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This study aimed to observe the characteristics of foot posture asymmetry and abnormal gait in 
patients with unilateral and bilateral knee osteoarthritis (KOA) and to explore the association between 
foot posture asymmetry, abnormal gait and the clinical symptoms and severity of KOA. Sixty patients 
with KOA were allocated as follows: unilateral group (UG; n = 30) and bilateral group (BG; n = 30). We 
accessed foot posture, foot posture asymmetry, gait and plantar pressure parameters and symmetry 
index, clinical symptom-related scores and disease severity, and investigated the relationship between 
these variables. The results showed that the overall percentage of asymmetry and severe asymmetry 
in foot posture were lower in BG than in UG. There was substantial asymmetry in many gait indicators 
within the two groups, but no significant differences were observed between the two groups. 
Moreover, foot posture asymmetry, multiple gait and plantar pressure parameters and symmetry 
indices were closely related to clinical symptoms and disease severity. In conclusion, both unilateral 
and bilateral KOA patients have foot posture asymmetry and gait asymmetry, but the foot posture 
asymmetry of the former is more severe than that of the latter. Intervention for this population should 
treat simultaneously both knee joints. The evaluation and monitoring of foot posture asymmetry, 
gait and plantar pressure parameters and symmetry indices can provide a more comprehensive and 
scientific basis for the prevention and treatment of KOA.
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Knee osteoarthritis (KOA) is a common, chronic degenerative joint disease affecting older adults, the foremost 
cause of lower limb disability among the elderly in the whole world1,2. The primary aims in the treatment of 
KOA are relieving symptoms and slowing the progression of the disease, and treatment options include physical 
therapy, medication, orthopedic aids, and finally, surgery3–5. With the aging of the population and the rising 
prevalence of obesity and multimorbidity, the prevalence of KOA is expected to rise6, which will impose a 
substantial burden to both individuals and healthcare system7. Although several risk factors for the development 
of KOA have been identified8, the etiology of KOA remains unclear, and it is important to further investigate the 
modifiable potential risk factors for KOA.

The changes of mechanical properties of adjacent joints could affect the development of KOA9, and the foot 
and ankle play an important role in the biomechanical changes of lower extremities in patients with KOA10, 
so foot/ankle posture deformities are considered as potential determinants contributing to KOA. Foot posture 
index (FPI) could effectively evaluate foot posture and classify the foot into pronation, neutral and supination11. 
Compared with traditional measurement methods12, footprints13 and automatic measurement instruments14, 
it has been proved to be a reliable, simple and economical method. Any abnormality of foot posture (either as 
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pronation or supination) may affect the force distribution of the whole lower limb (including knee joint), and 
then change the adduction torque of knee joint, which leads to the occurrence of KOA15. Several studies have 
shown that foot posture assessed by FPI is closely related to pain and function in patients with KOA15, and that 
patients with medial compartment KOA have a more pronated foot posture compared with healthy subjects16. 
Additionally, there is evidence that foot posture asymmetry is associated with lower extremity function17. Our 
previous studies18,19 have also found that foot posture asymmetry in patients with KOA was more severe than 
that in healthy individuals and was positively correlated with the K-L grade of KOA. However, foot posture 
asymmetry in patients with unilateral and bilateral KOA is still rarely reported.

There is evidence that abnormal gait is closely related to KOA20,21. Gait analysis technology is a method that 
mainly uses equipment such as force measurement platforms to collect and calculate the lower limb kinematics, 
kinetics and other information of the patient22,23. The plantar pressure analysis is part of the generalized gait 
analysis, which can evaluate the force points of the patient’s lower limbs by measuring the plantar pressure 
of different subdivisions of the sole. Combining the two can comprehensively and dynamically evaluate the 
dynamic changes in the biomechanics of the patient’s lower limbs22,23. Several studies have demonstrated 
that many gait spatiotemporal and plantar pressure parameters in patients with KOA are different from those 
in healthy subjects24–27, and some parameters are significantly correlated with the severity and pain level of 
KOA20,21,28. However, there is still insufficient clinical evidence to determine whether unilateral and bilateral 
KOA lead to similar gait changes. A study29 showed that similar functional performance and perception of 
functional ability between patients with unilateral and bilateral KOA. In contrast, another study30 indicated 
that patients with unilateral KOA presented with asymmetric gait, whereas patients with bilateral KOA had a 
symmetrical gait. Data from a recent cohort study31 demonstrated that 80% of patients with unilateral KOA 
would develop bilateral knee disease within 12 years. Therefore, it is unclear whether patients with unilateral 
KOA who have symptoms in only one knee should treat both knees simultaneously.

Additionally, many studies have also reported that foot posture is associated with gait spatiotemporal and 
plantar pressure parameters32–35. Specifically, several studies32,33 demonstrated that compared with control 
subjects with normal FPI, the stride length and stride time of each foot, gait cycle duration, and cadence of 
pronation subjects were significantly changed. Additionally, participants with cavus feet had significantly lower 
plantar weight-bearing area, and plantar pressure of the whole forefoot area except metatarsal bone increased 
significantly. Other studies have also indicated that higher pressure-time in rearfoot, forefoot and the plantar 
surface of the whole foot in cavus feet compared to normal feet34, and greater planus foot posture was associated 
with increasing peak plantar pressure across the entire foot in the elderly35. However, few studies have examined 
whether foot posture asymmetry is related to gait spatiotemporal and plantar pressure parameters.

As mentioned above, KOA patients have asymmetric foot posture and abnormal gait. However, whether 
there is a correlation between foot posture asymmetry and abnormal gait in patients with KOA, and whether 
there are differences in these indicators between unilateral and bilateral KOA patients, are still interesting topics 
worth exploring. Additionally, the limited number of relevant studies and the conflicting outcomes requires 
further investigation. The purpose of this study was to observe the characteristics of foot posture asymmetry and 
abnormal gait in patients with unilateral and bilateral KOA, and to explore the association between foot posture 
asymmetry, abnormal gait and the clinical symptoms and severity of KOA, so as to provide more comprehensive 
and scientific basis for the clinical diagnosis and rehabilitation intervention of KOA. The main hypothesis of this 
study was that patients with unilateral KOA would have more severe foot posture asymmetry and abnormal gait 
compared with patients with bilateral KOA. It was also expected that foot posture asymmetry, gait and plantar 
pressure parameters and symmetry indices would be closely related to clinical symptoms and disease severity.

Methods
Study design
This cross-sectional study was performed in the department of orthopedics of Guangdong Second Traditional 
Chinese Medicine Hospital from September 2021 to October 2022. The study protocol was approved by the 
Ethics Committee of Guangdong Second Traditional Chinese Medicine Hospital (No. 2021(K58)) and registered 
in Chinese Clinical Trial Registry (Registration No. ChiCTR2100050269). All experiments were performed 
in accordance with the relevant guidelines and regulations. Written informed consent was obtained from the 
individual (s) for the publication of any potentially identifiable images and for participation.

Participants
The sample size was calculated using PASS 15.0.5. To evaluate the difference in the percentage of FPI asymmetry 
score, when power = 0.8/0.85, the sample size should not be less than 50 (25/25)/58 (29/29). For the difference 
in the continuous variable, the sample size should be larger than 46 (power = 0.9, 23/23) for non-paired data or 
56 (power = 0.85, 28/28) for paired data18,19,36. The inclusion criteria were: (I) age ≥ 50 years37,38; (II) met the 
diagnostic criteria of the American College of Rheumatology39; (III) Kellgren/Lawrence40 (K/L) grade ≥ 1; (IV) 
BMI ≤ 30 kg/m2; (V) had symptoms in the unilateral or bilateral knee joints; (VI) presence of predominantly 
medial compartment KOA; (VII) being able to walk independently without any assistive devices. The exclusion 
criteria were: (I) presence of other inflammatory rheumatic diseases affecting the lower extremities such as 
rheumatoid arthritis; (II) had concomitant neurologic diseases, severe cardiovascular and respiratory diseases or 
other musculoskeletal diseases; (III) had a history of trauma or surgery resulting in structural deformity of the 
foot; (IV) any vigorous exercise within 24 h before the test.

In this study, a total of 60 patients with KOA were enrolled in this study, and 30 patients with unilateral 
KOA and 30 patients with bilateral KOA were divided into the unilateral group (UG) and the bilateral group 
(BG), respectively. According to the symptom severity assessed by visual analogue scale (VAS) at activity, the 
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symptomatic leg (the leg with the most severe symptoms when both sides are involved) is defined as the relatively 
severe leg (RSL) and the contralateral leg is defined as the relatively moderate leg (RML). Additionally, if patients 
with bilateral KOA have the same symptoms of leg pain, RSL and RML are defined by random methods (e.g., 
coin tossing).

We collected the demographic and clinical information of all patients, including age, gender, height, weight, 
and duration of disease, etc. The radiographs were scored according to K/L grading of radiographic disease 
severity40. The clinical symptoms were assessed by VAS at activity and Western Ontario and McMaster University 
Osteoarthritis Index (WOMAC)41.

Assessment of foot posture
The FPI-642 was used to evaluate the foot posture on both feet. Our previous study43 observed substantial inter-
rater and test-retest reliability of FPI total score using the Weighted Kappa (Kw) coefficient (Kw = 0.66 and 
0.72, respectively). According to the FPI total score, the feet were classified as three types: neutral (from 0 to 5), 
pronated (greater than or equal to 6), and supinated (less than or equal to − 1). Based on the previous research 
method43, all participants were required to stand up, take a few steps forward, and then stand still, with their 
arms on their sides and looking forward, to avoid changes in foot posture caused by rotation.

Assessment of foot posture asymmetry
Foot posture asymmetry was assessed with the asymmetry score (difference in FPI total score between the two 
feet) according to the previous method36, which was calculated as the FPI total score of the right foot minus the 
FPI total score of the left foot. Asymmetry score ranging from − 2 to + 2 represented normal, − 4 ≤ asymmetry 
score < − 2 or + 2 < asymmetry score ≤ + 4 was asymmetry, and severe asymmetry was < − 4 or > 4.

Measurement of gait and plantar pressure
The DIERS pedogait (DIERS International GmbH, Schlangenbad, German, Model: formetric) (Supplementary 
Fig. S1) was used to measure the gait and plantar pressure. This measurement system and the same series of 
systems have been verified in many studies44–46. The operation method is as follows: (I) Preparation: ask the 
participants to walk on the DIERS pedogait treadmill at a uniform speed and slowly for about 10 min in a state of 
barefoot and natural relaxation, so as to make the body active and gradually adapt to the speed of the treadmill; 
(II) Test: after the participants gradually stabilize the walking state, the displayed speed is the target speed, telling 
the participants to look ahead visually, do not touch the handrail, do not step, and then collect data for 30 s under 
the target speed state for a total of three times, and take the average as the final result, in order to improve the 
reliability of the results. In this study, the process starting from the right heel touching the ground to the second 
right heel touching the ground was defined as a gait cycle. The instrument divided the sole of the foot into 10 
separate areas including: Hallux, Toe II to V, Metatarsal I, Metatarsal II, Metatarsal III, Metatarsal IV, Metatarsal 
V, Midfoot, Heel Lateral, Heel Medial. The pressure in each area was represented by a different colored curve 
(Supplementary Fig. S2).

The following test indexes were collected: (1) Gait spatiotemporal parameters: (I) Temporal parameters: 
single support phase (%), double support phase (%), standing phase (%), swing phase (%), stride time (ms), 
and step time (ms); (II) Spatial parameters: step speed (km/h), step length (cm), stride length (cm), and stride 
width (cm). (2) Plantar pressure parameters: peak pressure (kPa) of hallux, toe 2 to 5, 1st, 2nd, 3rd, 4th and 5th 
metatarsal, midfoot, lateral heel, and medial heel.

Assessment of gait and plantar pressure symmetry index
Inter-limb comparison of gait and plantar pressure variables was evaluated using a symmetry index (SI) modified 
from one defined by previous studies47,48:

	
SI =

|XL −XR|
1/2 (XL +XR)

× 100%

Where XL is a gait and plantar pressure variable recorded for the left leg and XR is the corresponding variable 
for the right leg. SI = 0 indicates perfect symmetry. A SI ≤ 10% or less than a 10% difference between sides 
indicates acceptable asymmetry47,48. This modified equation determines asymmetry independent of side. The 
absolute value function determines the magnitude of asymmetry regardless of the relationship between the RSL 
and RML.

Statistical analysis
All statistical tests were performed using SPSS 26.0 software (IBM, Corp., NY, United States). The normality 
was assessed firstly on collected data using the Shapiro-Wilks test. Quantitative variables that conformed to 
normal distribution were presented as mean and standard deviation (SD), while those that did not conform 
were presented as median and interquartile range (IQR), and qualitative variables as counts and percentages. 
Paired Student’s t-test (normal distribution) or Wilcoxon signed-rank test (non-normal distribution) were used 
to determine the differences between the two lower limbs. The differences between two groups were compared 
by independent samples t-test (normal distribution) or Mann-Whitney U test (non-normal distribution). 
Chi-square tests were used to compare the categorical variables between the two groups. When performing 
correlation analyses, data from patients with unilateral and bilateral KOA were merged. Pearson correlation 
test (normal distribution) or Spearman correlation test (non-normal distribution) were used to examine the 
relationships between foot posture asymmetry, gait symmetry index, symptom-related scores, and K-L grade. 

Scientific Reports |        (2024) 14:26761 3| https://doi.org/10.1038/s41598-024-78166-z

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


The influencing factors of foot posture asymmetry were analyzed by ordinal multinomial logistic regression 
analysis. Statistical significance was defined as p < 0.05.

Results
Participant characteristics
A total of 60 participants with KOA were included in this study. Descriptive statistics of all participants were 
summarized in Table 1. No significant differences were observed in age, gender, height, weight, body mass index 
(BMI), duration of disease, frequency of RSL, K/L grade, symptom-related scores (including VAS and WOMAC 
score), and FPI score between two groups.

Foot posture asymmetry analysis
As shown in Fig. 1, the asymmetry score, that is, the difference in FPI score between the two feet, was mainly 
concentrated between − 3 and 3 in BG, while it was relatively widely distributed in UG. According to the 
asymmetry score, the foot posture asymmetry of the two groups of patients was divided into three types: normal, 
asymmetry and severe asymmetry. The results indicated that there was a significant difference in the asymmetry 
score between the two groups (p = 0.036). The proportion of participants classified as normal in BG (66.67%) 
was higher than that in UG (40.00%), and the overall percentage of asymmetry and severe asymmetry were 
lower in BG (33.33%) than in UG (60.00%), p = 0.040, as shown in Table 2.

Gait and plantar pressure analysis
When comparing RSL with RML within the group, the results demonstrated that there were no significant 
differences in any gait spatiotemporal and plantar pressure parameters. When comparing between groups, no 
significant differences were also observed in any gait spatiotemporal and plantar pressure parameters of RSL. 
Additionally, the comparison of symmetry indices between groups also revealed no significant differences. 
SI values above the 0–10% range were common and similar between UG and BG, suggesting that substantial 
asymmetry on many indicators within the two groups (Supplementary Table S1).

Correlation analysis between foot posture asymmetry, gait and plantar pressure parameters 
and symmetry indices, symptom-related scores, and K-L grade
Spearman correlation analysis indicated that there was a positive relationship between foot posture asymmetry 
and VAS score, WOMAC pain score, and K/L grade (p = 0.002, 0.017, and 0.000, respectively). The results 
were detailed in Table 3. Moreover, there was a negative correlation between walking velocity and foot posture 
asymmetry, VAS score, the three sub-scores and the total score of WOAMC, and K-L grade (p = 0.018, 0.000, 

Variable UG (n = 30) BG (n = 30) p Merged

Age (years) 63.63 ± 1.03 65.87 ± 1.40 0.245 64.75 ± 0.87

Gender (male/female) 8/22 5/25 0.347 13/60

Height (cm) 156.50 (155.00, 162.00) 156.00 (154.00, 160.50) 0.357 156.00 (155.00, 162.00)

Weight (kg) 62.17 ± 1.23 63.62 ± 1.34 0.427 62.89 ± 0.91

BMI (kg/m2) 24.57 ± 0.41 25.51 ± 0.46 0.134 25.04 ± 0.31

Duration of disease (years) 3.50 (0.88, 5.25) 2.50 (0.48, 6.00) 0.528 3.00 (0.50, 6.00)

RSL (left/right) 13/17 14/16 0.795 27/43

K/L grade (RSL) 0.787

 I 3 1 4

 II 6 10 16

 III 19 17 36

 IV 2 2 4

VAS (RSL) 6.00 (5.00, 7.00) 6.00 (5.75, 7.00) 0.216 6.00 (6.00, 7.00)

WOMAC score

 Pain 7.17 ± 0.49 7.50 ± 0.48 0.631 7.33 ± 0.34

 Stiffness 2.40 ± 0.26 2.43 ± 0.23 0.924 2.42 ± 0.17

 Physical function 25.20 ± 1.25 26.40 ± 1.35 0.516 25.80 ± 0.91

 Total 34.77 ± 1.86 36.33 ± 1.76 0.543 35.55 ± 1.27

FPI score

 RSL 6.00 (1.50, 7.25) 6.00 (− 1.00, 7.00) 0.893 6.00 (− 0.75, 7.00)

 RML 3.50 (− 1.25, 7.25) 4.00 (− 1.00, 6.00) 0.941 4.00 (− 1.00, 6.00)

 FPI asymmetry score 1.20 ± 0.58 0.33 ± 0.45 0.243 0.77 ± 0.37

Table 1.  Demographics, symptom-related scores, and foot posture of the study participants. BG, bilateral 
group; BMI, body mass index; FPI, Foot Posture Index; K/L, Kellgren/Lawrence; RML, relatively moderate 
leg; RSL, relatively severe leg; UG, unilateral group; VAS, visual analogue scale; WOMAC, western Ontario 
McMasters universities osteoarthritis Index.
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0.000, 0.004, 0.000, 0.000, and 0.000, respectively). The stride time, SI of peak pressure of 5th metatarsal and 
midfoot were negatively related to foot posture asymmetry (p = 0.046, 0.007, and 0.024, respectively). The double 
support phase was positively correlated with the VAS score, WOMAC total score, and K-L grade (p = 0.010, 
0.032, and 0.007, respectively). The SI of step length was negatively associated with the VAS score (p = 0.028). 
The SI of peak pressure of 1st metatarsal was also positively related to WOMAC stiffness score (p = 0.003). There 
was a significant positive association between the SI of peak pressure of lateral heel and K-L grade (p = 0.002). 
The detailed results were presented in Table 4.

VAS WOMAC (pain) WOMAC (stiffness) WOMAC (physical function) WOMAC-total K-L grade

r 0.385 0.308 0.154 0.202 0.235 0.583

p 0.002* 0.017* 0.240 0.121 0.070 0.000*

Table 3.  Correlation between foot posture asymmetry and symptom-related scores and K-L grade. 
K/L, Kellgren/Lawrence; VAS, visual analogue scale; WOMAC, western Ontario McMasters universities 
osteoarthritis Index. *p < 0.05.

 

FPI asymmetry score

pNormal Asymmetry Severe asymmetry

UG 12 (40.00%) 11 (36.67%) 7 (23.33%)
0.036*

BG 20 (66.67%) 7 (23.33%) 3 (10.00%)

Table 2.  Comparison of FPI asymmetry score between two groups (n = 30). BG, bilateral group; FPI, Foot 
Posture Index; UG, unilateral group. *p < 0.05.

 

Fig. 1.  The FPI asymmetry score of two groups. BG, bilateral group; FPI, Foot Posture Index; UG, unilateral 
group.
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Ordinal multinomial logistic regression
Ordinal multivariate logistic regression was used to analyze the independent influencing factors of foot posture 
asymmetry. The foot posture asymmetry was set as the dependent variable, and setting the VAS score, WOMAC 
pain score, step speed, stride time, SI of peak pressure of 5th Metatarsal and midfoot as covariates, and K-L 
grade as a factor, the results indicated that the SI of peak pressure of midfoot and K-L grade (I, II and III) 
were independent influencing factors of the foot posture asymmetry (β = -0.075, -21.923,-25.300,-22.024, 
respectively, p < 0.05).

Discussion
The purpose of this study was to observe the characteristics of foot posture asymmetry and abnormal gait in 
patients with unilateral and bilateral KOA, and to explore the association between foot posture asymmetry, 
abnormal gait and the clinical symptoms and severity of KOA. Our results indicated that the overall proportion 
of asymmetry and severe asymmetry in foot posture were higher in UG than in BG. Although both groups 
showed considerable asymmetry on various gait parameters, there were no significant differences between the 
two groups. Furthermore, foot posture asymmetry, multiple gait and plantar pressure parameters and symmetry 
indices were closely related to clinical symptoms and disease severity. There results were largely consistent with 
our hypothesis.

KOA is a chronic, disabling musculoskeletal disease that affects the elderly and could cause joint pain, 
swelling, stiffness, and dysfunction, severely affecting quality of life49. It is well established that the foot posture 
and gait of patients with KOA differ from those of healthy individuals16,24–27.

Since KOA can affect one or both knees, there are clinically relevant and study design questions that are based 
on whether foot posture, gait and plantar pressure changes as a function of the number of diseased knees. Since 
most patients with unilateral KOA have bilateral disease, should both knees be treated clinically? Moreover, for 
KOA researchers involved in studies in which foot posture asymmetry, gait and plantar pressure parameters and 
symmetry indices are outcome measures, is it appropriate to treat patients with unilateral and bilateral KOA 
as a single cohort48? Therefore, understanding whether there is a correlation between foot posture asymmetry 
and abnormal gait in patients with KOA, and whether there are differences in foot posture asymmetry and gait 
between patients with unilateral or bilateral KOA, is essential for planning research and rehabilitation treatment 
involving KOA.

One would intuitively presume that patients with unilateral KOA would rely on the unaffected leg when 
performing activities or functional tasks and would show better functional performance than patients with 
bilateral KOA29. Our results indicated that patients with unilateral and bilateral KOA showed clinical similarities 
in terms of pain intensity and functional ability, which did not support this hypothesis. Several previous 
studies48,50 have also showed similar results. However, two other studies51,52 reported higher pain levels and 
worse physical function in patients with bilateral KOA. This may be due to the significant difference in BMI 
between the two groups of patients in the two studies. Previous studies53,54 have shown that BMI is significantly 
positively correlated with self-reported physical function scores and disease severity in KOA patients.

Poor joint biomechanics is one of the high-risk factors for KOA55. Given the important role of the foot in 
receiving and distributing forces during walking, the characteristics and mechanics of the foot, including static 
foot posture and dynamic foot function, may have a significant impact on the musculoskeletal condition of 
the lower limbs56. From a biomechanical perspective, as movement shifts proximally, the degree of movement 
of the foot, subtalar and ankle joints affect the alignment of the lower limbs10. Excessive varus/valgus of the 
subtalar joint may increase external/internal rotation of the tibia, which in turn is assumed to undermine the 
normal mechanics of the tibiofemoral joint57. These axial connections between the subtalar and tibiofemoral 
joints suggest that the kinematics of the foot and ankle may have an impact on lateral rotation and frontal 
measurements of the knee joint10. Therefore, the foot is thought to play an important role in KOA58. There 
is evidence that changes in foot posture in KOA patients may lead to biomechanical imbalance of the lower 
limbs, resulting in inter-limb asymmetry, thereby aggravating KOA19. A previous study18 has reported that 
the proportion of asymmetric foot posture in patients with KOA is higher than that in healthy subjects. In 
this study, according to the asymmetry of foot posture, we divided them into normal, asymmetry and severe 
asymmetry. The results indicated that the normal proportion of patients with bilateral KOA was higher than that 
of patients with unilateral KOA, and a more asymmetric foot posture was closely associated with higher VAS 
score, WOMAC pain score, WOMAC total score, and K-L grade, which is partially consistent with the results 
reported in a previous study19. There is evidence that for KOA patients, the presence of unilateral pain is related 
to the asymmetry of knee biomechanics30, and foot posture is closely associated with knee biomechanics59. 
Therefore, the proportion of asymmetry and severe asymmetry in foot posture in KOA patients with unilateral 
pain is higher than that in KOA patients with bilateral pain. From the perspective of foot posture asymmetry, it 
seems inappropriate to include patients with unilateral and bilateral KOA as a single cohort in clinical studies.

Numerous previous studies have investigated the gait spatiotemporal and plantar pressure parameters of 
KOA patients. However, most studies only focus on unilateral KOA patients or bilateral KOA patients, and 
few studies have compared the differences in gait spatiotemporal and plantar pressure parameters between 
unilateral and bilateral KOA patients. Messier et al.48 noted that the comparisons of walking speed, stride length, 
support time, initial double support and their corresponding symmetry indices between UG and BG presented 
no significant differences. Creaby et al.30 also observed similar walking speed in UG and BG. These are generally 
consistent with our results, which showed that there were no significant differences in any gait spatiotemporal 
and plantar pressure variables, whether comparing RSL with RML within groups, RSL or SI between groups. 
Hence, unilateral and bilateral KOA patients matched for baseline data have statistically similar gait and 
plantar pressure characteristics. For non-significant results, they may be interpreted as a Type 2 statistical error 
resulting from small sample size or relatively low statistical power. From the perspective of gait and plantar 
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pressure parameters and symmetry indices, the two subsets of patients with unilateral and bilateral KOA can be 
considered as a single cohort.

To the best of our knowledge, the clinically relevant threshold for symmetrical gait is unclear and there is no 
gold standard for what is considered symmetrical gait. Previous studies48,60 have suggested that a 10% difference 
between the two lower extremities is acceptable based on differences in performance and strength variables. 
Using this definition of symmetry, there is evidence that asymmetric gait is highly prevalent in both healthy 
individuals and patients with KOA. Lathrop-Lambach et al.60 investigated bilateral gait data from 182 healthy, 
pain-free subjects and showed that there is a large amount of asymmetry between the limbs in healthy people. 
Similarly, Herzog et al.47 found that the upper and lower limits of the SI values were unexpectedly large, so that 
they concluded that the gait of healthy people is asymmetric. In our study, the gait spatiotemporal and plantar 
pressure data were symmetrical in the UG and BG, but the peak plantar pressure in each region presented 
relatively large asymmetries. Taken together, these studies demonstrated that striving to correct “abnormal gait” 
caused by KOA or other neuromuscular or musculoskeletal diseases by making the gait more symmetrical may 
not be appropriate in many cases.

There is evidence that unilateral KOA can affect the contralateral knee over time, leading to bilateral 
involvement. Therefore, it is recommended that in the management of unilateral KOA, even if only one knee 
is symptomatic, both knees should be treated simultaneously30. This recommendation seems logical. Spector et 
al.61 showed that more than one-third of patients with unilateral KOA will develop bilateral KOA within 2 years. 
In another long-term prospective cohort study31, the data demonstrated that 80% of patients with unilateral 
KOA will develop bilateral knee disease within 12 years. Our results showed no differences in gait spatiotemporal 
and plantar pressure variables and symmetry indices, which also supported this recommendation. Additionally, 
it should be noted that cross-sectional analyses can hardly explain the response of a group to a longitudinal 
intervention.

Several studies have shown that abnormal foot posture can significantly alter the biomechanics of the 
entire lower limb59, leading to compensatory changes in gait, including spatiotemporal and plantar pressure 
parameters32,62,63. Specifically, abnormal foot posture, such as excessive pronation or supination, alters the 
mechanical load distribution at the knee and hip joints15,64, causing these joints to experience different stresses 
during the gait cycle, thereby inducing compensatory actions. On the contrary, this compensatory gait can 
further increase stresses in specific areas of the foot and may exacerbate pre-existing foot posture abnormalities. 
However, clinical evidence on the correlation of foot posture with gait spatiotemporal and plantar pressure 
parameters in patients with KOA is still lacking. Therefore, our study also investigated whether there is a 
correlation between foot posture asymmetry and gait spatiotemporal and plantar pressure parameters and 
symmetry indices in patients with KOA. The results showed that foot posture asymmetry was closely related to 
the step speed, stride time, and SI of peak pressure of 5th metatarsal and midfoot (Table 4). Moreover, we also 
explored the correlation between gait and plantar pressure parameters and symmetry indices with symptom-
related scores and K-L grade. The results indicated that the walking velocity, double support phase, SI of step 
length, and SI of peak pressure of 1st metatarsal, and lateral heel were closely correlated with the symptom-
related scores and K-L grade (Table 4). Li et al.65 showed that the walking velocity, single support phase and 
double support phase were correlated with the three sub-scores and the total score of WOAMC, and step 
length, stride length and step time were correlated with WOMAC physical function score and total score. This is 
partially consistent with our results, possibly because the former only included patients with bilateral KOA, and 
step length, step time, and single-stance phase were all expressed in the form of ratio (left lower limb: right lower 
limb), which was unclear in correlation with the SI used in our study. He et al.21 also reported that in unilateral 
KOA patients, the severity of KOA (K-L grade) was correlated with the peak pressure of the hallux, toe 2 to 5, 5th 
metatarsal, midfoot, lateral heel, and medial heel on the affected side and the peak pressure of the 2nd, 3rd, and 
4th metatarsal on the unaffected side. Since the SI was not calculated in the above study, this limits comparison 
with our results. Although this study was not designed to identify potential assessment indicators of KOA, it 
raises the possibility that foot posture asymmetry, gait and plantar pressure parameters and symmetry indices 
may serve as assessment indicators and ultimately as outcome measures.

Peak plantar pressure (PPP) is the most commonly used plantar pressure variable to express foot loading. This 
value represents the maximum load on the plantar area during one step66. Another variable that is increasingly 
used to assess plantar load is the pressure-time integral (PTI). This variable describes the cumulative effect of 
pressure in an area of the foot over time, providing a value for the total load exposure in the plantar area during 
one step67. In this study, we only selected the PPP as an indicator for the following reasons: First, a study on 
plantar pressure showed that there was a high degree of interdependence and consistency between PPP and 
PTI, and the value of reporting both variables may be limited68. Moreover, a more practical reason for choosing 
PPP instead of PTI is that PPP is more comprehensible and can be directly interpreted on the screen during 
measurement68.

There are some limitations in the present study. Firstly, the sample size of this study was relatively small, and 
it is important to further validate our findings in a larger cohort of participants. Secondly, this study was cross-
sectional in design, and we could not determine the causal relationship between abnormality in foot posture 
and gait and the development of unilateral or bilateral KOA. Further longitudinal studies are needed to establish 
the role of foot posture asymmetry and gait asymmetry in disease development and progression. Thirdly, due 
to the lack of a matched healthy control group assessed comparatively with KOA patients, the associations of 
foot posture asymmetry with gait and plantar pressure parameters and symmetry indices in healthy subjects 
are unclear, and this study could not determine differences in associations between KOA patients and healthy 
subjects. Fourthly, this study failed to include other factors that may affect foot posture and gait, such as lower 
limb muscle strength and joint mobility, which should be supplemented in future studies. Fifthly, since medial 
compartment KOA is more common, we included subjects with predominantly medial compartment KOA, 
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which may have led to some bias. Additionally, future studies should combine multidisciplinary methods such 
as biomechanics, imaging, and molecular biology to further explore the specific mechanisms of abnormal foot 
posture and gait in the onset and progression of KOA. Through these studies, it is expected to develop more 
effective early diagnosis and intervention methods, and ultimately improve the quality of life of patients with 
KOA.

Conclusion
Our study indicated that both unilateral and bilateral KOA patients have foot posture asymmetry and gait 
asymmetry, but the foot posture asymmetry of the former is more severe than that of the latter. Intervention 
for this population should treat simultaneously both knee joints. The evaluation and monitoring of foot posture 
asymmetry, gait and plantar pressure parameters and symmetry indices can provide a more comprehensive and 
scientific basis for the prevention and treatment of KOA.

Data availability
The original contributions presented in the study are included in the article/Supplementary Material, further 
inquiries can be directed to the corresponding authors.
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