occurrence of sports injury. Choi et al. (2015) designed an orthopaedic insole containing a metatarsal pad that can reduce foot supination. The results showed that the customized insole can significantly increase the contact area of the middle foot, reduce the outwards heel tilt, improve the pressure distribution of the forefoot, disperse the concentrated pressure at the hindfoot and the forefoot, and improve the effective utilization of the lower-limb muscles to achieve the effect of reducing lower-limb fatigue during long gait.
4.2 Planus foot
Flatfoot is a common foot deformity in foot and ankle surgery. It is characterized by the reduction or disappearance of the arch of the foot. In fact, this condition is accompanied by hindfoot valgus, forefoot abduction and supination (Levinger et al., 2010a), which may be related to congenital development, acquired trauma and other factors. Rigid flatfoot (such as tarsal bone fusion and the vertical talus) caused by neuromuscular diseases can cause symptoms such as pain or walking disorders. Flexible flatfoot (FFF) caused by soft tissue relaxation around joints is common in clinical practice, especially in children and adolescents. Although simple flatfoot has little effect on the shape of the foot, it often affects the gait of patients in the late stage. Dynamic gait analysis combined with static imaging analysis is needed for overall evaluation. Compared to cavus foot, planus foot showed opposite plantar pressure characteristics, the group showed greater midfoot contact area along with lower peak pressures in the fourth and fifth Metatarsophalangeal Joint (MTPJ) and lateral heel (Buldt et al., 2018b). An important finding of this study was the distribution of the loads on the structures surrounding the 1st MTPJ, with the planus foot hallux having higher loads and the 1st MTPJ having lower loads (in complete contrast with the cavus foot), this alteration is similar to that of patients with first MTPJ lesions (e.g., hallux rigidus) (Menz et al., 2018), and the authors considered that the first metatarsophalangeal joint function may show a certain tendency to change in relation to the time of the development of arthropathology.
Kerr et al. (2015) compared the differences between planus patients with and without clinical symptoms. The results showed that, compared with those in the normal group, all the planus foot groups exhibited significant hindfoot eversion, and the symptomatic group had significantly more forefoot abduction than the asymptomatic group; moreover, there was a tendency towards forefoot supination relative to the hindfoot. In addition to foot changes, the symptomatic group showed a significant increase in hip flexion when the foot was following the ground, knee flexion in the middle, and knee valgus (Kerr et al., 2019). Due to the increased hindfoot eversion in planus foot patients, the arch of the planus foot increases the flexibility of the foot but is unable to provide the rigid lever required for push-off. This results in an inability to provide support to the soleus and gastrocnemius and a decrease in forward thrust, decreasing stride speed. Moreover, forefoot abduction may lead to excessive tension on medial soft tissue structures, excessive pronation of the hindfoot rotates the tibia, causing passive strain on the foot and changing the direction of patellofemoral joint forces. These potential changes in motion can lead to worsening of conditions and symptoms such as foot pain, plantar fasciitis, fatigue, joint instability and patellofemoral joint pain (Riskowski et al., 2013). Therefore, to improve foot pain, the first task is to restore the arch of the foot, normalize the movement of the foot, and diagnose and treat the patient as soon as possible to avoid decompensation of adjacent joints. Peng et al. (2020) tested a foot orthosis (medial arch support with medial forefoot posting). Compared with ordinary footwear walking, orthosis can significantly reduce the peak ankle contact force, the peak ankle valgus angle and the peak ankle valgus torque; maintain the medial longitudinal arch; prevent further pronation; significantly reduce the second peak of the patellofemoral joint contact force; and relieve patellar joint pain.
4.3 Congenital talipes equinovarus
Congenital talipes equinovarus (clubfoot) is the most common congenital foot structure deformity. There is one case in every 1000 newborns worldwide (Ansar et al., 2018). The main manifestations are clubfoot (increased plantar flexion of the calcaneus relative to the tibia), cavus foot (pronation of the forefoot relative to the hindfoot, increased longitudinal arch of the foot) and adduction and varus deformity (increased adduction and/or varus of the calcaneus relative to the tibia) (Ponseti et al., 2006). In clubfoot, more males than females, slightly more unilateral cases than bilateral cases, and seasonal changes in symptoms have been reported. The incidence of clubfoot in autumn and winter is high (Wallander et al., 2006; Zhao et al., 2016), and it is more common in patients with motor neuron injury. There are many differences in the gait characteristics of children with clubfoot compared with those of children with normal development. The main manifestations are a decrease in ankle joint activity, an increase in the internal rotation of the foot, a decrease in ankle joint strength during the swing period, a decrease in plantar flexion torque and a possible foot drop. Compensatory changes, such as increased hip external rotation and excessive knee extension, were also observed. (Mindler et al., 2014; Lööf et al., 2016). The purpose of treating clubfoot is to relieve foot pain, obtain a normal appearance, and restore normal function. At present, the Ponseti method (manipulation, casting, cementing, or an Achilles tenotomy) is considered the gold standard for early treatment (Ganesan et al., 2017; Grin et al., 2023). A transplantar pressure study showed that, compared to those of the healthy side and control group, clubfoot treated with the Ponseti method had higher peak pressure (PP) and pressure‒time integral (PTI) in the lateral forefoot and midfoot; moreover, the contact area reported as a percentage of the total foot area (CA%) was also significantly greater, while the PP and PTI were significantly lower in the medial forefoot and hindfoot, suggesting that the affected foot experiences significantly greater mechanical stress during walking and that the load is transferred from the medial side of the foot to the lateral forefoot and midfoot (Xu et al., 2018). An “in-toe” gait pattern was observed in the affected clubfoot, with an internally rotated FPA that facilitates the transfer of loads to the lateral aspect of the foot.
Although the Ponseti method can achieve good results in the short term, 11%–47% of patients have been reported to experience disease recurrence. Several studies have shown that among patients who have received Ponseti treatment, the disease rate at 3.7–4.1 years after correction is still as high as 68% (Bergerault et al., 2013; Zionts et al., 2018). Patients with recurrent cases showed a similar gait pattern to that before correction (Grin et al., 2021; Grin et al., 2022). Grin et al. (2021) reported that, compared with those in the nonrecurrent group, the forefoot adduction and supination angles (relative to the hindfoot and tibia) in the recurrent group were significantly greater. The authors believe that this may be a kinematic indicator of recurrent talipes equinovarus, which is helpful for early identification of recurrent talipes equinovarus. Gait analysis plays an important role in the early detection of recurrence, and gait analysis technology can also be used to determine and evaluate the effect of additional treatment. Recent studies on the efficacy of tibialis anterior tendon transfer (TATT) and repeated Ponseti treatment have revealed changes in the movement of recurrent patients after additional treatment (Liu et al., 2020; Mindler et al., 2020; Li et al., 2022). TATT is a surgical technique that restores the muscle balance between varus and valgus of the hindfoot by transferring the anterior tibial tendon insertion to the lateral cuneiform bone. Studies have shown that TATT can significantly improve the dynamic supination of the forefoot in recurrent patients and appropriately relieve varus and adduction of the hindfoot, but the postoperative ankle strength decreases to varying degrees (Mindler et al., 2020; Li et al., 2022). This result is related to muscle weakness and atrophy of the affected limb; that is, the operation restores the dynamic imbalance but cannot restore lost muscle mass, and an invasive operation plus long-term postoperative plaster fixation may lead to further muscle atrophy. Liu et al. (2020) compared the kinematic and dynamic parameters of patients with recurrent talipes equinovarus treated with repeated Ponseti with those of patients without recurrence. The results showed that there was no significant difference between the recurrent and nonrecurrent patients treated with Ponseti except for spatial and temporal parameters such as step length and single-limb support time. Therefore, the author suggested that the Ponseti method should be used for recurrent talipes equinovarus.
4.4 Hallux valgus
Hallux valgus (HV) deformity refers to the deviation of the great toe from the midline of the foot to the second toe and lateral oblique displacement at the first metatarsophalangeal joint. It can cause the formation of a painful bursa at the medial convex of the great toe and metatarsophalangeal joint, accompanied by symptoms such as forefoot pain and deformity of the remaining toes (Coughlin and Shurnas, 2003). The incidence rate is approximately 23%–35.7%, and the prevalence rate in women (30%) is higher than that in men (13%) (Nix et al., 2010). A large-scale male‒female cohort study of the HV population (Galica et al., 2013) showed that participants with HV alone and HV combined with other foot diseases had lower loads in the toe area and greater loads in the small toe area than participants without HV. In addition, the group with HV had lower hindfoot lateral force, peak pressure and centre of pressure excursion index (CPEI) values and greater modified arch index (MAI) values. These findings indicate that, compared with those in the control group, HV patients in the control group tended to exhibit a more prone gait and may exhibit a flatfoot posture. In terms of kinematics, HV patients tend to exhibit excessive foot dorsiflexion, increased hindfoot valgus, reduced abduction of MTP1, and reduced ankle mobility during walking (Deschamps et al., 2010). Similarly, Kim et al. (2020) et al. studied the effect of HV deformities on the intersegmental motion of the foot. The results showed that the sagittal ROM of the hallux toe and the hindfoot decreased, the hallux toe was overly dorsiflexed at the end of the support phase, and the adduction of the forefoot decreased. These changes were positively correlated with the severity of the deformity.
According to the severity of the deformity, a customized orthosis can be selected to prevent disease progression, and surgical intervention can also be performed. The effect of the surgical plan also differs. Moerenhout et al. (2019). performed gait analysis on the efficacy of modified Lapidus surgery and reported that at 6–12 months after surgery, 3 spatial-temporal parameters, 2 kinematic parameters and 7 plantar pressure parameters were significantly improved. Moreover, the results 12 months after surgery were significantly better than those at 6 months, indicating that the recovery time required after surgery was also relatively longer. In the walking process, whether the remaining area can fully bear a certain load is a problem that cannot be ignored. Ballas et al. (2016). performed a series of studies on the change in plantar pressure after valgus surgery and reported that the gait pattern after scarf surgery was similar to that without surgical treatment, but the forefoot propulsive force could not be fully restored in patients who underwent first metatarsophalangeal arthrodesis. Geng et al. (2017) also reported that the first metatarsal load function was impaired in some patients with metatarsal pain after valgus surgery. Whether the remaining part can bear the original load while walking is a problem that cannot be ignored.
4.5 Acute ankle sprains and chronic ankle instability
Acute ankle sprain is the most common lower-limb movement-related injury, accounting for 16%–40% of all sports-related injuries (Halabchi and Hassabi, 2020), and acute ankle sprain is most common in basketball, football and rugby. Repeated ankle sprains and residual symptoms such as persistent instability after injury are called “chronic ankle instability” (CAI) (Waterman et al., 2010). CAI can also be subdivided into functional ankle instability (FAI) due to interruption of the afferent pathway, resulting in functional instability of proprioception defects, and modified arch index (MAI), caused by structural changes in the ankle complex (Delahunt et al., 2006). Due to impaired postural control, the movement strategies of ankle sprains and CAI patients change during walking. Koldenhoven et al. (2016) investigated the plantar pressure characteristics of CAI patients walking on level ground and standing on one foot and reported that the COP on the affected side of CAI patients significantly shifted towards the lateral side of the foot while walking on level ground, and the stability of the affected side in the anteroposterior, posterior, and bilateral internal and external postural control was significantly weaker than that of normal subjects during unipedal support. Bigouette et al. (2016) conducted a cohort study on the changes in the vGRF in CAI patients during running. The study revealed that, compared with healthy controls, the CAI group had a greater peak impact force and active peak force, an increased load rate, and a shortened time to reach the active peak force. This change may increase the vulnerability of CAI patients to stress-related injuries and repeated sprains. These changes may also explain why CAI patients are prone to repeated sprains and confirm that CAI kinematics are more inclined to lead to ankle inversion.
Doherty et al. (2015) analysed the kinetic changes in the limbs before and after heel touchdown (period 1) and after toe-off from the ground (period 2) in patients with lateral ankle sprain (LAS). Compared with those in the healthy control group, in the first stage, knee flexion, ankle varus torque, and varus flexion were greater, while plantar flexion was lower in the LAS group. In the second stage, hip extension and plantar flexion decreased in the LAS group. The injured person protects the fragile ankle joint through local and global adjustments and exhibits many movement patterns similar to those of individuals with CAI. Kwon et al. (2020) studied the coordination of limbs between different groups. The results showed that the CAI and Coper groups exhibited different coordination strategies than did the control group in the second half of standing and in the process of propulsion (i.e., compared with the tibial internal rotation of the healthy population, the experimental group showed tibial external rotation), which further increased the evidence of limb regulation and compensation for sensorimotor deficits.
Treatment of CAI is primarily aimed at improving poor compensatory movement patterns, allowing for a reduction in ankle dorsiflexion and thus enhancing postural control stability. Feger et al. (2018) reported that the COP shifted medially during 10%–100% of the walking cycle after gait training. The contact area of the medial midfoot increased significantly and reached peak pressure 13% earlier than before training, and the PTI of the medial forefoot increased significantly, indicating that gait training could cause the COP to shift inwards earlier and more rapidly and reach a stable ankle position. Approximately 34% of ankle sprain patients develop sprain again within 3 years of injury (van Rijn et al., 2008). If conservative treatment fails and symptoms of chronic ankle instability persist, surgical treatment can be selected by repair (anatomical contraction of the lateral ligament and reconstruction of the insertion point) or reconstruction (reconstruction of the lateral ligament with other surrounding tissues). Schmidt et al. (2005) performed plantar pressure tests on CAI patients 3 years after Karlsson’s anatomical repair. The results showed that there was no significant difference between the peak pressure in 8 plantar regions (toe, 2–5 toes, first metatarsal head, second and third metatarsal head, midfoot, medial hindfoot, lateral hindfoot) and that in the healthy foot during walking. These studies may help clinicians intervene in CAI by reducing the load rate and improving posture training for patients to prevent the recurrence of sprains and slow the progression of osteoarthritis after ankle trauma, which is beneficial for ensuring patient prognosis.
4.6 Ankle fracture
Ankle fracture (AF) is the most common fracture in orthopaedic trauma surgery and accounts for approximately 9% of all fracture types, with an annual incidence of 107–184 cases/100,000 people (Court-Brown and Caesar, 2006). The most common fracture types are single and double ankle fractures (Shibuya et al., 2014; Elsoe et al., 2018). Fractures caused by low-energy indirect trauma are generally treated conservatively, but when conservative treatment fails to restore joint consistency and fractures are caused by high-violent trauma, surgical reduction is the preferred treatment method (Goost et al., 2014). The most commonly used surgical treatment is open reduction and internal fixation (ORIF), the main purpose of which is to prevent posttraumatic arthritis and shorten the immobilization time (Tantigate et al., 2019). The severity of the injury, surgical intervention and fixation time all contribute to biomechanical changes (Egol et al., 2006), and recovery of these parameters after ankle treatment is critical. A study of dynamic plantar pressure changes at 6 and 12 months after bilateral ankle fracture surgery showed that AFG patients had lower plantar pressure (peak and mean) and longer contact time than did CG patients and that AFG patients had significantly lower e-cadence and gait speed than did the control group. Similarly, (Fernández-Gorgojo et al., 2023), Zhu et al. (2022) reported similar results in a study of 12 subjects after trimalleolar fracture; i.e., abnormal changes in plantar pressure were mainly manifested in the forefoot and hindfoot regions. Compared with those in the healthy control group, the patients in the symptomatic group had shorter step lengths, larger step widths, slower walking speeds, shorter single supports and obvious asymmetry in gait; these authors believe that these differences might be related to functional impairment of the anterior tibial and peroneal longus muscle ability.
van Hoeve et al. (2019) performed gait analysis on ankle fractures of different severities treated by surgery. The results showed that the patient’s sagittal mobility in weight-bearing and push-off segments was significantly reduced, but there was no obvious abnormality in cross-sectional or coronal movements. The author emphasized that the severity of the fracture is inversely proportional to the extent of joint flexion/extension. Similarly, Böpple and his colleagues (Böpple et al., 2022) reported that the motion of the tibiotalar joint and medial arch in patients with ankle fractures was limited, and the regional GRF was also reduced; however, over time, significant improvement could be observed. The author also confirmed that patients with fractures were more inclined to lift their feet rather than push them off the ground during forward movement. Deschamps et al. (2022) quantified the foot joint mechanics (joint torque) and energy (power) of patients walking after ORIF and noted that, compared with those in the control group, all components of the ankle complex in the ORIF group showed varying degrees of reduction. Among them, the peak value of the medial malleolar torque, the average peak power and the total positive work performed by the Chopart joint were significantly lower than those in the control group, and a trend towards reduced power absorption and total negative work were also observed on the healthy side of the patient’s foot, which seemed to reveal a symmetrical avoidance strategy. Suciu et al. (2016) evaluated the recovery effect of rehabilitation therapy. They analysed gait variables and functional outcomes at the time of weight loss (T1) and 12 weeks after the exercise rehabilitation programme (T2). The results showed that all spatial and temporal parameters were lower in T1 than in T2. Improvements were observed at T2, and the Olerud-Molander Ankle Scale (OMAS) score was also significantly improved. Therefore, the authors emphasized the importance of rehabilitation exercises in restoring patient movement.
4.7 Ankle osteoarthritis
Degenerative joint disease (DJD) of the ankle is a chronic disease associated with severe pain and dysfunction. Compared with primary ankle osteoarthritis, secondary osteoarthritis caused by traumatic injury and ankle biomechanical abnormalities (CAIs) is more common (Valderrabano et al., 2009). Joint disharmony caused by these pathological changes causes chronic cartilage overload and irreversible damage to the tibiotalar articular cartilage and eventually leads to narrowing and disappearance of the joint space, resulting in pain and deformity. Canseco et al. (2018) research team also confirmed that the dynamic ROMs of the tibia, hindfoot, forefoot and hallux of DJD patients decreased, the segmental position changed, and the foot as a whole flattened the arch, which reduced plantar fascia pretension, resulting in insufficient propulsion at the onset of the swing phase, as well as a significant decrease in the peak force and pressure values of the entire foot (especially in the hindfoot and toe regions). In the late stage of OA, the maximum force and peak pressure of the whole foot significantly decrease (especially in the hindfoot and toe areas), and the contact area with the ground also significantly decreases, which is interpreted as an “escape strategy” adopted by patients to avoid pain, which leads to insufficient support when entering the wobble phase (Horisberger et al., 2009). The combination of these factors leads to a decrease in spatiotemporal parameters and stability.
Total ankle replacement (TAR) and ankle arthrodesis (AA) are standard treatments for end-stage ankle osteoarthritis. Both procedures can effectively relieve pain caused by ankle arthritis. However, with the continuous improvement in quality of life and concerns about complications such as adjacent arthritis, an increasing number of people tend to choose TAR. Compared with those after AA, patients after TAR have a faster walking speed and greater ROM of the forefoot and hindfoot in the sagittal position (Seo et al., 2017). When completing more difficult tasks, such as climbing stairs, greater joint mobility allows for greater production of power and angular velocity, which makes the gait of TAR patients closer to normal, resulting in better exercise capability, full enjoyment of different exercise modalities, and improved quality of life (Sanders et al., 2021). Fritz et al. (2022) also showed that TAR surgery could increase the sagittal ROM of the ankle–joint complex, reduce the external rotation of the tibia, increase the external rotation of the hindfoot, relieve pain and improve walking function. However, the author also noted that although the outcome and gait ability of the study participants improved, there were significant differences in all the parameters in the healthy control group, indicating that TRA could not completely restore gait to normal. In the future, further research is needed on the prosthesis design, surgical methods, and postoperative rehabilitation of TAR to restore normal kinematic function.
5 NEW GAIT ANALYSIS TECHNOLOGIES
Traditional gait analysis involves the use of computer vision technology; through the capture of fluorescent markers on the surface, the skin is subjected to three-dimensional modelling to determine the posture of the human body. However, when motions such as gait are performed, soft tissue displacement causes relative motion between a marker and its corresponding bone, thereby affecting the derived kinematics, especially in foot movement capture; because the distance between the markers is very small, this motion will lead to a relatively large angular error (Schallig et al., 2021).
Biplane fluoroscopy (BF) is a method for measuring 3D joint kinematics with high accuracy using two common bead-tracking techniques (fluoroscopic radiostereometric analysis [RSA]) or 2D-3D model-based registration (Harman et al., 2012; Akbari-Shandiz et al., 2018). These methods create a 3D model of each bone from imaging parameters to visualize the relative motion of a specific bone, avoiding the shortcomings of optical motion capture. Balsdon compared the three foot-types by quantifying the medial longitudinal arch (MLA) as an angular value and comparing the changes in MLA during static and dynamic processes. The results showed that the pes planus and pes cavus had the smallest and largest average MLA angles, respectively, and that the (static) barefoot MLA angle was less than the (dynamic) angle (Balsdon et al., 2016). Phan compared the relative motion of the joint surfaces of the planus foot and normal foot (Phan et al., 2021). The average relative speed on the articular surface of the tibiotalar, subtalar and calcaneocuboid joints was significantly greater in flatfoot patients. Compared with those of normal individuals, the plantar foot of patients exhibited increased movement towards plantar flexion in the tibiotalar joint and eversion and external rotations in the talonavicular joint during standing. The ROM of inversion/eversion rotations and internal/external rotations in the tibiotalar joint was significantly greater, demonstrating high instability. Another study on ankle stability compared the mobility of the tibiotalar and subtalar joints in FAI patients, LAS patients and normal subjects during the stance phase of walking, and the results showed that both FAI and LAS patients exhibited hypermobility of the tibiotalar joints. In contrast to LAS patients, despite having no apparent joint laxity under static conditions, FAI patients also showed significantly greater hypermobility of subtalar joints than healthy controls did, which confirmed that stabilization of the subtalar joints is needed for the treatment of patients with FAI (Cao et al., 2019). In an osteoarthritis study (Lenz et al., 2022), Lenz observed no significant kinematic differences in the tibiotalar joints during walking compared to those in the control group of post-TAR patients, with only a slight loss of joint mobility in the subtalar joints but still with symmetric kinematics during walking and double heel-rise activities. This provides a reference for the choice of end-stage OA treatment.
Although the BF can directly track bone movement, it also has several limitations. The large space occupation of the equipment, the high requirements for the surrounding environment, the complex and changeable professional knowledge of the equipment software, the limited collection environment and the excessive radiation dose are still the main factors that hinder the development of double-head fluoroscopy technology. With the development of technology, scholars are paying increasing attention to multisystem and multimodal sensor fusion methods. These methods can analyse the complexity and variability of gait by integrating the data of multiple sensors. Multimodal sensor fusion also allows simultaneous monitoring of various physiological parameters during exercise, such as various gait indices (spatiotemporal, kinematic and kinetic), sEMG signals, or tendon-ligament movement combined with ultrasound (Maeda et al., 2022). Fusion analysis of these indicators can reveal potential health conditions and disease causes, improve the accuracy and personalization of diagnosis, improve the prediction of disease, evaluate treatment efficacy, and guide rehabilitation.
6 CONCLUSION AND FORESIGHT
The human body structure and the lower-limb kinetic chain have certain continuity and integrity; therefore, when there is a problem in a certain body part, there are often compensatory changes in adjacent joints. Numerous studies have noted the impact of hip and knee joint diseases on the ankle joint (Levinger et al., 2010b; Gao et al., 2016; Xie et al., 2019). Therefore, in the treatment of lower limb-related diseases, in addition to the treatment of clinical manifestations, it is also necessary to trace the source of the primary disease to fundamentally solve the symptoms. As a novel semi-automated dynamic assessment tool with the advantage of objectivity and precision in the diagnosis and assessment of abnormal gait compared to traditional clinical assessment, 3D gait analysis technology is now widely used in a number of disciplines to help guide diagnosis, assist in the development of surgical protocols, the assessment of treatment outcomes, and the guidance of rehabilitation training for disease, by capturing quantitative information about human movement. Currently, the biggest obstacle to incorporating this analysis remains the high cost (laboratory construction, time spent learning the technology and research testing). Increasing the convenience of gait analysis tools (especially those that can be used in an outpatient setting) without requiring patient access to the laboratory, reducing the cost of learning gait techniques, or shortening the time spent on laboratory testing will increase their utility as a clinical assessment tool, which will promote greater understanding of pathology and ultimately lead to better outcomes for patients.
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Subjects

Pes cavus: n = 34, Neutral
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Cavus Group: n = 11,
Rectus Group: n = 11,
Planus Group: n = 11

Normal: n = 37, Pes
cavus: n = 30, Pes planus:
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Pes cavus: n = 10

Normal: n = 35, Pes

cavus: n = 26, Pes planus:
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Asymptomatic neutral:
n = 88, Asymptomatic
mild flatfoot: n = 47,
Asymptomatic flatfoot:
n = 29, Symptomatic
flatfoot: n = 30

Asymptomatic neutral:
n = 98, Asymptomatic
mild flatfoot: n = 47,
Asymptomatic flatfoot:
n = 29, Symptomatic
flatfoot: n = 38

Flatfoot: n = 15

NCF who underwent
Ponseti treatment:
Healthy children n =

‘The group of successfully
treated clubfoot (the
nonrelapse group),
Relapse clubfoot (the
relapse group)

Control group: n = 15,
Corrected group:

Relapse group:

Dynamic supination
(recurrent clubfoot):
n=17

Recurrent clubfoot:
17, Healthy childr: n =
25en:n = 18

Relapsed clubfeet: n = 17,
Clubfeet without relapse:
n=28

A population-based study

Hallux valgus
participants: n = 20,
Symptom-free

volunteers:

I

2

Female symptomatic HV
patients n = 58, female
nonsymptomatic older
volunteers n = 50

Female patients with
‘moderate to severe hallux
valgus who underwent
modified Lapidus
procedure: n = 15

Consecutive fect with
postoperative transfer
metatarsalgia: n = 30, Feet
without metatarsalgia:

n =30

CAI patients: n = 17,
Healthy subject

17

CAI patients: n = 11,
Healthy individuals:
n=13

Acute LAS participants
n = 68, Noninjured
participants: n = 19

Acute LAS: n = 68,
Control group: n

19

CAI patients: n = 16

CAI patients were treated
with anatomic

reconstruction surgery:
n=19

Patients with bimalleolar
ankle fractures

undergoing ORIl
Healthy subjects:

Patients with trimalleolar
ankle fractures, Healthy
subjects: n = 12

Patients operated for
ankle fractures: n = 33
(33 feet), Healthy control
group: n = 11 (20 feet)

Patients with isolated
ankle fractures: n = 14,

Healthy participants:
n=20

Patients who sustained a
trimalleolar fracture and
underwent surgery: n
15, Asymptomatic adults:
n=13

DJD group: n = 36,

Healthy group: n = 13

Posttraumatic end-stage
ankle osteoarthritis
patients: n = 120

Patients undergoing
TAR: and AAin =
17 and 7

Patients undergoing
TAR: and AA: n =
10 and 10

DJD patients were
evaluated before and after
TAA:n =27

Gait analysis result

‘The pes cavus showed a significant reduction in
their weight-bearing areaand significantly
increased pressures under all zones of the forefoot
except the fifth metatarsal

The Cavus Group showed increased dorsiflexion
and inversion in the hindfoot and increased
plantarflexion, valgus, and adduction in the
forefoot. The Planus Group had less dorsiflexion,
more eversion, and more external rotation in the
hindfoot as well as less plantarflexion and increased
varus in the forefoot

1.Changes in frontal and transverse plane angles of
the hindfoot of the cavus group; 2less motion of the
midfoot in the sagittal and transverse planes during
initial contact and midstance in the cavus group;

3.reduced midfoot frontal plane ROM during pre-
swing in the planus group

‘The custom-made insoles dispersed pressure
concentrated by the higher medial longitudinal
arch and improved the efficient use of muscles

‘The largest differences were between the planus
and cavus foot groups in forefoot pressure and
force. The peak pressures at the 4th and 5th MTP]s
in the planus foot group were lower, and displayed
the largest effect sizes

Hindfoot eversion was increased in children with
asymptomatic and, to a greater extent,
symptomatic flatfoot. The forefoot was significantly
more abducted in the symptomatic and in the flat
group. The forefoot was more supinated relative to
the hindfoot in the flatfoot groups

The symptomatic flat feet showed significant
differences from asymptomatic groups (most
commonly the neutral feet) in terms of hip flexion,
knee flexion and varus, hindfoot inversion-
eversion, and forefoot abduction-adduction

‘The second peak patellofemoral contact force and
the peak ankle contact force were significantly
lower in the WSFO group. The foot orthosis
significantly reduced the peak ankle eversion angle
and ankle eversion moment; however, the peak
knee adduction moment increased

In the present study, a higher proportion of the
internal FPA was found in the affected clubfeet.
The affected feet showed a significant increase in
CA% and a higher PP in the M5 and MF zones.
Internal foot progression angle and a load transfer
from the medial forefoot and hindfoot to the lateral
forefoot and midfoot were observed in the affected
feet.

Clubfoot patients with a relapse show lower total
gait quality (GDI) and lower clinical status defined
by the CAP. Abnormal cEDI* was found in relapse
patients, reflected by differences in corresponding
variable scores. Moderate relationships were found
for the subdomains of the CAP and total gait and
foot quality in all clubfoot patients

‘The relapse group showed significantly increased
forefoot adduction in relation with the hindfoot
and the tibia. This group showed increased forefoot
supination in relation with the tibia during stance,
whereas during swing increased forefoot
supination in relation with the hindfoot was found
in patients with relapse clubfoot

The postoperative step length, stride length,
postoperative peak internal ankle rotation angle in
the frontal plane, postoperative peak internal foot
progression angle in the transverse plane and
V-angle-S values were significantly smaller than
their preoperative values

After TATT, forefoot supination in relation to the
hindfootand tibia was reduced during swingand at
initial contact, the heel showed less dynamic varus
and adduction movement, Maximum ankle
dorsiflexion slightly increased. Maximum ankle
power was reduced preoperatively and
postoperatively compared with controls

There was statistically significant difference in the
parameters of foot length, stride length, and single
limb support time (%gait cycle) between the

2 groups

Participants with HV had lower hallucal loading
and higher forces at lesser toes as well as higher
MAI and lower CPEI values compared to the
referent. Participants with HV and other FDs were
also noted to have aberrant rearfoot forces and
pressures

In our HV population we found an increased
dorsiflexion motion at the hallux during terminal
stance. In both sub-phases of stance, the HV group
showed increased eversion of the hindfoot,
indicating a less stable foot

For temporal parameters, gait speed and stride
length were diminished according to the severity of
HV deformity. Sagittal range of motion of hallux
and hindfoot decreased significantly and loss of
push-off during the preswing phase was observed
and forefoot adduction motion during terminal
stance was decreasedin SHV group

Three spatiotemporal, two kinematics, and seven
plantar pressure parameters significantly improved
between 6 months and 12 months postoperatively.
Significant improvement in radiological and

clinical outcome was reported at 6 and 12 months

For pain group, the maximum plantar force and
force time integral of the first metatarsal decrease
significantly, the time point when central rays
reached their peak force during the push-off is
significantly later than that in controls. The
regional instant load percentage at this moment
presented significantly higher for central rays, while
significantly lower for the first metatarsal and the
hallux compared to the controls

‘The CAI group demonstrated a more lateral COP
throughout the stance phase and significantly
increased peak pressure and pressure-time integral
under the lateral forefoot. The CAI group had
higher gluteus medius sEMG amplitudes during
the final 50% of stance and first 25% of swing

The CAI group had higher impact peak forces,
active peak forces, an increased loading rate and a
shorter time to reach the active peak force
compared with the control group

During period 1, the LAS group displayed
increased knee flexion with increased net extensor
pattern at the knee joint, increased ankle inversion
with a greater inversion moment, and reduced
ankle plantar flexion. During period 2, the LAS
group displayed decreased hip extension with a
decrease in the flexor moment at the hip, and
decreased ankle plantar flexion with a decrease in
the net plantar flexion moment

Controls demonstrated greater angles of SAK/TT
than individuals with CAI and greater angles of
FAK/TT than copers during the second half of
stance

Gait training improved self-reported function and
caused a medial shift in the COP from 10% of
stance through toe-off. The medial shift in COP
was driven by concurrent increases in peroneus
longus muscle activity from 21% to 60% and 81%-
90% of stance. There was a corresponding
reduction in gluteus medius muscle activity during
71%-100% of stance

Dynamic pedography showed a large degree of
symmetry of plantar pressure distribution after
surgery. There were no significant differences in
peroneal reaction time in the repaired and intact
ankles

‘The main results found in plantar pressure were a
lower mean/peak plantar pressure, as well as a
lower contact time at 6 and 12 months with respect
to the healthy leg and control group and only the
control group, respectively. In the ankle fracture
groups there are a moderate negative correlation
between plantar pressures (average and peak) with
bimalleolar and calf circumference

Patients presented compromised gait patterns:
shorter step length, larger step width, slower
walking speed and shorter single support, and
asymmetrical gait. During walking, patients
showed abnormal dynamic plantar pressure
features (mainly in the hindfoot and forefoot
regions), and the IEMG of TA and PL were larger
than healthy controls

Significantly less ROM between the hindfoot and
tibia in the sagittal plane (flexion/extension) during
loading and push-off phases was found in patients
after ankle fractures. Lowest ROM and poorest
PROM results were found for patients with
trimalleolar ankle fractures

Significant differences for the Foot Tibia Dorsal
Flexion, the tibio-talar dorsal flexion and the
ground reaction force for patients after 9 weeks as
well as patients after 26 weeks compared to healthy
participants, respectively. The ROM in the tibio-
talar joint and the medial arch was reduced in
affected patients compared to healthy participants

Mean peak power generation, total positive work
and peak internal ankle moment were significantly
lower for the Chopart joint when comparing the

patients to the control group. These results were

observed for both the affected and unaffected side
of the patients, showing symmetrical changes in the
patient group

Ankle DJD demonstrates significant changes in
foot mechanics characterized by altered segment
kinematics and significant reduction in dynamic
ROM at the tibia, hindfoot, forefoot, and hallux
when compared to controls. The results
demonstrate decreased temporal-spatial
parameters

Maximun force and contact area were decreased in
the whole osteoarthriic foot. Peak pressure in the
hindfoot and toes area was decreased as well. The
results indicated a positive correlation between

dorsiflexion and the pedobarographic parameters

Gait specd was faster in the TAR, the range of
hindfoot and forefoot sagittal motion was
significantly greater in the TAR The main
component of motion increase was hindfoot
dorsiflexion. Maximum ankle power in the TAR
was significantly higher than in AA. However, the
range of hindfoot and forefoot sagittal motion was
decreased in both TAR and AA.

During level walking, sagttal ankle ROM was
significantly higher, forefoot-tibia motion and
hindfoot-tibia motion were significantly greater in
the TAA group. During stair ascent, sagittal ankle
ROM, forefoot-tibia motion, and hindfoot-tibia
motion was greater

Decreased external rotation of the tibia and
increased external rotation of the hindfoot were
noted throughout the gt cycle. Ankle replacement
as supported by increased temporal-spatial
parameters, and significant improvement in tibial
sagittal range of motion during terminal stance and
hindfoot sagittal range of motion during preswing
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