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Introduction: The margin of stability (MoS) is a widely used biomechanical

measure of dynamic stability during gait, typically computed as the distance

between the extrapolated center of mass (xCoM) and the center of pressure

(CoP). According to Hof’s model, the CoP-based approach is considered the

preferred approach for defining where the xCoM is relative to the BoS and

calculating the MoS. However, marker-based approaches often need to be

used in research and clinical settings due to practical constraints and the lack

of standardization in marker selection introduces variability in MoS estimates.

This study aimed to assess the difference between different marker-based

approaches and the CoP-based approach.

Methods: Using an open-access dataset of 30 healthy adults walking at a self-

selected speed, MoS was calculated continuously during the stance phase in

both the anteroposterior (AP) and mediolateral (ML) directions. Various

marker-based approaches were evaluated, including commonly used markers

(AP: HEEL, TOE; ML: HEEL, ANKLE, M5, MID) and a novel approach using the

most anterior (for AP MoS) or most lateral (for ML MoS) marker in contact

with the ground at each time point (AP: MOST ANTERIOR; ML: MOST

LATERAL). Differences were quantified using paired t-tests with statistical

parametric mapping and root mean square differences (RMSD) relative to the

CoP-based approach.

Results: Results showed that the MOST ANTERIOR approach had the closest

agreement with the CoP-based approach for AP MoS (RMSD = 47.04 mm),

while the HEEL marker provided the closest agreement with the CoP-based

approach for the ML MoS estimates (RMSD = 17.93 mm).

Conclusion: These findings highlight the importance of marker selection in MoS

analysis and suggest that specific marker configurations, particularly those

grounded in foot-ground contact for the AP-MoS, provide closest estimates

relative to the CoP-based approach. This study offers evidence-based

recommendations for improving consistency and comparability in future MoS

studies using marker-based approaches.
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1 Introduction

Various methods have been employed to assess stability during

human locomotion (1). These methods span from ordinal scale

clinical assessments [e.g., the Berg Balance Scale (2) and the

Functional Gait Assessment (3)] to biomechanical measures

derived from a simple mechanical system [e.g., the margin of

stability (MoS) (4)]. The MoS is one of the most widely used

metrics to describe the instant mechanical stability of the body

configuration during pathological (5) and non-pathological (6)

gait. The MoS represents the minimum distance between the

extrapolated center of mass (xCoM) and the boundaries of the

base of support (BoS) (Equation 1).

MoS ¼ BoS –xCoM (1)

The MoS was introduced by Hof and colleagues in 2005, and is

based on the traditional linearized inverted pendulum model (4).

The MoS is theoretically related to the minimal external impulse

required to destabilize the body, as modeled by the inverted

pendulum framework (7). The xCoM combines the CoM

position (COM) and its velocity (COM) divided by the

pendulum’s eigen frequency, i.e., the square root of gravity

(g = 9.81 m/s2) divided by the pendulum length (l) (Equation 2).

xCoM ¼ COM þ
COM

ffiffiffi

g

l

r (2)

The MoS calculation relies not only on the accurate estimation of

the xCoM but also on the precise definition of the BoS

boundaries. It can be calculated in the anteroposterior (AP) and

the mediolateral (ML) directions of the stance phase. The BoS

boundaries’ definition in previous studies are either based on the

center of pressure (CoP) localization (8, 9) or foot markers

(10–12). According to Hof’s model, the CoP-based approach is

considered the preferred method for defining the BoS and

calculating the MoS, as the CoP represents the point of

application of the ground reaction force acting on the CoM,

which in turn influences the xCoM. However, some researchers

have turned to marker-based approaches due to practical

limitations, such as the unavailability of force plates or the

challenges of using them in certain pathological populations,

where multiple walking trials are often needed to capture enough

valid steps on the platforms. Even in well-equipped laboratories,

the limited number and surface area of force plates (typically one

or two) may require numerous trials to record sufficient steps,

making marker-based methods more efficient for collecting larger

datasets in fewer passes. The boundaries of the BoS using

marker-based approaches are heterogeneous across studies, which

make interpretation and comparison of MoS results challenging

(see a summary of the different approaches used in

Supplementary Table S1). Although the definition of AP

boundaries seems to be almost standardized, based on the toe

marker (TOE) (anterior boundary) or heel marker (HEEL)

(posterior boundary), the definition of the lateral boundary of

the BoS remains heterogeneous (5). The lateral boundary of the

BoS has been described with the fifth metatarsal marker (M5),

the lateral malleolar marker (ANKLE), or the mid-point between

M5 and ANKLE. Uncertainty persists regarding the markers

defining the BoS boundaries at different instants of the stance

phase (7). It has been suggested that using the midpoint on the

virtual line relating M5 and ANKLE would have an advantage,

compared to using ANKLE or M5, in considering the foot

orientation rather than only a point (11, 13). This could be

particularly relevant in individuals with consequent internal or

external foot rotation (example in Figure 1). Another

inconsistency is that, regardless of the approach chosen, the

marker representing the BoS boundary is often placed on a foot

boundary that is not always in contact with the ground (e.g., the

ANKLE during late stance). This would limit the MoS accuracy

because the CoP can only move underneath a body part in

contact with the ground to restore stability in the event of

balance perturbations. Thus, it can be hypothesized that the best

representation of the CoP using marker-based approaches is

achieved by using the most anterior (for the AP boundary) or

the most lateral (for the ML boundary) marker that is fixed on a

physical boundary of the foot that is in contact with the ground

at the instant when the MoS is calculated. To date, no study has

investigated which of the marker-based approaches provides the

most accurate estimation of the MoS compared to the CoP-

based approach.

This study aimed to assess differences in AP and ML MoS

measures resulting from different marker-based approaches

compared to the CoP-based approach. It was hypothesized that

selecting the point located at the outermost boundary of the BoS

[i.e., using the most anterior (for the AP) or the most lateral (for

the ML)] marker that is in contact with the ground would

provide a measure that is closer to the CoP-based approach and

more representative of the effective MoS compared to previously

established approaches.

2 Materials and methods

2.1 Participants

This study used an open-access dataset, including 30 healthy

participants (16M/14F) aged between 21 and 41 years old (14).

Participant characteristics are presented in Table 1.

2.2 Procedure

2.2.1 Recordings
Each participant was instructed to walk at comfortable speed

(mean speed (m/s) = 1.15 ± 0.10) along 10-m of a flat laboratory

surface with walking shoes provided for the experiment (14). The

laboratory, measuring 16 meters in length, ensured adequate

space for participants to accelerate and decelerate outside the

10-meter measurement zone, minimizing the influence of these
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transitions on the recorded data (14). Several walking trials were

performed. All participants were equipped with 63 reflective

markers following the Conventional Gait Model (v.2.5) (15).

Marker trajectories were collected with 18 optoelectronic cameras

(Vicon System®, Oxford, UK, 100 Hz).

2.2.2 Data processing
The c3d files were exported from the database (14) and further

processed in MATLAB (vR2022b, Mathworks Inc., USA) using the

open-source biomechZoo toolbox (v.1.9.10) (16) and custom

codes. The force platform data was used to identify foot strike

and foot off events. Then, walking trials were partitioned into

individual stance phase. Considering the natural asymmetry in

able-bodied gait (17), stance phases of both legs were included in

the analysis. For each participant, 7 stance phases were used for

MoS calculations. This number corresponds to the minimum

number of valid stance phases on the force platform that was

consistently available across all participants.

2.2.3 Margin of stability calculations
The continuous MoS was calculated during the stance phase in

the AP and ML directions (4). The CoM position estimated from

the Conventional Gait model (v.2.5) was used (i.e., mass-

weighted average of all segment CoMs). The anterior direction of

walking was described as the vector of the walking direction

whereas the lateral direction of walking was described as the

vector perpendicular to the anterior direction of walking. The

Supplementary Table S1 summarizes the different marker-based

approaches used in the previous literature to calculate the MoS.

The AP MoS was calculated at each time point of the stance

phase following 3 different marker-based approaches (HEEL,

TOE, MOST ANTERIOR):

1) HEEL: Using HEEL as the posterior limit of the BoS.

2) TOE: Using TOE as the anterior limit of the BoS.

3) MOST ANTERIOR: Using the most anterior marker between

HEEL and TOE. The foot part to which the most anterior

marker is attached had to be in contact with the ground. For

instance, HEEL was chosen if the forefoot (TOE) was

elevated (at foot strike), whereas TOE was selected if the heel

was elevated (during late stance).

The ML MoS was calculated at each time point of the stance phase

following 5 marker-based approaches (ANKLE, M5, MID, HEEL,

MOST LATERAL):

1) ANKLE: Using ANKLE as the lateral limit of the BoS.

2) M5: UsingM5 as the lateral limit of the BoS. By identifying the

most lateral marker as the lateral limit of the BoS.

3) MID: Using the midpoint of the virtual line relating ANKLE

and M5 as the lateral limit of the BoS.

4) HEEL: Using HEEL as the lateral limit of the BoS.

5) MOST LATERAL: Using the most lateral marker between

ANKLE and M5. The foot part to which the most lateral

marker is attached had to be in contact with the ground. For

instance, ANKLE was chosen if the midfoot/forefoot (M5)

FIGURE 1

Representation of the most lateral marker during foot rotation between the fifth metatarsal (M5) and lateral malleolar (ANKLE) markers. The

mediolateral margin of stability is the difference between the extrapolated center of mass (xCOM) and the most lateral marker. The

anteroposterior margin of stability is the difference between xCOM and the most anterior marker, which is always the second metatarsal head

marker (TOE). The mediolateral margin of stability is the difference between the extrapolated center of mass (xCOM) and the most lateral marker.

TABLE 1 Participant characteristics.

Characteristics Mean (SD)

n 30

Age 27.97 (5.59)

Height (m) 1.73 (0.92)

Body mass (kg) 68.17 (11.06)
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was elevated (at foot strike), whereas M5 was selected if the

heel was elevated (during late stance).

Both AP and ML MoS were also calculated at each time point of

the stance phase following the CoP-based approach (COP). The

AP and ML CoP position in the global reference frame was

calculated as followed:

AP CoPGlobal ¼
MxLocal

FzLocal

� �

þ Ty

ML CoPGlobal ¼ �
My

FzLocal

� �

þ Tx

where My and Mx are the ground reaction moments of the AP and

ML axes, Fz, is the ground reaction forces, and Tx, and Ty are the

translation to translate the CoP measure of the local reference

frame of the force plate into the global reference frame.

All calculations were performed using MATLAB (vR2024b,

Mathworks Inc., USA). The MoS curves were time-normalized to

100 data points, corresponding to percentages of the stance

phase. MoS curves were averaged across participants, for each

calculation approach.

2.3 Statistical analysis

To test our hypothesis, paired t-tests were conducted to assess

differences between each marker-based AP MoS calculation

approach (HEEL, TOE, and MOST ANTERIOR) and the

CoP-based approach using the Statistical Parametric Mapping

(SPM) toolbox (18) and custom-made Matlab scripts

(spm1d.stats.ttest_paired function, spm1d v.M.0.4.11). The same

tests were conducted to evaluate the differences between each of

the three marker-based ML MoS calculation approaches (ANKLE,

M5, MID, HEEL, and MOST LATERAL) with the CoP-based

approach. The level of significance was adjusted for the paired

t-test following a Bonferroni correction (n = 3 for AP MoS and

n = 5 for ML MoS) to account for multiple comparisons (19). The

SPM-based analysis captures differences over time, offering insight

into how closely the marker-based curves follow the shape and

magnitude of the CoP-based curve (representativeness). The

significant clusters [i.e., multiple adjacent points of the SPM{t}

curve exceeding the critical threshold computed based on Random

Field Theory (18)] were identified, and their corresponding

p-values were reported. The mean Cohen’s d (d) effect size was

calculated for each significant cluster (20). Only clusters lasting 5%

or more were discussed (21). The effect size below 0.2 were

considered very small, 0.2–0.5 as small, 0.5–0.8 as medium, 0.8–1.0

as large, and those above 1.0 as very large effects (20).

In addition, Pearson correlation analyses were performed to

evaluate the within-participant similarity between the temporal

profiles of each marker-based approach and the CoP-based

approach. For each participant, the Pearson correlation

coefficient was computed between the two corresponding time

series, resulting in one correlation value per participant. These

individual correlation coefficients (r) were then Fisher z-

transformed to allow parametric statistical analysis, and a one-

sample t-test was conducted to determine whether the mean

Fisher z-value significantly differed from zero. The mean r and

the resulting p-value were reported for each correlation test. The

correlation was interpreted as negligible (r = 0.00–0.10), weak

(r = 0.10–0.39), moderate (r = 0.40–0.69), strong (r = 0.70–0.89),

and very strong (r = 0.90–1.00) (22).

To quantify the general agreement in magnitude between each

marker-based approach with the CoP-based approach across the

stance phase, the root mean square difference (RMSD) was

calculated for each participant. The, mean RMS across all

participants was computed to obtain a group-level estimate of

the overall agreement between the approaches.

3 Results

3.1 Anteroposterior margin of stability

The marker-based calculation approach HEEL yielded smaller

MoS than the COP throughout the entire stance phase (0%–100%,

p < 0.001, d = 1.614) (Figures 2a,c). The TOE approach led to

higher MoS than the COP during the first part of the stance phase

(0%–54%, p < 0.001, d = 1.112), and smaller MoS during the end of

stance phase (68%–89%, p < 0.001, d = 1.614) (Figures 2a,b). When

using the MOST ANTERIOR approach, the MoS is smaller than

the COP at the end of the stance phase (69%–89%, p < 0.001,

d = 0.199) whereas it is higher during the single leg stance (13%–

53%, p < 0.001, d = 0.904) (Figures 2a,d). The MOST ANTERIOR

approach had the best overall agreement with the COP: HEEL

RMSD= 131.38 ± 17.90 mm; TOE RMSD= 62.25 ± 14.86 mm;

MOST ANTERIOR RMSD= 47.04 ± 13.94 mm (Table 2). All

marker-based approaches had very strong correlation with the CoP-

based approach (r > 0.987, p < 0.001) (Table 2). The stance phase

group mean RMSD of each AP approach and their correlation with

the COP approach are presented in Supplementary Figure S1.

3.2 Mediolateral margin of stability

Among the the 5 marker-based calculation approaches, 4 yielded

higher MoS than the COP throughout the entire stance phase: COP

vs. M5 (0%–100%, p < 0.001, d = 3.998) (Figures 3a,b), COP vs. MID

(0%–100%, p < 0.001, d = 3.351) (Figures 3a,c), COP vs. ANKLE

(0%–100%, p < 0.001, d = 2.474) (Figures 3a,d), COP vs. MOST

LATERAL (0%–100%, p < 0.001, d = 3.839) (Figures 3a,f),

whereas the HEEL approach yielded lower MoS than the COP

throughout almost the entire stance phase (12%–99%, p < 0.001,

d = 1.154) (Figure 3e). The HEEL approach had the best overall

agreement with the COP: M5 RMSD= 56.24 ± 6.75 mm;

MID RMSD= 45.40 ± 5.20 mm; ANKLE RMSD= 34.88 ± 6.42 mm,

HEEL RMSD= 17.93 ± 8.32 mm, MOST LATERAL RMSD=

53.80 ± 6.22 mm (Table 2). The MOST LATERAL approach had

the strongest correlation with the CoP-based approach (r = 0.883,

p < 0.001) (Table 2). The stance phase group mean RMSD of each

ML approach and their correlation with the COP approach are

presented in Supplementary Figure S1.
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4 Discussion

4.1 Summary

The aim of this study was to assess differences between various

marker-based approaches for calculating AP and ML MoS

compared to the CoP-based approach. Based on their closer

agreement with the CoP-based approach throughout the stance

phase, the marker-based MOST ANTERIOR and HEEL

approaches proved to be the closest to the CoP approach for

calculating AP and ML MoS continuously during the stance

phase, respectively.

FIGURE 2

Anteroposterior (AP) margin of stability (MoS) calculated using the two most widely used marker-based approaches in the literature (i.e., TOE, HEEL),

the approach proposed in this study (i.e., MOST ANTERIOR), and the center-of-pressure (COP)-based approach to describe the anterior limit of the

base of support (a). A negative AP MoS refers to an extrapolated center of mass that is in front of the anterior limit of the BoS. The differences between

each marker-based approach with the CoP-based approach are presented [statistical parametric mapping (SPM) paired t-test, p < 0.05] (b–d). The red

dashed lines indicate the critical thresholds for statistical significance. Values above or under these lines indicate statistically significant differences

between the compared approaches at that specific point in the stance phase.

TABLE 2 Mean stance phase root means square difference and correlation results of the margin of stability for each marker-based approach compared to
the center of pressure-based approach.

Anteroposterior margin of stability Root means square difference Correlation

Mean ± SD (mm) r p

HEEL 131.38 ± 17.90 0.990 <0.001

TOE 62.25 ± 14.86 0.994 <0.001

MOST ANTERIOR 47.04 ± 13.94 0.987 <0.001

Mediolateral margin of stability Mean ± SD (mm) r p

M5 56.24 ± 6.75 0.749 <0.001

MID 45.40 ± 5.20 0.721 <0.001

ANKLE 34.88 ± 6.42 0.681 <0.001

HEEL 17.93 ± 8.32 0.739 <0.001

MOST LATERAL 53.80 ± 6.22 0.883 <0.001
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4.2 The effect of the calculation approach

The BoS is a key component of the MoS calculation, defined as

the area between the feet during walking outlined by the points of

contact with the ground, an area that determines the possibilities of

moving the CoP. As expected, using marker-based approaches, the

results showed that the marker chosen to describe the BoS

boundaries affects the resulting AP and ML MoS values

(Figures 2, 3, respectively). These results are in line with the

perspective article by Curtze et al. (7), which highlighted that the

definition of the BoS boundaries can influence the resulting MoS

(7). However, the authors did not quantify the extent of this

influence on the measurements, nor did they compare different

marker-based approaches (7), gaps that the present study have

addressed. The findings also complement those of Havens et al.

(23), who have reported that biases in the MoS value can be

introduced by the approach used to estimate the CoM dynamics

(23). In the current study, the CoM dynamics were computed

using the gold-standard approach (23), which involves a mass-

weighted average of all body segment CoMs. Together, this study

and that of Havens et al. (23) demonstrate that MoS values are

highly sensitive to methodological choices: the present study

highlights the influence of BoS definition (marker-based vs.

CoP-based), while Havens et al. (23) emphasized the impact

of CoM dynamics estimation (23). This underscores the

importance of avoiding comparisons between studies that used

different calculation approaches and the adoption of a

standardized approach.

For the AP MoS, the results showed that the proposed

approach, referred to as “MOST ANTERIOR”, had the overall

closest agreement with the CoP-based approach. This is likely

because the MOST ANTERIOR marker-based approach selects

the most anterior marker in contact with the ground at each

instant of the stance phase, typically the heel at the beginning of

FIGURE 3

Mediolateral (ML) margin of stability (MoS) calculated using the three most widely used marker-based approaches in the literature (i.e., ANKLE, M5,

MID, HEEL), the approach proposed in this study, (i.e., MOST LATERAL), and the center-of-pressure (COP)-based approach to describe the lateral

limit of the base of support (a). A negative ML MoS refers to an extrapolated center of mass that is more lateral than the BoS. The differences

between each marker-based approach with the CoP-based approach are presented [statistical parametric mapping (SPM) paired t-test, p < 0.05]

(b–f). The red dashed lines indicate the critical thresholds for statistical significance. Values above or under these lines indicate statistically

significant differences between the compared approaches at that specific point in the stance phase.
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stance and the toe toward the end, which effectively mirrors the

path followed by the CoP throughout the stance phase (7).

However, it is worth noting that studies investigating the MoS at

specific instants of the stance phase, as is common in previous

literature (e.g., at initial contact), should carefully consider the

most appropriate marker to use depending on the timing of the

analysis. For instance, the results have shown that the MOST

ANTERIOR approach is more in agreement with the CoP

approach at initial contact, whereas it might not be the most

appropriate during the single leg stance (13%–53%) (Figures 2a,d).

Concerning the ML MoS, it was also hypothesized that the

proposed methods, referred to as “MOST LATERAL”, may be

more appropriate to account for the effective BoS throughout the

stance phase. In this study, 5 marker-based approaches were

compared to the CoP-based approach. In one hand, the MOST

LATERAL approach did not prove to be the marker-based

method that most closely reflects the CoP-based approach for

calculating ML MoS across the stance phase. In fact, the results

show that using the MOST LATERAL approach tends to provide

an overly lateral estimation of the BoS compared to the CoP that

typically moves from the lateral to the medial part the foot

during stance phase (24), leading to an overestimation of the ML

MoS (Figures 3a,f). On the other hand, in terms of temporal

profile, the MOST LATERAL approach showed the highest

correlation with the CoP-based approach (Table 2), likely

because the ML weight shift captured by the CoP-based

approach during the first 20% of the stance phase coincides with

the moment the MOST LATERAL algorithm switches from the

ANKLE to the M5 marker (i.e., to respect the condition of using

a marker fixed on a foot part that is in contact with the ground)

(Figure 3a). Among the 5 marker-based methods, the HEEL

approach appears to minimize the lateral overestimation of the

BoS, by using a marker that is positioned closer to the center of

the foot and more in line with the typical position of the CoP.

However, using HEEL approach relies on a single marker, which

does not capture foot orientation and may limit the accuracy of

the BoS in some situations, especially in population with foot

deformities. This limitation was less critical in the present study,

as all participants were healthy.

It is worth noting that in Hof’s foundational paper (4), the MoS

was calculated at initial foot contact (e.g., heel strike), where the

CoP is intentionally placed a certain distance medial or lateral to

the xCoM to allow for adjustments in gait, such as turning or

stopping (5). This specific timing was also chosen because it

corresponds to the moment when the distance between the CoP

and xCoM is minimal, potentially representing the point of

greatest instability. While the MoS provides an instantaneous

assessment of stability at any given moment, applying it beyond

initial contact is still valid, but it requires acknowledging that the

lateral boundary of the BoS may evolve over time. This is

particularly relevant when using marker-based definitions of the

BoS, which may not fully capture these temporal changes.

Supporting this, van Leeuwen et al. (25) showed that the CoP is

actively modulated via ankle moments to compensate for

mediolateral foot placement errors (25), suggesting that it reflects

dynamic balance control (i.e., weight shifting) rather than

anatomical foot limits. Thus, while the CoP-based approach is

often considered the preferred method based on Hof’s model (4),

it may not fully capture the anatomical boundaries of the BoS in

the ML direction. Thus, marker-based methods may provide a

more stable and representative estimate of the lateral BoS,

especially in clinical populations with atypical foot positioning

or deformities.

Using marker-based approaches, the literature reveals an

important heterogeneity in ML MoS calculation, which makes

comparisons between studies and populations difficult (5). For

example, in children with cerebral palsy, some studies opted for

ANKLE to describe the lateral boundary of the BoS (26–28),

while others used the MID (29). In populations with in- or out-

toeing gait such as cerebral palsy (30, 31), both approaches may

misestimate the BoS (32). Similarly, using M5 to describe the

lateral BoS boundary may not be relevant in individuals with a

medial foot rotation. Thus, future research should investigate

which approach between the HEEL and the MOST LATERAL is

more suitable for pathological populations with foot deformities

or atypical foot orientations, as it may offer a more stable and

anatomically neutral estimate of the lateral BoS boundary across

a variety of gait patterns.

In the present study, significant differences were found between

marker-based and CoP-based MoS estimates at certain points of

the stance phase, although the temporal profiles showed

moderate to very strong mean correlations. The mean RMSD

across the stance phase between marker-based and CoP-based

approaches ranged from 47.04 to 131.38 mm in the AP direction

and from 17.93 to 46.24 mm in the ML direction. Using a CoP-

based approach, De Jong et al. (33) reported a mean test-retest

difference of 3.4 ± 14.1 mm for AP MoS and 26.7 ± 49.7 mm for

ML MoS at heel strike in healthy adults (33). Therefore, the

differences observed in this study between marker-based

approaches and the CoP-based approach may represent clinically

meaningful changes in stability, as they exceed the natural

variability typically observed between sessions. This variability

may be influenced by both gait fluctuations and the

measurement noise inherent to motion capture and force plate

systems. These findings highlight the need for caution when

comparing MoS values across studies that use different

calculation approach, as methodological differences can lead to

variations that exceed typical test-retest variability but may not

reflect actual differences in dynamic stability.

4.3 Limitations

This study has some limitations. First, while this study focused

on the absolute agreement between marker-based and CoP-based

MoS approaches, it did not assess whether different approaches

yield consistent relative outcomes (e.g., between-group or

between-condition effects). Future studies should investigate

whether marker-based approaches maintain validity in detecting

such differences across populations or experimental conditions.

Second, expanding the study to include pathological populations

and a wider age range would help generalize findings and
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enhance their clinical relevance. Third, the participant age range is

too narrow, limiting the applicability of the results to other age

groups. Finally, the data were collected from participants who

walked while wearing their shoes, meaning that the markers were

placed on top of the shoe. This setup could potentially lead to an

overestimation of the lateral position of the markers located at

midpoint between ankle and the fifth metatarsal (MIDPOINT

approach), and fifth metatarsal (M5 approach).

4.4 Conclusion

This study provides reference measurements regarding the

differences introduced by marker-based approaches compared to

the CoP approach for calculating the MoS. The reported RMSDs

could be used as reference values for researchers aiming to

compare their results with studies that have employed different

marker configurations. In addition, this study provides

recommendations to improve the agreement of future marker-

based studies with CoP-based studies and to help standardize

current calculation practices. When a marker-based approach

must be used across the entire stance phase, the findings suggest

that, for values closer to those obtained with the CoP-based

approach, the most anterior marker from the part of the foot in

contact with the ground should be used for calculating the AP

MoS. For calculating the ML MoS, the heel marker should be

chosen, at least in population presenting no foot deformities or

altered foot orientation.

Data availability statement

Publicly available datasets were analyzed in this study. This

data can be found here: https://springernature.figshare.com/

articles/dataset/3D_motion_analysis_dataset_of_healthy_young_

adult_volunteers_walking_and_running_on_overground_and_

treadmill/25592865?backTo=%2Fcollections%2F3D_motion_analysis_

dataset_of_healthy_young_adult_volunteers_walking_and_running_

on_overground_and_treadmill%2F7056797&file=45621447.

Ethics statement

Ethical approval was not required for the study involving

humans in accordance with the local legislation and institutional

requirements. Written informed consent to participate in this

study was not required from the participants or the participants’

legal guardians/next of kin in accordance with the national

legislation and the institutional requirements.

Author contributions

CD: Conceptualization, Formal analysis, Methodology,

Visualization, Writing – original draft. CR: Formal analysis,

Methodology, Visualization, Writing – original draft. RT:

Writing – review & editing. YC: Conceptualization, Formal

analysis, Methodology, Supervision, Visualization, Writing –

original draft, Writing – review & editing.

Funding

The author(s) declare that no financial support was received for

the research and/or publication of this article.

Acknowledgments

The authors would like to acknowledge the Fonds de recherche

du Québec (FRQ)—Nature et technologie, for the doctoral and

postdoctoral funds of the first author.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fspor.2025.

1571994/full#supplementary-material

Dussault-Picard et al. 10.3389/fspor.2025.1571994

Frontiers in Sports and Active Living 08 frontiersin.org

https://springernature.figshare.com/articles/dataset/3D_motion_analysis_dataset_of_healthy_young_adult_volunteers_walking_and_running_on_overground_and_treadmill/25592865?backTo=%2Fcollections%2F3D_motion_analysis_dataset_of_healthy_young_adult_volunteers_walking_and_running_on_overground_and_treadmill%2F7056797%26file=45621447
https://springernature.figshare.com/articles/dataset/3D_motion_analysis_dataset_of_healthy_young_adult_volunteers_walking_and_running_on_overground_and_treadmill/25592865?backTo=%2Fcollections%2F3D_motion_analysis_dataset_of_healthy_young_adult_volunteers_walking_and_running_on_overground_and_treadmill%2F7056797%26file=45621447
https://springernature.figshare.com/articles/dataset/3D_motion_analysis_dataset_of_healthy_young_adult_volunteers_walking_and_running_on_overground_and_treadmill/25592865?backTo=%2Fcollections%2F3D_motion_analysis_dataset_of_healthy_young_adult_volunteers_walking_and_running_on_overground_and_treadmill%2F7056797%26file=45621447
https://springernature.figshare.com/articles/dataset/3D_motion_analysis_dataset_of_healthy_young_adult_volunteers_walking_and_running_on_overground_and_treadmill/25592865?backTo=%2Fcollections%2F3D_motion_analysis_dataset_of_healthy_young_adult_volunteers_walking_and_running_on_overground_and_treadmill%2F7056797%26file=45621447
https://springernature.figshare.com/articles/dataset/3D_motion_analysis_dataset_of_healthy_young_adult_volunteers_walking_and_running_on_overground_and_treadmill/25592865?backTo=%2Fcollections%2F3D_motion_analysis_dataset_of_healthy_young_adult_volunteers_walking_and_running_on_overground_and_treadmill%2F7056797%26file=45621447
https://springernature.figshare.com/articles/dataset/3D_motion_analysis_dataset_of_healthy_young_adult_volunteers_walking_and_running_on_overground_and_treadmill/25592865?backTo=%2Fcollections%2F3D_motion_analysis_dataset_of_healthy_young_adult_volunteers_walking_and_running_on_overground_and_treadmill%2F7056797%26file=45621447
https://www.frontiersin.org/articles/10.3389/fspor.2025.1571994/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fspor.2025.1571994/full#supplementary-material
https://doi.org/10.3389/fspor.2025.1571994
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/


References

1. Bruijn SM, Meijer OG, Beek PJ, Van Dieën JH. Assessing the stability of human
locomotion: a review of current measures. J R Soc Interface. (2013) 10(83):20120999.
doi: 10.1098/rsif.2012.0999

2. Miranda-Cantellops N, Tiu TK. Berg balance testing. In: StatPearls. Treasure
Island (FL): StatPearls Publishing (2024). Available at: http://www.ncbi.nlm.nih.gov/
books/NBK574518/ (Accessed July 21, 2024).

3. Leddy AL, Crowner BE, Earhart GM. Functional gait assessment and balance
evaluation system test: reliability, validity, sensitivity, and specificity for identifying
individuals with Parkinson disease who fall. Phys Ther. (2011) 91(1):102–13.
doi: 10.2522/ptj.20100113

4. Hof AL, Gazendam MGJ, Sinke WE. The condition for dynamic stability.
J Biomech. (2005) 38(1):1–8. doi: 10.1016/j.jbiomech.2004.03.025

5. Watson F, Fino PC, Thornton M, Heracleous C, Loureiro R, Leong JJH. Use of the
margin of stability to quantify stability in pathologic gait—a qualitative systematic
review. BMC Musculoskelet Disord. (2021) 22(1):597. doi: 10.1186/s12891-021-
04466-4

6. Ohtsu H, Yoshida S, Minamisawa T, Takahashi T, Yomogida SI, Kanzaki H.
Investigation of balance strategy over gait cycle based on margin of stability.
J Biomech. (2019) 95:109319. doi: 10.1016/j.jbiomech.2019.109319

7. Curtze C, Buurke TJW, McCrum C. Notes on the margin of stability. J Biomech.
(2024) 166:112045. doi: 10.1016/j.jbiomech.2024.112045

8. Van Meulen FB, Weenk D, Van Asseldonk EHF, Schepers HM, Veltink PH,
Buurke JH. Analysis of balance during functional walking in stroke survivors. PLoS
One. (2016) 11(11):e0166789. doi: 10.1371/journal.pone.0166789

9. Vistamehr A, Kautz SA, Bowden MG, Neptune RR. Correlations between
measures of dynamic balance in individuals with post-stroke hemiparesis.
J Biomech. (2016) 49(3):396–400. doi: 10.1016/j.jbiomech.2015.12.047

10. Simon AL, Lugade V, Bernhardt K, Larson AN, Kaufman K. Assessment of
stability during gait in patients with spinal deformity—a preliminary analysis using
the dynamic stability margin. Gait Posture. (2017) 55:37–42. doi: 10.1016/j.gaitpost.
2017.03.036

11. Tisserand R, Armand S, Allali G, Schnider A, Baillieul S. Cognitive-motor dual-
task interference modulates mediolateral dynamic stability during gait in post-stroke
individuals. Hum Mov Sci. (2018) 58:175–84. doi: 10.1016/j.humov.2018.01.012

12. Hak L, Van Dieën JH, Van Der Wurff P, Houdijk H. Stepping asymmetry
among individuals with unilateral transtibial limb loss might be functional in terms
of gait stability. Phys Ther. (2014) 94(10):1480–8. doi: 10.2522/ptj.20130431

13. Tisserand R, Robert T, Chabaud P, Bonnefoy M, Chèze L. Elderly fallers enhance
dynamic stability through anticipatory postural adjustments during a choice stepping
reaction time. Front Hum Neurosci. (2016) 10:613. doi: 10.3389/fnhum.2016.00613

14. Riglet L, Delphin C, Claquesin L, Orliac B, Ornetti P, Laroche D, et al. 3D
Motion analysis dataset of healthy young adult volunteers walking and running on
overground and treadmill. Sci Data. (2024) 11(1):556. doi: 10.1038/s41597-024-
03420-y

15. Baker R, Leboeuf F, Reay J, Sangeux M. The conventional gait model—success
and limitations. In: Müller B, Wolf SI, editors. Handbook of Human Motion. Cham:
Springer International Publishing (2018). p. 489–508. Available at: http://link.
springer.com/10.1007/978-3-319-14418-4_25 (Accessed August 16, 2023).

16. Dixon PC, Loh JJ, Michaud-Paquette Y, Pearsall DJ. Biomechzoo: an open-
source toolbox for the processing, analysis, and visualization of biomechanical
movement data. Comput Methods Programs Biomed. (2017) 140:1–10. doi: 10.1016/
j.cmpb.2016.11.007

17. Sadeghi H, Allard P, Prince F, Labelle H. Symmetry and limb dominance in able-
bodied gait: a review. Gait Posture. (2000) 12(1):34–45. doi: 10.1016/S0966-6362(00)
00070-9

18. Pataky TC. Generalized n-dimensional biomechanical field analysis using
statistical parametric mapping. J Biomech. (2010) 43(10):1976–82. doi: 10.1016/j.
jbiomech.2010.03.008

19. Altman DG. Practical Statistics for Medical Research. New York: Chapman and
Hall/CRC (1990). Available at: https://www.taylorfrancis.com/books/9781000228816
(Accessed September 22, 2022).

20. Cohen J. Statistical Power Analysis for the Behavioral Sciences. New York:
Elsevier (1977). Available at: https://linkinghub.elsevier.com/retrieve/pii/
C2013010517X (Accessed November 12, 2020).

21. Armijo-Olivo S, Warren S, Fuentes J, Magee DJ. Clinical relevance vs. Statistical
significance: using neck outcomes in patients with temporomandibular disorders as an
example. Man Ther. (2011) 16(6):563–72. doi: 10.1016/j.math.2011.05.006

22. Schober P, Boer C, Schwarte LA. Correlation coefficients: appropriate use and
interpretation. Anesth Analg. (2018) 126(5):1763–8. doi: 10.1213/ANE.
0000000000002864

23. Havens KL, Mukherjee T, Finley JM. Analysis of biases in dynamic margins of
stability introduced by the use of simplified center of mass estimates during walking
and turning. Gait Posture. (2018) 59:162–7. doi: 10.1016/j.gaitpost.2017.10.002

24. Lugade V, Kaufman K. Center of pressure trajectory during gait: a comparison of
four foot positions. Gait Posture. (2014) 40(4):719–22. doi: 10.1016/j.gaitpost.2014.07.001

25. Van Leeuwen AM, Van Dieën JH, Bruijn SM. The effect of external lateral
stabilization on ankle moment control during steady-state walking. J Biomech.
(2022) 142:111259. doi: 10.1016/j.jbiomech.2022.111259

26. Ma Y, Mithraratne K, Wilson N, Zhang Y, Wang X. Kinect V2-based gait
analysis for children with cerebral palsy: validity and reliability of spatial margin of
stability and spatiotemporal variables. Sensors. (2021) 21(6):2104. doi: 10.3390/
s21062104

27. Delabastita T, Desloovere K, Meyns P. Restricted arm swing affects gait stability
and increased walking speed alters trunk movements in children with cerebral palsy.
Front Hum Neurosci. (2016) 10:354. doi: 10.3389/fnhum.2016.00354.

28. Rethwilm R, Böhm H, Haase M, Perchthaler D, Dussa CU, Federolf P. Dynamic
stability in cerebral palsy during walking and running: predictors and regulation
strategies. Gait Posture. (2021) 84:329–34. doi: 10.1016/j.gaitpost.2020.12.031

29. Sangeux M, Viehweger E, Romkes J, Bracht-Schweizer K. On the clinical
interpretation of overground gait stability indices in children with cerebral palsy.
(2024). Available at: https://www.researchsquare.com/article/rs-3900116/v1
(Accessed August 08, 2024).

30. Rethlefsen SA. Causes of intoeing gait in children with cerebral palsy. J Bone Jt
Surg Am. (2006) 88(10):2175. doi: 10.2106/JBJS.E.01280

31. Cao LA, Rethlefsen SA, Wren TAL, Kay RM. Causes of out-toeing gait in
children with cerebral palsy. Gait Posture. (2020) 76:141–5. doi: 10.1016/j.gaitpost.
2019.12.002

32. Puszczałowska-Lizis E, Ciosek J. Foot shape and its relationship with somatic
characteristics in pre-school children. Med Stud. (2017) 3:214–21. doi: 10.5114/ms.
2017.70348

33. De Jong LAF, Van Dijsseldonk RB, Keijsers NLW, Groen BE. Test-retest
reliability of stability outcome measures during treadmill walking in patients with
balance problems and healthy controls. Gait Posture. (2020) 76:92–7. doi: 10.1016/j.
gaitpost.2019.10.033

Dussault-Picard et al. 10.3389/fspor.2025.1571994

Frontiers in Sports and Active Living 09 frontiersin.org

https://doi.org/10.1098/rsif.2012.0999
http://www.ncbi.nlm.nih.gov/books/NBK574518/
http://www.ncbi.nlm.nih.gov/books/NBK574518/
https://doi.org/10.2522/ptj.20100113
https://doi.org/10.1016/j.jbiomech.2004.03.025
https://doi.org/10.1186/s12891-021-04466-4
https://doi.org/10.1186/s12891-021-04466-4
https://doi.org/10.1016/j.jbiomech.2019.109319
https://doi.org/10.1016/j.jbiomech.2024.112045
https://doi.org/10.1371/journal.pone.0166789
https://doi.org/10.1016/j.jbiomech.2015.12.047
https://doi.org/10.1016/j.gaitpost.2017.03.036
https://doi.org/10.1016/j.gaitpost.2017.03.036
https://doi.org/10.1016/j.humov.2018.01.012
https://doi.org/10.2522/ptj.20130431
https://doi.org/10.3389/fnhum.2016.00613
https://doi.org/10.1038/s41597-024-03420-y
https://doi.org/10.1038/s41597-024-03420-y
http://link.springer.com/10.1007/978-3-319-14418-4_25
http://link.springer.com/10.1007/978-3-319-14418-4_25
https://doi.org/10.1016/j.cmpb.2016.11.007
https://doi.org/10.1016/j.cmpb.2016.11.007
https://doi.org/10.1016/S0966-6362(00)00070-9
https://doi.org/10.1016/S0966-6362(00)00070-9
https://doi.org/10.1016/j.jbiomech.2010.03.008
https://doi.org/10.1016/j.jbiomech.2010.03.008
https://www.taylorfrancis.com/books/9781000228816
https://linkinghub.elsevier.com/retrieve/pii/C2013010517X
https://linkinghub.elsevier.com/retrieve/pii/C2013010517X
https://doi.org/10.1016/j.math.2011.05.006
https://doi.org/10.1213/ANE.0000000000002864
https://doi.org/10.1213/ANE.0000000000002864
https://doi.org/10.1016/j.gaitpost.2017.10.002
https://doi.org/10.1016/j.gaitpost.2014.07.001
https://doi.org/10.1016/j.jbiomech.2022.111259
https://doi.org/10.3390/s21062104
https://doi.org/10.3390/s21062104
https://doi.org/10.3389/fnhum.2016.00354
https://doi.org/10.1016/j.gaitpost.2020.12.031
https://www.researchsquare.com/article/rs-3900116/v1
https://doi.org/10.2106/JBJS.E.01280
https://doi.org/10.1016/j.gaitpost.2019.12.002
https://doi.org/10.1016/j.gaitpost.2019.12.002
https://doi.org/10.5114/ms.2017.70348
https://doi.org/10.5114/ms.2017.70348
https://doi.org/10.1016/j.gaitpost.2019.10.033
https://doi.org/10.1016/j.gaitpost.2019.10.033
https://doi.org/10.3389/fspor.2025.1571994
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/

	Comparison of marker-based and center-of-pressure-based approaches for calculating the margin of stability
	Introduction
	Materials and methods
	Participants
	Procedure
	Recordings
	Data processing
	Margin of stability calculations

	Statistical analysis

	Results
	Anteroposterior margin of stability
	Mediolateral margin of stability

	Discussion
	Summary
	The effect of the calculation approach
	Limitations
	Conclusion

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher's note
	Supplementary material
	References


