Gait Changes in Individuals with Bilateral Hallux Valgus Reduce First Metatarsophalangeal Loading but Increase Knee Abductor Moments
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ABSTRACT
Hallux valgus (HV), one of the most common foot pathologies in modern society, affects not only the foot itself, but also the other lower limb joints.  The purpose of the study was to investigate the kinematic and kinetic changes in the lower limb joints in patients with bilateral HV during level walking.  Twelve female patients with bilateral HV and 12 healthy female controls walked while three-dimensional kinematic and kinetic data were measured.  Patients with HV were found to shift their center of pressure (COP) laterally away from the 1st metatarsophalangeal joint (MPJ), which helped unload the joint during late stance.  The lateral shift of the COP in these patients was associated with the reduced toe-out angles of the foot as a result of increased internal rotation of the hip.  However, this strategy increased the abductor moments at the knee, an index closely correlated with the medial load at the knee and a predictor of the onset and progression of medial OA.  Early treatment of HV may be helpful not only for reducing foot pain and deformity, but also for preventing the potentially harmful loading at the knee, especially in those at risk of medial knee OA.



1. Introduction
Hallux valgus (HV) is characterized by a lateral deviation of the hallux relative to the first metatarsal.  Being one of the most common foot pathologies in modern society [1], HV affects predominantly the female population with reported prevalence estimates ranging from 30% to 58 % as opposed to 13% to 25% in men [2, 3].  HV deformity usually occurs together with a decrease in height of the transverse arch, a widening of the forefoot and altered pressure distribution under the metatarsal heads [4].  Both foot and knee pain have been reported with HV deformity [5].  The presence of HV increases disability levels in women with knee osteoarthritis (OA) [6] and HV was linked to the development of knee OA in a case study [7].  These findings suggest that HV may affect not only the foot, but other joints, too, especially the knee.  However, the underlying mechanism has not been clearly described.

Previous studies on patients with HV have focused mainly on the measurements of the plantar pressure distributions [8, 9].  However, since the plantar pressure distributions are affected directly by the motions of the proximal segments/joints, a more complete picture of the compensatory changes in response to HV deformity would be difficult to obtain without knowledge of the kinematic and kinetic changes in the proximal segments.

Previous gait studies on patients with HV have focused mainly on the description of the kinematics of the foot and ankle complex [10, 11].  Only a limited number of studies reported the influence of HV deformity on the kinematics of the proximal segments/joints [4, 12, 13].  One such study was on patients with a juvenile form of hallux valgus, which is pathologically different from adult-onset HV [12].  The patient group was found to show greater hip and knee flexion during swing phase, lesser knee extension and greater plantar flexion at the beginning of the stance phase.  Another study reported the motions of the lower limb joints in the sagittal and frontal planes of six patients with HV [4].  The patient group showed increased peak ankle plantarflexion at the beginning of the stance phase and peak knee extension at the end of swing but reduced peak hip abduction throughout the gait cycle.  These studies did not provide the relationships between HV and the kinetic changes in the proximal joints.  Komatsu et al. [13] reported the kinetic changes in the joints of the lower extremities pre- and post-operative treatment of the HV, but it was a case report on an older patient with RA and HV.  From a mechanical perspective, altering the kinematics and kinetics at one joint can influence the mechanics of other joints in a linkage [14].  Changes of the foot progression angle, such as a result of foot diseases, also affect the center of pressure (COP) and the mechanics of the proximal joints [15].  However, no study has reported a complete account of the influence of HV on the kinematics and kinetics of the proximal joints in relation to those of the foot (e.g., progression angle and COP position) during gait.  A combined kinematic and kinetic analysis would be helpful for a better understanding of the movement strategies and compensations in response to HV deformity.

The purpose of the study was to investigate the kinematic and kinetic changes of the foot and the lower limb joints in patients with bilateral HV as compared to matched healthy subjects during level walking.  It was hypothesized that patients with bilateral HV would adopt compensatory gait patterns to reduce the loading to the first hallux, resulting in increased loads at the knee. 

2. Materials and Methods
2.1 Subjects
Twelve female patients with bilateral HV (age (mean±standard deviation or SD): 45.5±9.2 years; height: 157.0±4.3 cm; mass: 55.7±8.4 kg) and twelve age and sex-matched healthy controls (age: 46.8±9.8 years; height: 159.3±4.8 cm; mass: 63.6±14.4 kg) participated in the study.  An a priori power analysis based on pilot results using GPOWER [16] determined that 11 subjects per group would yield a power of 0.8 at a significance level of 0.05.  Informed written consent as approved by the Institutional Research Board was obtained for all participants.  Hallux valgus was diagnosed using dorso-plantar weight-bearing X-rays, i.e., hallux valgus angle (HVA) ≧ 15 degrees and intermetatarsal angle (IMA) ≧ 9 degrees [17].  Patients with knee osteoarthritis (OA) were excluded.  The mean (SD) HVA and IMA of the patients were 30.5 (4.7) degrees and 15.2 (3.4) degrees, respectively.  Healthy subjects were free from any neuromusculoskeletal pathology that might have affected gait.  For the patients with HV, foot pain was assessed using 100-mm visual analog scales (VAS; 0=no pain, 100=worst imaginable pain).

2.2 Data Collection
In a gait laboratory, each subject walked barefoot at a self-selected pace on an 8-m walkway.  The subjects wore T-shirt and shorts, which were wrapped when necessary, to expose anatomical landmarks for the placement of the markers.  Twenty-eight retro-reflective skin markers were used to track the motion of the pelvis (ASISs, PSISs, iliac crests), and thighs (greater trochanter, mid-thigh, medial and lateral epicondyles), shanks (head of fibula, tibial tuberosity, medial and lateral malleolus) and feet (navicular tuberosity, fifth metatarsal base, heel and big toe) [18].  Additional markers were also placed on the first and second metatarsal heads.  Three-dimensional trajectories of the markers were measured using a 7-camera motion capture system (Vicon 512, Oxford Metrics, UK) at a sampling rate of 120 Hz, and the ground reaction force (GRF) was gathered from two forceplates (AMTI, USA) at a frequency of 1080 Hz [18].  Six successful trials were obtained for each subject.

2.3 Data Analysis
The pelvis-leg apparatus was modeled as a 7-link system [18].  Coordinates of the markers gathered during a static calibration trial were used to define the anatomical coordinate system of each of the links (body segments), with the positive x-axis directed anteriorly, the positive y-axis superiorly and the positive z-axis to the right.  A Cardanic rotation sequence (z–x–y) was used to describe the rotational movements of each joint.  In order to minimize the errors owing to skin movement artifacts, a global optimization method was used [19].  With the measured GRF and kinematic data, inverse dynamics were used to calculate the internal moments at the lower limb joints, which were normalized to body weight (BW) and leg length (LL), the latter defined as the distance between the ipsilateral ASIS and medial malleolus measured using a tape measure.  Inertial properties for each body segment were obtained using an optimization method [20].  All the modeling and inverse dynamics analysis procedures were implemented in MATLAB (version 7.10, MathWorks, Inc., USA).

Gait speed, cadence, step width and stride length were calculated.  Stride length was defined as the distance between the positions of the heel marker at two consecutive heel-strikes of the same foot.  Foot progression angle (FPA) was calculated as the angle between the line of progression and the line connecting the heel and the second metatarsal head [21].  A positive FPA indicated toe-out.  For subsequent statistical analysis, values of all the joint angles and moments and FPA at heel-strike and toe-off of the contralateral leg and toe-off of the ipsilateral leg were extracted for each trial.  These gait instances were selected because they are related to the forefoot rocker, which is relevant to HV.  Values were also averaged over the stance phase for each of the joint angle and moment component and FPA for each trial.  Stance phase was the period from ipsilateral heel-strike to toe-off defined using the measured ground reaction forces.  The positions of the point of application of the GRF, also called the center of pressure (COP), were calculated using the data measured by the forceplates.  The distance between the COP and center of the first metatarsophalangeal joint (MPJ) was calculated when the COP passed the line joining the 1st and 2nd MPJ.  This COP-MPJ distance was divided by the distance between the 1st and 2nd MPJ to give the normalized COP-MPJ distance.  The extracted values and average values over the stance phase were averaged across the trials and limbs for all variables for each subject.  All the variables calculated were tested for normality using the Shapiro-Wilk Test.  Comparisons of the variables between the HV and control groups were performed using independent t-tests.  Between-foot comparison of the VAS in the HV group was performed using paired t-test.  Pearson’s correlation analysis was also performed to establish the correlation between the foot progression angle and normalized COP-MPJ distance.  A correlation coefficient of 0.75 and higher indicates a high to excellent correlation; 0.50–0.75 a moderate correlation, 0.25–0.5 a fair correlation, and 0.00–0.25 a poor or no correlation [22].  All significance levels were set at  = 0.05 (SPSS, version 17.0, SPSS Inc., USA).
 
3. Results
All the calculated variables were normally distributed.  No significant difference in the mean VAS for pain was found between left (mean: 55.6 mm, SD: 5.8) and right foot (mean: 54.4 mm, SD: 7.7) in the HV group.  No significant differences were found between the two groups in age, body height and mass, and any temporal-distance parameters (Table 1).

Moderate negative correlations were found between normalized COP-MPJ distance and the foot toe-out angle during the gait cycle (Table 2).  The normalized COP-MPJ distances in the HV group were also significantly greater than those in the controls (Table 2).  Patients with HV showed significantly reduced toe-out angles throughout the stance phase with significantly increased mean internal rotations at the hip (Tables 2 and 3).  Patients with HV also showed significantly reduced flexion or increased extension at the hip at the key instances and significantly reduced knee abductions at toe-off and contralateral initial contact (Table 3).  

For joint moments, the HV group sustained significantly greater mean knee abductor moments during stance phase, significantly greater knee internal rotator moments at contralateral heel-strike, and greater ankle pronator and external rotator moments at toe-off (Table 4).

4. Discussion
The purpose of the study was to investigate the kinematic and kinetic changes of the lower limb joints during level walking in patients with bilateral HV as compared to age-matched healthy controls.  The HV group was found to adopt compensatory changes, primarily increased hip internal rotation and reduced toe-out angle, shifting the GRF away from the 1st MPJ at the expense of significantly increased knee abductor moments.  The knee abductor moment is an often-used predictor of knee joint loading and has been associated with the onset and progression of OA [23].  The results suggest that early treatment of HV may be helpful not only to reduce foot pain and deformity [24], but also to prevent potentially harmful loading at the knee, especially in those at risk of medial knee OA.

Patients with HV were found to shift their GRF laterally away from the 1st MPJ as indicated by the increased distance between the COP and 1st MPJ, which helped reduce the loading and associated pain at the 1st MPJ during late stance.  The lateral shift of the COP away from the 1st MPJ in patients with HV was moderately associated with the reduced toe-out angles of the foot as a result of increased internal rotation of the hip (Fig. 1A).  Greater out-toe angles were shown to increase the medial pressure of the foot during gait in various patient groups in the literature [15, 25].  For example, increased toe-out angle tends to induce a higher load on the medial foot, and reduced toe-out angle was found to shift the loading to the lateral side of the foot in children with cerebral palsy [25].  Foot progression angle was also found to be significantly correlated with the time spent on the medial side of the foot in individuals with diabetes mellitus (DM), peripheral neuropathy (PN), or a forefoot ulcer [15].  In the current study, patients with HV appeared to adopt primarily a hip internal rotation and toe-in strategy to shift the GRF away from the 1st MPJ to reduce the loading at the joint.

While a reduced toe-out angle helped reduce the load at the 1st MPJ in the current patients with HV, they were found to sustain increased abductor moments at the knee, similar in magnitude to those in patients with mild knee OA [18].  From a mechanical viewpoint considering the alignment of the lower extremity, increased toe-out angle will shift the GRF vector laterally towards the knee joint center and thus decreases the moment arm about the knee, thereby reducing the knee abductor moment (Fig. 1B).  Previous studies have shown that increased toe-out angle reduces the knee abductor moment during the late stance phase of gait in individuals with healthy knees and in those with knee OA of a wide range of severity [21, 26 ].  In contrast to patients with knee OA, the current patients with HV reduced the toe-out angles in order to shift the GRF away from the first MPJ at the price of increased abductor moments at the knee.  Since knee abductor moments are closely correlated with the medial load at the knee and are a predictor of medial OA progression [23], prolonged increased knee abductor moments in patients with HV may be harmful to the health of the cartilage and may contribute to the development of medial OA.  Therefore, early treament for HV is needed to prevent overloading at knee joints, especially in those at risk of medial knee OA.

Reduced toe-out angle via increased internal rotation of the hip may also have negative effects on the patellofemoral joint.  Excessive hip internal rotation is thought to contribute to lower-extremity torsional and patellofemoral joint malalignment [27], as well as increased patellofemoral joint stress [28], which are related to the development of anterior and peripatellar knee pain.  Patients with unilateral patellofemoral pain syndrome were found to have significantly different HV angles between affected and unaffected sides [29].  It appears that increased hip internal rotation may increase the risk of patellofemoral pain syndrome in patients with HV.  However, quantification of the effects of HV on the dynamic alignment of the patellofemoral joint using advanced measurement techniques such as 3D fluoroscopy methods [30] is needed to provide more direct evidence.

The current study described the compensatory changes patients adopted in response to bilateral HV, and the accompanied potential negative effects at the knee.  However, since walking involves both limbs, whether the same strategy would be adopted by patients with unilateral HV requires further investigation.  Further study is also needed to quantify the effects of the severity of HV on the primary and secondary changes in the lower limb joints.

5. Conclusions
Participants with HV were found to increase the internal rotation at the hip, thus reducing the toe-out angle of the foot.  This shifted the GRF laterally, away from the 1st MPJ, at the expense of increased knee abductor moments, a known stressor associated with the onset and progression of OA.  It appears that early treatment of HV may be helpful not only to reduce the foot pain and deformity, but also to prevent the potentially harmful loading at the knee, especially in those at risk of medial knee OA.
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Figure Legends
Fig. 1. (A) Hip internal rotation (θhip) reduces toe-out angle (θtoe-out).  (B) Reduced toe-out angle shifts the ground reaction force (GRF) vector away from the knee joint center and thus increases the GRF moment arm to the knee joint center, and thus the knee abductor moment.  Gray and black lines indicate conditions before and after reducing the toe-out angle.
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