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Knee adduction moment (KAM) is correlated with the progression of medial

knee osteoarthritis (OA). Although a generic gait modification can reduce the

KAM in some patients, it may have a reverse effect on other patients. We

proposed the “decomposed ground reaction vector” (dGRV) model to 1)

distinguish between the components of the KAM and their contribution to

the first and second peaks and KAM impulse and 2) examine how medial knee

OA, gait speed, and a brace influence these components. Using inverse

dynamics as the reference, we calculated the KAM of 12 healthy participants

and 12 patients with varus deformity andmedial kneeOAwalkingwith/without a

brace and at three speeds. The dGRV model divided the KAM into four

components defined by the ground reaction force (GRF) and associated

lever arms described with biomechanical factors related to gait

modifications. The dGRV model predicted the KAM profile with a coefficient

of multiple correlations of 0.98 ± 0.01. The main cause of increased KAM in the

medial knee OA group, the second component (generated by the vertical GRF

and mediolateral distance between the knee and ankle joint centers), was

decreased by the brace in the healthy group. The first peak increased, and

KAM impulse decreased with increasing velocity in both groups, while no

significant change was observed in the second peak. The four-component

dGRV model successfully estimated the KAM in all tested conditions. It explains

why similar gait modifications produce different KAM reductions in subjects.

Thus, more personalized gait rehabilitation, targeting elevated components,

can be considered.
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Introduction

Knee osteoarthritis (OA) is one of the leading causes of

disability in the aged population (Murray et al., 2012). The first

peak of the double-bump pattern of the KAM during stance

correlates with the presence (Hurwitz et al., 2002), severity

(Foroughi et al., 2009), and pain (L.E. et al., 2007) in knee

OA. Typically, the 3D knee joint moments, including KAM,

are estimated by inverse dynamics (ID) (Baker et al., 2018),

considering inertial, gravitational, and ground reaction terms.

The third term, that is, the ground reaction contribution, is the

cross product of the ground reaction force (GRF) and the vector

connecting the joint center to the center of pressure (COP). By

neglecting the contribution of the inertial and gravitational terms

that reduce the computational cost, the ground reaction vector

(GRV) alone has been used for estimation of the KAM (Wells,

1981; Fantozzi et al., 2012) with a root mean square error of 4% in

the first peak (Baniasad et al., 2020). Implementing GRV for

KAM estimation requires the vector connecting the COP to the

knee joint center and is typically computed through 3D positions

of the markers, regardless of how much of that is due to the COP

position, foot orientation, or tibia inclination. For example, the

lever arm in the GRVmethod could be the same for two patients,

one with the very internal position of COP and normal tibia

varus angle and the other with a lateral COP position but varus

orientation of tibia. Although in view of GRV, they have similar

lever arms and similar KAM, a treatment aiming to decrease their

KAM based on gait modifications should be designed in entirely

different ways. For the first patient, a proper insole might be

appropriate, while the second patient may benefit from the valgus

bracing (Shelburne et al., 2008). Despite its simplicity, the GRV

does not reflect a clear vision of the relationship between gait

modification parameters and the KAM.

Gait modifications such as alterations in foot progression angle

(FPA) (Wang et al., 2021), speed (Robbins and Maly, 2009), step

width (Xu et al., 2020; Pereira et al., 2021), medial thrust (Ferrigno

et al., 2016), and non-invasive intervention such as unloader braces

(Moyer et al., 2015) and lateral wedge insoles (Xing et al., 2017) have

been proposed to decrease the KAM. However, controversies about

the KAM reduction have been raised in different studies (Jenkyn

et al., 2008; Wang et al., 2021): using a similar method and using a

uniform method within one study could increase the KAM in some

participants (Gerbrands et al., 2014; Uhlrich et al., 2018; Uhlrich,

2020). Tailored intervention and personalized gait modifications

(Uhlrich et al., 2018; Uhlrich, 2020) are effective ways to increase the

achievable reduction in KAM (Richards et al., 2017).

Personalizing gait modifications is mainly performed through

real-time biofeedback (Cheung et al., 2018), using an instrumented

treadmill and a trial-and-errormethod. However, though thismethod

clinically confirms that various componentsmay influence the generic

KAM, it does not allow to anticipate which correction suits the

patient’s need or to differentiate study subgroups within those who

have increased KAM. Understanding the sources of the KAM by a

proper decomposition would help categorize patients and set suitable

gait modifications to target the increased components.

In this study, our primary aim was to evaluate the concurrent

validity of a model that decomposes the KAM into components.

These components should be described with understandable

biomechanical factors used in gait modifications. To do so, we

developed the decomposed GRV (dGRV) model and investigated

the contribution of each component to three main KAM features,

that is, first peak, second peak, and KAM impulse. This model could

show the percentage of KAM generated by parameters that are

altered in gait modifications, such as toe-in/toe-out, varus orientation

of tibia (altered by valgus bracing or medial thrust), the mediolateral

position of COP (lateralized by proper insole), or mediolateral

component of GRF (controlled by lateral trunk movement).

When investigating the effect of a gait modification instead of the

general KAM, the comparison can be made at the level of these

components to realize the intervention mechanism and better

understand which components are decreased as a result. We

hypothesized that the GRV method is sufficiently accurate and

reliable as a basis for our proposed model. Our secondary aim

was to show an application of this model by investigating how KAM

components alter in patients with varus deformity and medial knee

OA compared to healthy volunteers, and how an ankle–foot orthosis

known as a knee unloader brace (Menger et al., 2016) affects the

KAM components in healthy volunteers. We hypothesized that the

brace decreases the KAM by reducing the component related to tibia

varus orientation, which causes increasedKAM in patientswith varus

deformity. This study is clinically important because the component-

level comparisons can help determine which component causes

increased KAM in a patient. This would enable more

personalized and thus more effective treatment planning in

comparison to the current best practices in which general

methods are implemented that may not be effective for every patient.

Materials and methods

Participants

This cross-sectional observational study was approved by the

institutional ethics committee (CER-VD protocol 2020-01894). A

total of 12 patients with varus deformity and medial knee OA and

12 healthy volunteers were enrolled after giving informed consent.

The inclusion criteria for the medial knee OA group were 1)

diagnosed with symptomatic knee OA with a varus deformity

defined as a hip–knee–ankle angle of more than 3 degrees of

neutral on standing hip-to-ankle radiograph (EOS imaging, Paris,

France), planned for medial open wedge high tibial osteotomy; 2) the

ability to walk safely for 30 min without aids; and 3) bodymass index

less than 35 kg/m2. Healthy volunteers were recruited if 1) they

presented no pain or history of injury or surgery in the lower

extremities; 2) less than 3 degrees of varus/valgus malalignment

(hip–knee–ankle angle deviated from 180 degrees) on standing
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radiograph; 3) body mass index less than 35 kg/m2; and 4) age

between 18 and 50 years old. In the healthy group, both knees were

analyzed, whereas in the patient group, both knees were included

only ifOAwas bilateral. Table 1 summarizes the demographic data of

all participants. The Knee injury and Osteoarthritis Outcome Score

(KOOS) (Ornetti et al., 2008) was collected for the patients with varus

deformity andmedial knee OA during their regular preoperative visit

with the orthopedic surgeon.

Experimental protocol

Gait analysis was performed using a 13-camera Vicon system

(Vicon, Oxford Metrics, United Kingdom) along a ten-meter

walkway equipped with three ground-embedded force plates

(Kistler, Switzerland). Retroreflective markers were attached

based on a conventional gait model (Baker et al., 2018). All

kinematics and kinetics data were synchronized and collected at

100 Hz and 1,000 Hz, respectively. Participants first completed a

static trial with a customized knee alignment device to estimate the

knee flexion axis (Baker et al., 2018) and then walked at a self-

selected, slow, and fast speed (Figure 1A). To modify the gait in

healthy volunteers, they wore the ankle–foot-orthosis (Agilium

Freestep, Ottobock, Germany) that pushed the knees medially

(Figure 1B). For adaptation, they walked with the brace for several

minutes until they felt comfortable, and their stride length became

steady, which was observed by marks on the ground. Then, we

asked them to walk at a self-selected speed, slow and fast with the

brace. We selected this brace because 1) it decreases the KAM

(Menger et al., 2016; Petersen et al., 2019); 2) we could control the

level of intervention equally for all healthy subjects by setting the

angle at 6 degrees, which is the maximum of the brace (compared

to alterations in FPA that requires the subject to learn to adjust it

and finally could be different between subjects); 3) it requires only

a couple of minutes to adapt; and 4) it is not bulky and has

minimum interference with markers. For each limb at each

TABLE 1 Demographics of healthy and patient groups. Data are presented as mean ± SD. The Knee Injury and Osteoarthritis Outcome Score (KOOS)
(Ornetti et al., 2008).

Healthy (N = 12) Patients (N = 12)

Age (yrs) 34.3 ± 9.5 48.9 ± 11.6

Height (cm) 177.5 ± 6.5 174.7 ± 11.45

Mass (kg) 77.3 ± 16.1 91.5 ± 14.2

BMI (kg/m2) 24.7 ± 4.1 29.9 ± 4.96

Sex 11 males, 1 female 10 males, 2 females

Hip knee angle on EOS 0.2 ± 0.5 6.0 ± 2.9

KOOS pain — 51 ± 18

KOOS activities of daily living (ADL) — 65 ± 16

KOOS symptoms — 27 ± 20

FIGURE 1
(A) Experiment protocol for healthy and patient groups and (B) the Agilium Freestep brace used to alter the KAM in the healthy volunteer group.
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condition of walking, we asked them to continue walking until ten

successful gait cycles with correct positioning of the feet over the

force plates were collected for each side.

Data analysis

Ground reaction forces and marker positions were low-pass

filtered at 8 Hz using a fourth-order Butterworth recursively. The

reference KAM was calculated using ID with the Newton–Euler

equations (Baker et al., 2018). The reported KAM is expressed in

the global reference frame and normalized to percent bodyweight

and height (%Bw*Ht). The first and second peaks of the KAMwere

defined as the maximum value of the KAM profile in the first and

second halves of the stance phase, respectively. The angular

impulse was computed as the area under the KAM profile.

These three features were used to describe the KAM during the

stance phase of gait (Chehab et al., 2014). The FPA was calculated

as the angle between the axis of the foot in midstance and walking

direction (Shull et al., 2011), with toe-out as positive.

We proposed a new model (dGRV) that decomposes the

GRV estimate of KAM into four components, each moment

reflecting a biomechanical aspect of gait adaptation. Starting

from the GRV model (Figure 2A), KAM can be expressed in the

FIGURE 2
(A)GRVmodel; (B) the first component of the dGRVmodel sourced frommediolateral GRF and knee height; (C) the M2 formed by vertical GRF
and inclination of tibia in the frontal plane; (D) the lever arm of theM3 that can be negative with COP lateral to foot axis; (E) the lever arm ofM4 can be
affected by COP progression from early to late stance with the same FPA, and with variation of FPA; (F)with the same position of the COP in the foot
frame, it indicates how toe-in/toe-out can reduce the lever armofM3while not affecting its sign; (G) shows how toe-out/toe-in can reverse the
contribution of M4 from adduction to abduction. The red cross indicates the position of the COP. The lever arm of each component is shown with a
black arrow. The parameters related to the definition of the lever arm are shown in purple. COP, center of pressure; FPA, foot progression angle; GRV,
ground reaction vector; FF, foot frame; AP, anteroposterior; ML, mediolateral.
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global frame (GF) using the mediolateral (ML) and vertical (V)

components of GRV and knee joint center (KJC) and the

mediolateral position of COP (COPGF
ML) as:

KAMGF � GRFGF
ML pKJCGF

V

︷�������︸︸�������︷M1

+ GRFGF
V p(COPGF

ML −KJCGF
ML)

(1)
In the dGRV model, we defined four moments regarding the

GRF and different lever arms in the frontal plane. The GRF can

cause an external adduction moment on the knee through

vertical and mediolateral components. Depending on the lever

arm, each force can lead to various levels of the external KAM.

From Eq. 1, the first term expresses the effect of mediolateral GRF

and constitutes the first component (M1) with the lever arm of

the knee height, which corresponds to the sum of the ankle height

and vertical projection of shank length (LShank) (Eq. 2; Figure 2B).

M1 � GRFGF
ML pKJCGF

V

� GRFGF
ML p (LShank p cos(SPTA) + AnkleHeight) (2)

,

with SPTA as the sagittal plane tibia angle.

The second term of Eq. 1 is the vertical GRF with the lever

arm formed by the mediolateral distance between the knee joint

center and COP in GF. Using the ML component of the ankle

joint center (AJCGF
ML), we decomposed this distance to more

understandable and clinically relevant vectors to provide a more

detailed decomposition of this second term as:

GRFGF
V p (COPGF

ML −KJC
GF

ML) � GRFGF
V p (AJCGF

ML −KJCGF
ML)

︷������������︸︸������������︷M2

+GRFGF
V p (COPGF

ML − AJCGF
ML) (3)

Therefore, we considered the second component (M2) as the

first term in Eq. 3, corresponding to the moment due to GRFGF
V

with the lever arm as the lateral position of the knee relative to the

ankle obtained from the horizontal projection of LShank (Eq. 4;

Figure 2C):

M2 � GRFGF
V p (AJCGF

ML −KJCGF
ML)

� GRFGF
V p LShank p sin(FPTA), (4)

with FPTA, the frontal plane tibia angle.

Finally, the second term of Eq. 3 can be decomposed into a

moment M3 with the lever arm corresponding to the medial

position of COP relative to the ankle in the foot frame (FF) (in Eq.

5; Figure 2D), and another moment M4 with the lever arm

corresponding to the medial position of COP relative to the ankle

in the global frame caused by the foot progression angle (FPA)

(Eq. 5; Figure 2E).

GRFGF
V p (COPGF

ML − AJCGF
ML) � GRFGF

V p COP
FF

ML p cos(FPA)
︷�������������︸︸�������������︷M3

+ GRFGF
V pCOPFF

AP p sin(−FPA)
︷�������������︸︸�������������︷M4

(5)

The M3 could be negative, only if the COP is lateral to the

foot axis (Figure 2C) but does not change the sign with the FPA.

As shown in Figure 2F, if COP is medial to the foot axis, the

positive contribution of the M3 (meaning that it increases the

KAM) does not alter with toe-in or toe-out. In contrast, the

negative/positive contribution of M4 depends on the FPA, with a

negative contribution with toe-out (Figure 2G).

Depending on different GRFs and lever arms, each of these

four components expresses a different mechanism modifying

KAM. The moment M1 can vary with GRFGF
ML and the tibia angle

in the sagittal plane. The moment M2 can vary with GRFGF
V and

inclination of the tibia in the frontal plane (Figure 2C). A more

lateral position of the knee relative to the ankle increases M2. The

moment M3 depends on the mediolateral position of the COP in

the foot frame multiplied by cosine (FPA). The more medial

position of the COP increases the contribution of M3 and the

lateral position of the COP with respect to the foot axis, which

results in a negative M3 (Figure 2D). The moment M4 originates

from the FPA and anterior position of the COP in the foot frame

during the stance phase. It can be negative with toe-out or at heel

strike when COP is posterior to the ankle joint center. The

negative value of a component means that it generates a knee

abduction moment.

Statistical analysis

Quantitative variables were averaged over ten repetitions.

The data were tested for normality with Shapiro–Wilk and

Kolmogorov–Smirnov tests. Data were presented as the

mean ± standard deviation (SD). The errors of the KAM

features (i.e., first and second peaks and KAM impulse)

estimated by dGRV were assessed against ID as the mean

difference (bias) and standard deviation of difference

(precision) over all ten averaged gait cycles. To evaluate the

similarity of the dGRV model to ID in estimating the KAM

profile during the stance phase of gait, we used a new formulation

of the coefficient of multiple correlations (Ferrari et al., 2010) that

is cleared from the between-gait cycle variability and assessed the

inter-protocol similarity.

In order to evaluate the association between the KAM

components and the brace or medial knee OA, we employed

linear mixed-effects models. In each model, we adjusted for

walking speed as a fixed effect and considered subject as a

random effect. The statistical significance level was set to 0.05.

Data were analyzed using Matlab (R2021b, Math Works, Natick,

United States).

Results

Out of 12 patients, five patients had both knees that met the

inclusion criteria, so 24 limbs of 12 healthy volunteers and
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17 limbs of 12 patients were included in the analysis (Table 1).

This led to a total of 1,440 gait cycles for healthy volunteers

(24 limbs × 3 speeds × 10 trials × 2 conditions) and 510 cycles for

patients (17 limbs × 3 speeds × 10 trials × 1 condition).

The dGRV model predicted the whole KAM profile for all

gait cycles of all subjects with a coefficient of multiple

correlations of 0.98 ± 0.01. Compared to ID, bias ± precision

was 0.07 ± 0.21 %Bw*Ht for the first peak, 0.07 ± 0.35 %Bw*Ht

for the second peak, and 0.01 ± 0.08 %Bw*Ht*S for the KAM

impulse (Figure 3; Table 2). The walking speed was altered from a

self-selected speed when the subjects walked slowly and fast

(Table 2). The bias and SD of the error of the dGRV model

decreased at slower speeds in healthy volunteers (Table 2). This

means that the dGRVmodel was more accurate andmore precise

at slower walking speeds where the movements were less

accelerated. The dGRV model was more accurate in

estimation of the first peak than in the second peak (both bias

and precision were smaller in the first peak) (Table 2).

The profiles of the four components of the KAM showed that

some components had negative contributions to the KAM

features (Figure 4), meaning that they generated a knee

abduction moment. The positive (adduction)/negative

(abduction) effect of M4 (which depends on the FPA) was

similar in the first and second peaks but with a higher

amplitude at the second peak. Although the M3 (dependent

on the mediolateral position of COP) contributed to the first

peak, it had a negligible contribution to the second peak with

mean ± SD of 0.82 ± 0.69 vs. 0.05 ± 0.30 %Bw*Ht in healthy

subjects (Figure 4G). Furthermore, its contribution to the first

peak and KAM impulse in the patient group with varus

deformity and medial knee OA were negligible (Figure 4;

Supplementary Table S1). The linear mixed-effects model

showed that compared to the healthy group, the contribution

of M2 in the patient group increased drastically and formed the

main component of the KAM, while the M4 decreased in all

KAM features (Figure 4; Supplementary Table S1). The natural

FIGURE 3
Bland–Altman plots comparing estimates of the (A) first peak, (B) second peak of the KAM, and (C) KAM impulse from the dGRV model
compared to inverse dynamics (ID) averaged over ten gait cycles of all participants. The limit of agreement (LOA) is presented by the red dotted line
and the bias by the black line. The gray zone indicates the 95% confidence interval for the bias and LOA (Giavarina, 2015).

TABLE 2 Walking speed presented as mean ± SD and bias ± precision of the dGRV model compared to ID at different conditions (slow/self-selected/
fast, with/without brace) and groups (healthy/patient).

Conditions Walking speed
(m/s)

1st peak
(%Bw*Ht)

2nd peak
(%Bw*Ht)

KAM impulse
(%Bw*Ht*S)

Healthy Slow 0.96 ± 0.17 0.05 ± 0.11 0.06 ± 0.19 −0.01 ± 0.06

Self-selected 1.28 ± 0.18 0.10 ± 0.20 0.03 ± 0.26 −0.00 ± 0.07

Fast 1.60 ± 0.17 0.17 ± 0.30 0.17 ± 0.37 0.04 ± 0.08

Slow/with brace 0.97 ± 0.11 0.05 ± 0.08 −0.09 ± 0.19 −0.05 ± 0.07

Self-selected/with brace 1.32 ± 0.22 0.09 ± 0.23 −0.18 ± 0.34 −0.05 ± 0.08

Fast/with brace 1.66 ± 0.26 0.12 ± 0.34 −0.17 ± 0.46 −0.04 ± 0.08

Patient Slow 0.88 ± 0.10 0.00 ± 0.10 0.36 ± 0.15 0.11 ± 0.05

Self-selected 1.14 ± 0.16 −0.02 ± 0.09 0.34 ± 0.15 0.08 ± 0.04

Fast 1.48 ± 0.20 0.01 ± 0.11 0.35 ± 0.22 0.07 ± 0.06
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(not altered intentionally) FPA and frontal plane tibia angle were

significantly greater in patients with varus deformity and medial

knee OA by 6.5° [95% CI = (5.9, 7.1)], and 4.1° [3.9, 4.3],

respectively (Figure 5; Supplementary Table S2). The brace

significantly decreased the first peak by 0.21 %Bw*Ht [95%

CI = (0.16, 0.270)], the second peak by 0.20 %Bw*Ht [0.13,

0.26], and the KAM impulse by 0.10 %Bw*Ht*S [0.06, 0.13] in the

healthy group by reducing the M2 while increasing M4 (Figure 5;

Supplementary Table S1). The brace decreased the FPA by 3.9°

95% CI = [3.6, 4.2]° and the frontal plane tibia angle by 1.1° [1.0,

1.2] at the first peak and 1.8° [1.6, 1.9] at the second peak

(Figure 5; Supplementary Table S2). The increase in the

walking speed increased the first peak significantly and

decreased the KAM impulse in both the healthy (with/without

brace) and patient groups with varus deformity and medial knee

OA. No statistical difference was observed in the second peak

with speed changes.

Discussion

The main purpose of this study was to evaluate the accuracy

of the dGRV model that identifies the KAM components. The

secondary aim was to investigate each component’s

contribution to main KAM features in participants where

KAM is modified with a brace or varus deformity with

medial knee OA. The dGRV model decomposes the lever

arm of the GRF around the knee joint center into clinically

understandable parameters related to gait modifications. The

model showed a good performance in predicting KAM while

highlighting the main components of KAM affected by altered

health/disease and gait conditions (change in gait speed and use

of a brace).

The first peak of KAM increased significantly with increasing

speed in both healthy and patient groups. In the healthy group, this

increase was mainly through increases in M1 (i.e., mediolateral

FIGURE 4
Profile of the four main components (M1–M4) of the normalized KAM (%Bw*Ht) with their summation (dGRV in red) during the stance phase for
one typical healthy subject (A–C) and one typical patient (D–F) at different walking speeds. The profile of the KAM extracted using the inverse
dynamic (ID) method is illustrated in black. Data are presented as the mean of 10 gait cycles at each condition bracketed with SD. (G) Average
distribution of the components at the first, second peaks, and KAM impulse for all subjects. The negative value of a component means it
generates knee abduction moment.

Frontiers in Bioengineering and Biotechnology frontiersin.org07

Baniasad et al. 10.3389/fbioe.2022.1017711

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.1017711


GRF) andM3 (i.e., mediolateral COP position) and decrease inM2

(i.e., vertical GRF and the lateral knee position relative to ankle).

The KAM impulse decreased with speed, while alterations in the

second peak were not significant.

Our results revealed that M2 is the source of increased KAM

in patients with varus deformity and medial knee OA (Figures

5A–C). Although the vertical GRF decreased in patients

compared to healthy volunteers at a self-selected speed, the

FIGURE 5
Contribution of the components of the KAM at different conditions (three walking speeds and with/without brace) to the (A) first peak, (B)
second peak, and (C) impulse of the KAM. Significant difference extracted from the linear mixed-effects model adjusted for walking speed, between
the healthy with/without brace and healthy/patient groups are illustrated by * (p < 0.05). (D–I) show biomechanical factors at the first and second
peaks at different conditions.
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frontal plane tibia angle was increased and caused a larger M2

(Supplementary Tables S1, S2). Interestingly, theM3was reduced

significantly in patients with varus deformity and medial knee

OA in the first peak and KAM impulse mainly due tomore lateral

positions of the COP in the foot frame (Figure 5F; Supplementary

Table S2), which was in agreement with a previous study that

observed more loading on the lateral aspect of the foot in patients

with medial knee OA (Lidtke et al., 2010). The M4 was also

decreased in all KAM features in patients with varus deformity

and medial knee OA due to more toe-out gait. Although

controversies exist on the effect of FPA, it is accepted that on

average the toe-in gait reduces the first peak and toe-out reduces

the second peak (Hunt et al., 2018; Wang et al., 2021). In the

dGRVmodel, the toe-in leads to larger M4 in the first and second

peaks. However, the secondary kinematic change of the toe-in

gait is the reduction in the frontal plane tibia angle (Uhlrich et al.,

2018) which, despite increasing the M4 and decreasing the M2,

results in a reduction in the first peak. In the second peak, the

M4 increases more than in the first peak with toe-in gait due to

the progression of the COP toward the toes (Figures 2E, 4).

Therefore, the subsequent reduction ofM2 could not be sufficient

to compensate for the increased M4. This leads to increased

KAM at the second peak. So, the balance between these two

components and their baseline values might be the source of

divergence of the results in different subjects and studies and

should be considered for personalized adjustment of the FPA.

For example, a patient with a larger value in the first peak

(compared to the second peak) with varus orientation of the

tibia may benefit from toe-in gait, while a patient with a larger

second peak and valgus tibia may not be a proper candidate for a

toe-in modification. In the first case, toe-in gait can probably

correct the alignment of the tibia toward valgus and reduce the

lever arm of M2, thereby reducing M2’s contribution to both

peaks. However, the toe-in would increase M4 in the second peak

whichmay ormay not (in the case of balancing with reducedM2)

cause the second peak to rise from the smaller baseline, but

ultimately, it could probably balance the two peaks and avoid

excessive sudden loading on the medial side of the knee. The

brace significantly reduced the frontal plane tibia angle and FPA,

thus decreasing theM2 and raising the M4 in healthy individuals.

The effect of the brace is, therefore, the opposite of the effect of

varus deformity in patients with medial knee OA. This result

suggests that probably subjects with more varus orientation of

tibia and toe-out could better benefit from the brace, rather than

subjects with a well-aligned tibia and naturally toe-in gait. No

significant alteration in the mediolateral position of the COP was

observed with the brace.

As illustrated in the dGRV model (Figure 2F; Eq. 5), for M3,

the lever arm of the mediolateral position of the COP was

affected by the amount of toe-out. This is in accordance with

the results from two clinical studies (Sawada et al., 2016; Ulrich

et al., 2020) that concluded subjects with smaller natural FPA are

more likely to reduce their KAM using a lateral wedge insole.

Understanding the respective contribution of the KAM

components is particularly important because, as shown in this

study, they have different effects on the KAM features.

Furthermore, it can help identify the source of the increased

KAM and can help move forward toward a more personalized

decision-making for the selection of gait modifications based on

the main cause rather than a general strategy. Gerbrands et al.

(2014) investigated the effect of five gait modifications on a healthy

group and suggested an individual-based strategy should be

selected because of the large variance in the results. Uhlrich

et al. (2018, 2020) considered only one gait modification but

showed that the personalized adjustment of the FPA is more

effective in reducing the KAM than the non-personalized method.

Therefore, identifying the components of the KAM could help

diagnose the source of increased KAM in different subjects, and

based on that, the most related gait modification could be devised.

Another benefit of this model is the simplicity and ease of

measuring inputs, which could even be measured by wearable

systems. The FPA and tibia inclination in the sagittal plane can be

estimated by IMU sensors (Wouda et al., 2021), and the GRF and

COP can be measured by instrumented insoles (He et al., 2019).

Therefore, with fewer complications than ID, this model could

serve as the basis for an analytical model to estimate KAM

components with a wearable system or provide insights to

feature selection to devise a machine learning model.

In this study, the gait modifications were limited to the gait

speed for both groups and using the brace only for the healthy

group, while the effect of the other modifications, such as toe-in,

wider step width, and medial thrust, on the components of the

KAM needs to be investigated. The brace was used only for

healthy volunteers, while the response could be different in

patients. To have more subjects, the healthy and patient

groups were not completely matched specifically in terms of

age and BMI, and it might limit the comparisons between them.

The knee flexion moment was not investigated here, which could

alter the loading condition in the knee joint. The small sample

size may limit the robustness of the results.

Conclusion

The dGRV model provides a simple analytical tool for clinicians

to estimate the KAM with a coefficient of multiple correlations of

0.98 ± 0.01 compared to a sophisticated ID model. Second, it

innovatively divided the KAM into four biomechanically

interpretable components and proposed how a combination of

tibia varus orientation, foot progression angle, and center of

pressure can generate the KAM. This model also enabled

comparisons of the KAM at the component-level instead of the

general KAM that could help achieve a more personalized treatment.

Finally, it identified how gait modifications can alter the components

in healthy volunteers, and which components are responsible for

increasedKAM in patients with varus deformity andmedial kneeOA.
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This decomposition allows a better understanding of the

cause of the variable response of patients to treatments based on

gait modifications and the divergence in the results between

different subjects and studies. Identifying the contribution of the

components to the KAM and their altered role in early and late

stance could resolve the controversies raised by the conflicting

results of previous clinical studies. Therefore, the dGRV model

can address the increasing need for explaining the underlying

mechanisms behind KAM and thus target more specific

treatments based on personalized gait modifications. This

could potentially improve the treatment efficacy on OA

symptoms and progression. Further studies are needed with

broader inclusion criteria to further test the clinical use of the

personalized aspect of this model.
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