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ABSTRACT

Footwear modification can beneficially alter knee loading in patients with knee osteoarthritis. This
study evaluated the effect of Masai Barefoot Technology shoes on reductions in external knee
moments in patients with knee osteoarthritis. Three-dimensional motion analysis was used to
examine the effect of Masai Barefoot Technology versus control shoes on the knee adduction and
flexion moments in 17 women (mean age, 63.6 years) with radiographically confirmed knee
osteoarthritis. The lateral and anterior trunk lean values, knee flexion and adduction angles, and
ground reaction force were also evaluated. The influence of the original walking pattern on the
changes in knee moments with Masai Barefoot Technology shoes was evaluated. The knee flexion
moment in early stance was significantly reduced while walking with the Masai Barefoot Technology
shoes (0.25 + 0.14 N-m/kg-m) as compared with walking with control shoes (0.30 £ 0.19 N-m/kg-m);
whereas the knee adduction moment showed no changes. Masai Barefoot Technology shoes did not
increase compensatory lateral and anterior trunk lean. The degree of knee flexion moment in the
original walking pattern with control shoes was correlated directly with its reduction when wearing
Masai Barefoot Technology shoes by multiple linear regression analysis (adjusted R 2 = 0.44, P <
0.01). Masai Barefoot Technology shoes reduced the knee flexion moment during walking without
increasing the compensatory trunk lean and may therefore reduce external knee loading in women
with knee osteoarthritis.



1. Introduction

The rate of progression of osteoarthritis (OA) at the knee is associated with increased loads in the
joint during ambulation [1]. Footwear modification for patients with knee OA has received attention
as an effective conservative intervention that can alter knee load [2]. A series of related previous
studies have shown that variable-stiffness shoes [3], mobility shoes [4], flat walking shoes [5],
flexible non-heeled shoes [6], and shoes with lateral wedging and a variable-stiffness sole [7] can
reduce knee joint loading while walking as compared to modern heeled shoes or stability shoes.
These previous studies have focused on the changes in the external knee adduction moment (KAM),
however, Walter et al. [8] confirmed that decreased KAM does not necessarily guarantee decreased
medial compartment contact force of the knee during gait. In their report, regression analysis
demonstrated that the peak value of medial contact force was best fitted by a combination of peak
value of the KAM and external knee flexion moment (KFM). Therefore, an evaluation of gait
modifications for reducing the medial contact force should consider both KAM and KFM. However,
with the exception of a report by Bennell et al. [7], KAM and KFM while wearing modified shoes
have not been simultaneously analyzed in patients with knee OA.

Thus far, increased lateral and anterior trunk lean is one of the most effective gait modifications
for reducing knee loading during walking [9]. Increased lateral trunk lean toward the symptomatic
knee and increased anterior trunk lean have been shown to reduce the KAM and KFM, respectively,
in patients with knee OA and those who have undergone total knee arthroplasty [10,11]. To
determine the exact effects of shoe modifications on knee moments, it is necessary to examine
changes in the trunk lean during walking. However, no studies have examined gait modifications
along with the changes in trunk motion that accompany changes in shoe types.

Masai Barefoot Technology (MBT) shoes (Masai Marketing & Trading AG, Winterthur,
Switzerland) are a type of shoes specialized in altering the biomechanics of the lower extremity
during standing and walking. MBT shoes are characterized by a round sole in the anteroposterior
direction and a flexible heel. By using MBT shoes, a decreased range of motion in the hip and the
knee joints, which were assumed to be due to decreased walking speed and stride length, along with
increased ankle dorsiflexion at initial contact have been reported [12]. Meanwhile, at the same
walking speed, the kinematics and angular impulse for all lower extremity joints were noted to be
similar in MBT and control shoe conditions, except for increased ankle dorsiflexion during the first
half of stance [13]. Our previous study showed that ground reaction force decreased at the shock
absorption and progression phases when wearing MBT shoes [14]. Moreover, for the knee joint,
reduced peak KAM and KFM during early stance and increased peak KFM in late stance were
observed when walking with MBT shoes in young and the elderly individuals [15]. Reduced peak
KAM in early stance was also demonstrated in overweight individuals who were free from knee pain
[16]. For both one-leg standing and walking, trunk lean in both the frontal and sagittal planes tended
to increase with a foam support surface as compared to that with a normal floor [17]. Therefore,



lateral and anteroposterior trunk lean should be measured when walking with MBT shoes, which
have a flexible heel coupled with a round sole.

It is possible that MBT shoes may have a beneficial effect on knee loading for patients with knee
OA. However, to date, the effects of MBT shoes on gait biomechanics in patients with knee OA have
not been investigated. The purpose of the current study was therefore to evaluate the effect of MBT
shoes on reductions in external knee moments in women with knee OA. We hypothesized that
external knee moments during walking would be reduced in women with knee OA by wearing MBT
shoes without increasing the lateral or anterior trunk lean adopted as gait compensation.

2. Methods

2.1. Subjects

This study enrolled 17 women diagnosed with OA in the medial compartment of the knee by a
single orthopedic surgeon. Participants were recruited from the local orthopedic clinic. Patients were
excluded from the study if they had any musculoskeletal conditions other than knee OA, if they were
unable to walk without assistance, or if they were diagnosed with any neurological disorders that
limited their function. Further, patients with knee flexion contracture of >15° were excluded because
this condition was expected to lead to mechanical overloads at the knee [18]. Elderly individuals
aged 80 years or above were also excluded due to the increased risk of falls [19]. Although many
patients had bilateral knee OA, only the most symptomatic knee of each patient was analyzed.

Knee OA were graded radiographically using the Kellgren/Lawrence (K/L) classification. Further,
the disease-specific scale of the Japanese Knee Osteoarthritis Measure (JKOM) was used. The
JKOM is a self-administered measure consisting of 25 items, which include subjective pain in level
walking, standing, or climbing stairs as well as physical functions related to the activities of daily
living and social functions [20]. The possible score for the JKOM is 100 points, and low scores
indicate good function. The participants’ demographic characteristics are presented in Table 1. All
participants provided informed consent, and the protocol for this study was approved by the
Institutional Ethics Committee.

2.2. Test protocol

The study protocol consisted of three-dimensional gait analysis under two conditions with
different shoes: walking with MBT shoes and walking with control shoes (Fig. 1). The control shoes
were of a type that is flexible with a flat sole, which is widely used in rehabilitation facilities
(Ayumi; Tokutake Sangyo Co., Ltd., Japan). The participants were allowed walk on the walkway at
least 5 times to familiarize themselves with the environment before the actual trials. The first
recording was performed with walking when wearing the control shoes. The participants were
instructed to walk at two speeds, i.e., self-selected and slow. Participants were then given



instructions for walking with MBT shoes by an instructor of MBT shoes. Participants completed
approximately 20 min of walking in the laboratory until the instructor felt that they were walking
appropriately and the participants felt comfortable with the MBT shoes. The duration of practice was
determined by reference to previous studies that investigated biomechanics during walking with
MBT shoes [13,14,21], and by considering the physical load on the patients. Appropriate walking
with MBT shoes was defined as a successful shift in body weight with rolling movements over the
rounded sole. After participants became accustomed to walking with MBT shoes, the second
recording was performed. The MBT shoes condition was measured at self-selected speed. To avoid
the after effects of walking in MBT shoes, the control condition of the study took place before the
MBT shoes condition. At least three successful trials for control shoes and five successful trials for
MBT shoes were recorded for subsequent analysis, since a higher variability in kinetic variables
while walking with MBT shoes [22].

2.3. Gait analyses

Body kinematics were recorded using a 7-camera Vicon motion system (Vicon Nexus; Vicon
Motion Systems Ltd., Oxford, England) at a sampling rate of 200 Hz. The reflective markers were
attached to the body of each participant according to the Vicon Plug-in-Gait marker placement
protocol (full body). The trunk segment contained six markers: at the 7th cervical and 10th thoracic
vertebrae, jugular notch, xiphoid process of the sternum, and left and right acromioclavicular joints.
Sixteen other markers were placed bilaterally on the anterior superior iliac spine, posterior superior
iliac spine, lateral thigh, lateral femoral epicondyle, lateral shank, lateral malleolus, second
metatarsal head, and calcaneus. Four force plates (Kistler Japan Co., Ltd., Tokyo, Japan) were used
to measure the ground reaction force (GRF) at a sampling rate of 1000Hz. Kinematic and Kinetic
data were both low-pass filtered using 4th order Butterworth filter at 6 Hz and 20 Hz, respectively.

Vicon Clinical Manager software was used to calculate the gait variables. The primary variables
were the knee moments: peak of knee flexion moment in early stance (KFM1) and late stance
(KFM2), knee extension moment in mid stance (KEM), knee adduction moment in early stance
(KAML1) and late stance (KAM2), and impulse of knee adduction moment (KAMimp). Additionally,
the following gait variables were measured as secondary variables: walking speed, stride length,
peak of lateral and anterior trunk lean in the global frame, peak of knee flexion angle and knee
adduction angle in early stance, peak of vertical GRF in early stance and late stance, peak of
anteroposterior GRF in early stance and late stance, and peak of medial GRF. GRF values were
normalized by body weight (in N/kg), and joint moments were expressed as external joint moments
and were normalized according to body weight and height (in N-m/kg-m).

2.4. Statistical analysis
The SPSS 17.0 statistical analysis package (SPSS Inc.) was used for all statistical analyses. All
variables were assessed for normality using Shapiro-Wilk statistic and graphical methods, prior to



statistical analysis. The gait variables were tested using the paired t-test or Wilcoxon rank sum test,
as required, to detect any significant differences in the dependent variables between the 2 conditions.
If the self-selected speeds while wearing the control and MBT shoes were significantly different, the
walking speed (from among the self-selected speed and slow speed) that was closest to the walking
speed when wearing the MBT shoes was chosen for each patient for comparison of the gait variables.
Furthermore, when significant reduction in knee moments was identified in walking with MBT shoes,
the influence of the original walking pattern on the changes in knee moments was evaluated by using
stepwise multiple linear regression analysis with amount of changes in knee moments as the
dependent variable and walking speed, knee angle, and knee moment with control shoes as the
independent variables. The level of statistical significance was set at 0.05.

3. Results

All gait variables, except for knee moments, while walking with control shoes and MBT shoes
are shown in Table 2. The self-selected speeds while wearing the 2 types of shoes differed
significantly. After adjustment for walking speed, no significant differences were noted in the
walking speed or stride length. Consequently, we could compare the kinematic and kinetic data
between the 2 conditions.

The knee moments and moment impulse are shown in Table 3. KAM1, KAM2, KAMimp, KEM,
or KFM2 did not differ statistically while wearing the 2 types of shoes. However, KFM1 showed a
significant reduction of 16.7% while wearing the MBT shoes as compared to that with control shoes.
On the other hand, there was a slight but significant increase in trunk lean toward the extension
direction while wearing the MBT shoes as compared to that with the control shoes. Lateral trunk lean
did not differ between the 2 conditions. No significant differences were noted in the knee flexion and
knee adduction angles. In addition, the medial GRF tended to be higher while wearing the MBT
shoes; however, this difference was not statistically significant. The vertical and anteroposterior GRF
did not differ between the 2 conditions.

In multiple regression analysis, KFM1 with control shoes was taken as an independent variable
for reduced KFM1 with MBT shoes (adjusted R 2 = 0.44, P < 0.01). In simple terms, the larger the
KFML1 in the original walking pattern with the control shoes, the greater was the degree of KFM1
reduction on wearing the MBT shoes.

4. Discussion

The primary finding of the current study was that external KFM in early stance was reduced
while walking with MBT shoes without increasing the lateral and anterior trunk lean adopted as gait



compensation, although KAM and KAMimp remained unchanged. Therefore, our primary
hypothesis was reasonably well supported.

Changes in joint moment are produced following changes in GRF or the lever arm between GRF
and the center of the joint. In the current study, no difference was noted in GRF and knee angle
between the 2 conditions of wearing the MBT and control shoes. Therefore, the reduced KFM in
early stance that was observed while walking with MBT shoes may be likely to be due to a reduction
in the lever arm subsequent to an altered location of the GRF relative to the center of the knee joint
in the sagittal plane. The round sole and flexible heel of MBT shoes are their most distinctive
feature; this configuration would result in ground contact of the midfoot along with the heel at initial
contact, which might distribute the pressure from the heel to the midfoot, and consequently induce an
anterior shift of the GRF (i.e., close to center of the knee joint) in early stance. Furthermore, as
mentioned above, a large KFM in the original walking pattern was associated with a greater
reduction in KFM when using MBT shoes. These findings provide clinicians with relevant
information that will enable the appropriate selection of the gait pattern that will benefit from using
MBT shoes.

The medial contact force of the knee joint is determined by the combined effect of KAM and
KFM [8]. Therefore, reduced KFM while wearing MBT shoes would be partly related to a reduction
in the external load on the knee joint. It is reported that patients with knee OA exhibit smaller KFM
as compared with healthy individuals; however, these differences have been interpreted as
compensatory mechanisms to reduce knee loading [23,24]. Patients with knee OA need to increase
anterior trunk lean and reduce knee flexion in the early stance for compensation, which can
contribute to shortening the lever arm [10,23]; this indicates a disruption of the shock-absorbing
mechanism at the knee joint. Walking with MBT shoes can potentially reduce the KFM, eliminating
the need to adopt compensatory gait pattern. Furthermore, reduced KFM would also contribute to a
reduction in the load on the knee extensor mechanism, which comprises the quadriceps and its
tendon, patella, and patella tendon. The patellofemoral joint is the compartment that is most
commonly affected in knee OA [25]. Considering these factors, MBT shoes appear to be a potentially
effective treatment possibility in patients with knee OA coexisting with patellofemoral OA.

We found no differences in the KAM and KAM impulse between the walking conditions with
control shoes and MBT shoes. Previous study has shown effective CoP shift by using a sole with a
greater lateral stiffness on reduction of KAM during walking [3]. The addition of a device that alters
the mediolateral CoP location may therefore be needed in MBT shoes.

Lateral and anterior trunk lean reduce the KAM and KFM, respectively, by altering the direction
of GRF in response to the changed location of the center of mass of the trunk, consequently reducing
the knee moment lever arm [9]. Therefore, trunk lean has been recommended as a gait retraining
strategy in order to reduce knee loading [11,26]; however, it has been reported that 33% of subjects
experience lower back discomfort during walking trials with altered trunk lean [27]. Indeed, the
majority of patients with knee OA (57.4%) report the presence of low back pain [28]. Although the



relationship between gait pattern and low back pain in patients with knee OA remains unclear, gait
modification including trunk lean might involve a certain degree of risk for spinal overload. In this
regard, walking with MBT shoes might be a relatively favorable method for patients with knee OA
who are forced to increase the anterior trunk lean as compensation.

Our study has certain limitations. Although reducing the load presumably exerted a beneficial
influence on patients with knee OA [29], the changes in the symptoms resulting from gait
modifications were not measured. Another limitation is that our study enrolled only women younger
than 80 years. Additional investigations that include male subjects may be necessary. However, the
prevalence of knee OA is known to be higher in females than in males [30], and female gender is the
most important factor associated with the incidence of knee OA [31]. The lack of randomization of
test conditions was also a limitation. However, it was aimed at avoiding the after effects of wearing
MBT shoes in order to effectively compare both conditions. A final limitation is that the present
study investigated only the immediate effects of MBT shoes. Long term use of MBT shoes is known
to lead to reductions in movement variability as an adaptation to the lower stability of the shoe [22].
Moreover, pain reduction has been demonstrated in patients with knee OA by walking with MBT
shoes for 12 weeks, although no significant difference was observed between MBT shoes and control
shoes [32]. In future studies, alterations in gait biomechanics induced by the long-term use of MBT
shoes by patients with knee OA should be investigated using not only normal floors but also various
floors such as ramps and uneven surfaces along with their clinical benefits and the subsequent
kinematic and kinetic changes.

5. Conclusions

Walking with MBT shoes had the immediate effect of reducing the KFM in early stance without
increasing compensatory trunk lean in women with knee OA, whereas no changes were observed in
the KAM. The present findings introduce the possibility of using MBT shoes for reducing external
knee loading and ameliorating pain in the patients with knee OA. We consider that in patients with
higher KFM, MBT shoes have the potential to be an effective conservative intervention.
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Table 1. Demographic characteristics of the participants

Mean (SD) Range

Age (years) 63.6 (7.9) 4872
Weight (kg) 56.5 (6.5) 50.4-71.4
Height (cm) 156.7 (5.7) 146.2-167.5
Body mass index (kg/m?) 230 (2.6) 20.2-29.1
KL Grade

Grade 1/2/3/4 (n) 1/9/2/5 -
JKOM score* 21.7 (8.7) 9-47

(Foot-notes for Table 1)
KL = Kellgren/Lawrence; JKOM = Japanese Knee Osteoarthritis Measure
* The total possible score is 100 points, and low scores indicate good function.



Table 2. Changes in the secondary gait variables while walking with control shoes and MBT
shoes

Control shoes MBT shoes
p-valuet
Mean (SD) Mean (SD)

Walking speed (m/s)

Self-selected 1.26 (0.15) 1.14 (0.14) <0.001

After adjustment* 1.17 (0.15) 1.14 (0.14) 0.153
Stride length (m)

Self-selected 1.30 (0.11) 1.27 (0.09) 0.058

After adjustment* 1.28 (0.13) 1.27 (0.09) 0.629
Trunk lean (°)

Lateral lean 1.2 (2.6) 1.2  (2.7) 0.731

Anterior lean -0.1 (4.7) —1.6 (4.3) <0.001
Knee angle (°)

Flexion 19.7 (7.6) 194 (7.1) 0.906

Adduction 7.2 (6.2) 71 (5.4) 0.777
Ground reaction force (N/kg)

Vertical in early stance 11.37 (0.86) 11.23 (0.89) 0.348

Vertical in late stance 10.79 (0.58) 10.64 (0.76) 0.342

Posterior in early stance 1.96 (0.29) 2.01 (0.33) 0.514

Anterior in late stance 1.95 (0.37) 1.93 (0.35) 0.806

Medial 0.51 (0.11) 0.57 (0.10) 0.053

(Foot-notes for Table 2)
* The walking speed close to that of the MBT shoes condition was chosen from self-selected
and slow speeds in the control shoes condition.
+ P values are based on paired t-tests, except for the knee flex angle that was tested using the
Wilcoxon rank sum test.



Table 3. Changes in the knee moments while walking with control shoes and MBT shoes

Control shoes MBT shoes
Mean (SD) Mean (SD) P-valuef
KAML1 (N-m/kg-m) 0.45 (0.08) 0.44 (0.09) 0.549
KAM2 (N-m/kg-m) 0.33 (0.09) 0.35 (0.08) 0.056
KAMimp (N-m-s/kg-m) 0.17 (0.05) 0.18 (0.05) 0.075
KFM1 (N-m/kg-m) 0.30 (0.19) 0.25 (0.14) 0.047
KEM (N-m/kg-m) 0.01 (0.08) 0.01 (0.06) 0.906
KFM2 (N-m/kg-m) 0.23 (0.09) 0.22 (0.10) 0.367

(Foot-notes for Table 3)

KAML1 = knee adduction moment in early stance; KAM2 = knee adduction moment in late
stance; KAMimp = impulse of knee adduction moment; KFM1 = knee flexion moment in
early stance; KEM = knee extension moment in mid stance; KFM2 = knee flexion moment in
late stance.

+ P values are based on paired t-tests, except for KAM2 that was tested using the Wilcoxon
rank sum test.



Figure captions:

Figure 1: Control shoes and Masai Barefoot Technology (MBT) shoes.
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