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Abstract: Adults with obesity experience high rates of disability and rapid functional decline. Identifying
movement dysfunction early can direct intervention and disrupt disability development, however subtle
changes in movement are difficult to detect with the naked eye. This study evaluated how a portable, inertial
measurement unit (IMU)-based motion capture system compares to a laboratory-based optokinetic motion
capture (OMC) system for evaluating gait kinematics in adults with obesity. Ten adults with obesity performed
overground walking while equipped with the OMC and IMU systems. Fifteen gait cycles for each participant
were extracted for 150 total cycles analyzed. Kinematics were compared between OMC and IMU across the
gait cycles (coefficient of multiple correlations), at clinically significant time points (interclass correlations), and
over clinically relevant ranges (Bland Altman plots). Sagittal plane kinematics were most similar between
systems, especially at the knee. Sagittal plane joint angles at clinically meaningful timepoints were poorly
associated except for ankle dorsiflexion at heel strike (0=0.38) and minimum angle (0=0.83). Most motions had
more than 5° difference between systems across the range of angles measured. IMU-based motion capture
shows promise for detecting subtle gait changes in adults with obesity. However, more work is needed before
this method can replace traditional OMC.

Keywords: body-mass index; gait biomechanics; accelerometry

1. Introduction

More than 40% of adults in the United States have obesity.[1] Adults with obesity are known to
walk differently than their normal weight counterparts,[2,3] and are at increased risk for mobility
disability[4,5] and rapid functional decline following disability onset.[6] Early identification of
mobility changes is important to direct interventions which can prevent further functional declines
and help aging adults maintain functional independence. Gait analysis is an important tool to identify
discreet but meaningful aberrancies in functional movement contributing to dysmobility.[7,8] Being
able to identify these aberrancies early in adults with obesity is particularly important as those with
higher body mass accumulate greater loads over the 4,000-10,000 daily steps most adults take,[9]
stressing vulnerable physiological structures and creating more pain than in those with lower body
weights.

Leveraging technology to objectively analyze gait allows for identification of subtle aberrancies
that might be otherwise missed with standard visual observation.[10] Objective gait analysis is
traditionally done in laboratory settings with expensive, computationally intensive optokinetic
motion capture (OMC) systems. Fixed cameras track the location of reflective markers placed on
anatomical landmarks, then reflective marker positions are imported into a computer model and joint
center locations and angles are calculated.

Portable, more affordable inertial measurement unit (IMU)-based motion capture systems pose
a viable alternative to OMC and can be easily deployed in clinical settings. IMU systems utilize
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miniaturized wireless sensors strapped to body segments to determine joint angles and
spatiotemporal characteristics of gait through laptop software.[11-13] IMU-based motion capture
systems have been shown to be valid for gait assessment in normal weight populations when specific
computational adjustments are implemented.[14-16] However, IMU-based motion capture has not
been compared to OMC in adults with obesity, a group of adults particularly vulnerable to functional
decline.

Further, previous research identifies biomechanical models for normal weight adults are
inaccurate and unreliable for describing mechanics of adults with obesity.[17,18] As a result, obesity-
specific marker sets incorporating additional reflective and digitized markers around the pelvis have
been established to more accurately measure gait biomechanics with OMC in this population.[17]
Unfortunately, this adds complexity to an already computationally intensive process further
prohibiting clinical translation. Therefore, the goal of this analysis is to evaluate the validity of a
portable, clinically implementable IMU-based motion capture system against the reference standard
OMC for assessing kinematics of gait in adults with obesity. A better understanding of how this
technology performs for adults with obesity will aid in its responsible translation into clinical settings
for biomechanical assessments, leading to earlier identification of movement aberrancies and
promoting earlier intervention to support functional independence with aging in this population.

2. Materials and Methods

2.1. Study Population

This study included middle-aged adults (40-64 years old) with obesity (body mass index (BMI):
30-45 kg/m?) and without a history of balance or dizziness problems, taking medications affecting
balance, nor orthopedic injuries within the prior three years. All participants self-reported being
“overall healthy”. Participants completed informed consent prior to participation in study
procedures. Visits were conducted at the University of Pittsburgh’s Human Movement and Balance
Laboratory using a study protocol approved by University of Pittsburgh’s Institutional Review
Board.

2.2. Procedures

For this population-specific validation, an OMC obesity-specific marker set [17] was compared
to the standard Noraxon MyoMotion IMU set recommended by manufacturers (Noraxon USA,
Scottsdale, AZ, USA). IMUs were placed in accordance with previously described methodology.[14]
A single, static calibration captured during standing in the anatomical position was applied to all
Noraxon data collection files prior to each walking bout. Participants walked at self-selected speeds
along a 30-foot walkway. The walkway was instrumented with 14 Vicon motion capture cameras
(Vicon Motion Systems Ltd., Centennial, CO, USA) and with simultaneous collection from the
Noraxon MyoMotion module. IMU data were collected at 100 Hz and OMC data were collected at
120 Hz.

2.3. Data Analysis

Data were temporally synced with a trigger during data collection and visually verified during
post-processing. The Noraxon MyoMotion system automatically calculates sagittal plane angles at
the knee and sagittal, frontal, and transverse plane angles at the ankle and hip using proprietary
software (Noraxon USA, Scottsdale, AZ, USA). A custom MATLAB code (Version R2018a,
MathWorks Inc., Natick, MA, USA) calculated these same seven kinematics from OMC data.
International Society of Biomechanics (ISB) convention was used.[19,20] Prior to analysis, OMC data
were filtered with a 4™ order 10 Hz low-pass Butterworth filter.[21] Dominant leg heel strikes were
used to parse walking trials into gait cycles then data were resampled to 100 data points per cycle. A
total of fifteen gait cycles were analyzed for each participant.

2.4. Statistical Analysis
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2.4.1. Participant Summary

All 15 gait cycles were averaged for each participant to create 10 participant summary curves.
Standard deviation across all gait cycles was computed for each participant to describe intra-subject
variability. In addition to visual inspection for similar curve shapes, coefficients of multiple
correlation (CMCs)[22] were calculated to quantify the agreement of OMC and IMU outputs within
each participant’s own walking. CMC values above 0.75 were interpreted as good (0.75-0.84), very
good (0.85-0.94), or excellent (0.95-1.00) agreement.[22] Complex CMC values, resulting from taking
the square root of a negative number when intersystem variability exceeded variability of the motion,
are presented as “nan” and should be interpreted as negligible agreement.[22,23]

2.4.2. System Summary

All 150 gait cycles were averaged for each system to summarize each system’s performance for
each motion. OMC and IMU curves were visually compared, and spread was visualized with
standard deviations across all cycles within each motion.

2.4.3. System Differences

The difference between OMC and IMU data at each timepoint for each gait cycle was calculated
then averaged across all 150 gait cycles to produce a single difference curve for each motion. An
average of the standard deviations of the differences across all gait cycles was determined within
each motion to describe variability in system differences across the gait cycle.

2.4.4. Clinical Applications

Kinematics at time of maximum extension or flexion and heel strike have been shown to
differentiate disordered from healthy gait.[24,25]. Therefore, detecting kinematics similarly with both
measurements systems at these timepoints is essential for the systems to be useful alternatives to one
another for gait analysis in clinical settings. Sagittal plane kinematics were compared at these critical
times during the gait cycle using interclass correlation coefficients estimated using bivariate mixed-
effects models in SAS Version 9.4 (SAS Institute Inc., Cary, NC, USA).[26,27] Interclass correlations
are preferred over traditional Pearson product-moment correlation coefficients as the model-based
procedure accounts for the hierarchical structure of the data.

Bland-Altman plots were also created to assess bias in and acceptability of the IMU motion
capture system as a replacement for OMC. The difference between system measurements (y-axis)
were plotted against the averaged value of the two system measurements (x-axis).[28] Bias for each
motion was assess by comparing the overall average of y-axis data, known as the line of equality, to
zero.[29] Measurement agreement was considered acceptable if data fell withing + 2.5° from the line
of equality.[30] A threshold of 5% was used throughout the analysis as a clinically meaningful
difference.

3. Results

Ten middle-aged adults with obesity (five female, five male) consented to participate in the
study. Participants had an average (+ standard deviation) age of 52.8 + 7.6 years and an average BMI
of 36.4 + 3.8 kg/m?.

3.1. Participant Summary

Participant summary kinematic curves are shown in Figure 1 for typical subjects with good
(Figure 1 (top)) and poor (Figure 1 (bottom)) agreement between systems. Subject 2 (Figure 1 (top))
had the best agreement between systems observed visually and with the largest CMC values for knee
flexion, followed by hip flexion, ankle dorsiflexion, hip rotation, and hip abduction (Table 1).
Similarly, Subject 4 (Figure 1 (bottom)) had the best agreement between systems observed with knee
flexion followed by hip rotation and had poor to no agreement between systems for all other motions
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(Table 1). Knee flexion showed the greatest agreement between systems for all participants. Within
subjects, largest CMC values at the hip and ankle were observed in the sagittal plane. Some axis-
mixing was observed visually in the IMU signal at the ankle, with peaks occurring in the frontal and
transverse plane signals corresponding temporally to peaks observed in the sagittal plane.

Table 1. Coefficient of multiple correlation (CMC) values for all motions within each participant.

Ankle Ankle Ankle Hip Hip Hip Knee
Dorsiflexion — Abduction Rotation Flexion Abduction Rotation Flexion

Subject 1 0.59 nan’ nan* 0.95 nan’ nan’ 0.99
Subject 2¢ 0.91 nan’ nan* 0.92 0.75 0.79 0.94
Subject 3 0.65 nan’ 0.30 0.80 0.88 0.34 0.98
Subject 4 0.71 nan* nan’ 0.33 nan* 0.75 0.89
Subject 5 0.98 nan’ nan* 0.77 0.56 0.78 0.96
Subject 6 0.95 nan’ nan* 0.76 0.90 nan’ 0.92
Subject 7 0.97 0.37 nan’ nan? nan? 0.50 0.97
Subject 8 0.93 nan* nan’ 0.64 nan? 0.87 0.93
Subject 9 0.67 nan* nan’ 0.94 0.56 nan* 0.97
Subject 10 0.80 0.39 nan’ 0.50 0.94 0.31 0.99

a data in Figure 1 (top) ® data in Figure 1 (bottom) # “nan” indicates that CMC is a complex number and should
be interpreted as 0 or negligible Bolded CMC values are > 0.75 showing good-excellent agreement between
measurement systems.
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Figure 1. Summary IMU (dashed) and OMC (solid) kinematics vs % gait cycle for a typical participant

with good (top) and a typical participant with poor (bottom) agreement between systems with one

standard deviation in each direction shown in the shaded areas.
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3.2. System Summary

System summary kinematics are presented in Figure 2, averaged across all participants for all
gait cycles. Consistent with participant-level observations, system summary curves revealed greatest
agreement between IMU and OMC in the sagittal plane, especially at the knee and ankle. Visual
inspection of Figure 2 also reveals similar curve shapes but different measured angle magnitudes for
hip frontal and transverse plane movements. Larger standard deviations, shown by wider shaded
areas around mean IMU-measured data when compared to OMC-measured kinematics, can be

observed at the hip in the sagittal and frontal planes.
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Figure 2. IMU (dashed) and OMC (solid) data averaged across the group for all motions analyzed.
One standard deviation in each direction is shown with the shaded areas.

3.3. System Differences

Average differences between measurement systems across all participants are displayed in
Figure 3. Differences between systems in the frontal and transverse planes are at or near zero degrees

throughout the gait cycle for the ankle and hip.
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Figure 3. Differences between OMC and IMU data averaged across all participants for all motions
analyzed. One standard deviation in each direction is shown in the shaded areas.

3.4. Clinical Application

Sagittal plane angles at critical timepoints during gait were compared between systems with
interclass correlation coefficients (Table 2). Ankle dorsiflexion had modest association at heel strike
(0=0.38) and good association at minimum angle (o = 0.83). All other associations were poor (o <0.20)
or even negative.

Table 2. Interclass correlation coefficients (g) at gait cycle time points of interest between IMU and
OMC sagittal plane angles.

Timepoint
Heel Strike Maximum/Minimum
g Ankle Dorsiflexion 0.38 0.83
B Hip Flexion -0.05 0.15
= Knee Flexion 0.18 0.00

System measurement differences relative to average angle measured at each time point in the
gait cycle are displayed as Bland Altman plots in Figure 4. The horizontal line of equality was near
zero indicating little to no bias for ankle abduction (0.49°) and knee flexion (1.71°), but fell farther
from zero for ankle dorsiflexion (5.40°), ankle external rotation (-5.57°), hip abduction (6.07°), hip
external rotation (6.92°), and hip flexion (-16.37°). Data fell within a 5° window of measurement
acceptability around the line of equality only for hip abduction, though ankle dorsiflexion, ankle
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abduction, ankle external rotation, and hip external rotation had large ranges of average values in the
acceptability window (Figure 4).

Ankle Dorsiflexion Ankle Abduction Ankle External Rotation
20 20 20
2 10/ 2 10 2 10/ -
I § 0 e
o 0f s > 0 / ® o 0f anet
ﬁ L e — ﬁ e’ i <
o-10 o-10 o-10
o o o
c [ = [ =
g 20| g-ZO' g-ZO'
b= = £
0-30¢ 0-30¢ 0-30]
40 : 40’ . 40 :
-20 -10 0 10 -5 0 5 -10 -5 0 5
Average angle (degrees) Average angle (degrees) Average angle (degrees)
Hip Flexion Hip Abduction Hip External Rotation
20 20 20
@ 10 ® N
g 2 10 @ 10
= o o
@0 > 0 > 0
kel I ittt 1 X F T I vee Q_n;
-~ S, L, e v Z et e
o -10- T, 5-10 T o-10 m.,‘.‘,...._,.
o oary o o
20 % 20 $ 20
P - L.-20¢
£ — 2 8
o -30 0-30 0-301
-40 -40 : -40 : - -
20 10 0 10 20 30 15 -10 -5 0 5 10 -5 0 5 10 15
Average angle (degrees) Average angle (degrees) Average angle (degrees)
Knee Flexion
207

S

Difference (degrees)
>

0
-10 0 10 20 30 40 50 60
Average angle (degrees)

Figure 4. Bland Altman plots for all kinematic motions analyzed. System differences (OMC - IMU)
are plotted against the average of the angles calculated with both systems ((OMC + IMU) / 2) at every
timepoint during the gait cycle, averaged across all participants. Bias is evaluated by comparing the
solid horizontal line (line of equality) to 0°. Agreement is considered acceptable if data fall within a

5° window of the line of equality (dashed lines).

4. Discussion

The overall objective of this analysis was to evaluate the validity of IMU-based motion capture
as a clinically accessible alternative to traditional OMC for assessing gait kinematics in adults with
obesity. Sagittal plane kinematics showed best agreement between systems, especially at the knee.
However, not all participants had good agreement between systems at the hip and ankle. Variability
in IMU measurements varied across gait for certain motions. Further, only ankle dorsiflexion angles
at clinically important times during gait were even modestly associated. Variability in system
agreement across participants and poor association between system measurements at timepoints of
clinical interest raises concern for the usefulness of IMU-based motion capture for clinical analysis
and gait dysfunction diagnosis in this population.

IMU and OMC kinematics were most similar for participants in the sagittal plane, especially
with knee flexion. This is consistent with previous work in normal weight adults which found
greatest similarity between an IMU and OMC system in the sagittal plane.[31,32] The systems were
most dissimilar at the ankle, where axis mixing in the IMU signal affected kinematic outputs in the
transverse and frontal planes. Fewer than half of participants had good agreement for hip abduction
and hip external rotation angles, while none had good agreement in the off-sagittal planes at the
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ankle. Sagittal plane knee motion is largely planar, whereas ankle motion occurs around oblique axes
likely making it difficult for a single IMU on the foot to accurately isolate planar ankle motions
relative to the shank. Defining functional axes for ankle kinematics has been shown to be problematic
and inconsistent.[33-35] The results of this work support the exclusion of off-sagittal plane ankle
motion in IMU-based analyses, as has been done before[31], due to poor agreement. Frontal plane
knee motion has been linked with gait deviations specific to adults with obesity and is strongly
related to osteoarthritis development.[36,37] Unfortunately, off-sagittal plane knee motions are not
captured with the IMU system when it is used with the recommended software settings, prohibiting
this analysis in the present study. However, a similar issue in accurately detecting complex, non-
planar motion as was observed at the ankle is anticipated for off-sagittal knee kinematics.

Frontal and sagittal plane motion at the hip had larger spread in IMU data compared to OMC,
especially at the beginning and end of the gait cycle (Figure 2). This was not observed in previous
work in normal weight adults[31,32] and therefore may be attributed to the body habitus of
participants. Excess bodyweight concentrated around the abdomen and buttock likely affect
variability in pelvis IMU measurements which contribute to hip kinematic calculations.

While systems did not agree across all participants, there was no evidence of a systematic offset.
Subject-specific factors like anthropometry and IMU placement could have influenced agreement for
individual participants. However, all IMU placement was performed by JR who completed company
trainings and consulted with the IMU company to ensure appropriate placement. Therefore, subject-
specific differences observed are likely attributed to calibration procedures. The IMU system uses a
static standing pose to calibrate baseline “zero” positions for all joints. Individual body shape or
standing posture variation will impact IMU orientation during the calibration process and affect joint
angle calculations. Previous work comparing IMUs to OMC in normal weight adults found a similar
phenomenon[32] and the authors encourage future work explore mean-centering data to look at
relative range of motion, or exploring functional calibration procedures with the IMU system to
eliminate subject-specific biases.

A Dbias of greater than 5° between system measurements across the range of angles evaluated
during gait was evident in ankle dorsiflexion, ankle rotation, hip abduction, hip rotation, and hip
flexion. This is in alignment with findings of Berner et al.[31] who found large systematic biases in
ankle dorsiflexion (-5.8°) and hip flexion (-7.9°), however this group found smaller biases (< 5°) for
hip rotation and abduction and did not evaluate ankle rotation. Our previous work in normal weight
adults found large biases in ankle rotation (-12.1°).[32] Of note, a linear relationship can be observed
for the Bland Altman plot for hip flexion (Figure 4D) demonstrating magnitude of the differences
between IMU and OMC increased as the hip flexion angle being measured increased. This provides
further evidence of the increased variability in IMU-measured hip flexion observed at the beginning
and end of the gait cycle (Figure 2C).

Measurement differences between systems differed by more than 5° from the average value for
the majority of the range of angles at knee and hip flexion (Figure 4). Only hip abduction had all data
within the window of acceptability for the whole range of angles measured. Some ranges of angles
for dorsiflexion, ankle abduction, ankle rotation, and hip rotation were found to be acceptable. This
is similar to previous findings in normal weight adults[32] with hip abduction demonstrating the
greatest range of data within the window of acceptability, and large ranges of data in the window of
acceptability for ankle dorsiflexion and hip rotation.

A primary motivation for implementing IMU-based motion capture into clinical settings is to
identify subtle gait deviations which warrant early intervention. This is particularly important among
adults with obesity who are at increased risk of disability development and more rapid functional
decline compared to their normal weight counterparts.[4—6] Sagittal plane kinematics at heel strike
and time of maximum or minimum flexion angle has been shown to discriminate disordered from
healthy gait.[24,25] Unfortunately, hip and knee flexion angles measured with both systems at these
clinically meaningful timepoints were poorly associated. Ankle dorsiflexion measured with the IMU
system showed modest or good associations with OMC at clinically meaningful timepoints of
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interest. However, due to dissimilarity observed between system measurements for ankle kinematics
across participants, this finding carries only minor importance.

A limitation of this study is that motion capture with adults with obesity can be challenging due
to the presence of subcutaneous adipose tissue. To account for this, an obesity-specific marker set
was used[17] and a trained Physical Therapist (JR) palpated for boney landmarks and confirmed
placement of all OMC markers. To mitigate effects of motion artifacts distorting data, OMC marker
data were low-pass filtered. Further, the Harrington equation[38] was used to estimate hip joint
centers. This equation has been shown to be most accurate across many populations and especially
in those with limited hip range of motion[39] as is expected in adults with obesity. IMU-derived
kinematics are performed using proprietary software, so the authors took no additional data
processing steps to account for IMU motion artifacts. However, IMUs were attached securely to rigid
body segments with adjustable straps to minimize sensor movement during gait trials.

Future work should explore improved calibration procedures to decrease the effects of body
shape and standing postures on IMU-based kinematic outputs. Additionally, more work is needed
to improve performance of IMU motion capture in off-sagittal planes as these motions are clinically
meaningful in the context of musculoskeletal health and disability development. Until these
improvements are made the authors urge caution when implementing and interpreting kinematics
from IMU systems in adults with obesity.

5. Conclusions

Wearable sensor-based motion capture allows for biomechanical assessment of gait in clinical
settings, aiding in early detection of movement deviations indicating disability development risk.
Leveraging this technology for adults with obesity is particularly important because this population
is at increased risk for rapid functional decline. The results of this study show IMU-measured gait
kinematics is most similar to the reference standard OMC in the sagittal plane, however kinematics
are poorly associated at clinically meaningful timepoints and large differences between system
measurements exist across certain ranges of motion. Future work should improve standardization
procedures for IMU calibration and explore methods to adjust for obesity-specific considerations in
IMU motion capture performance before this technology can be responsibly implemented into
clinical settings.

Author Contributions: Conceptualization, J.R. and A.C.; methodology, ].R. and S.R.; software, S.R.; formal
analysis, ].R. and S.R.; investigation, J.R.; resources, S.R. and A.C.; data curation, J.R.; writing—original draft
preparation, ].R.; writing—review and editing, ].R,, S.R., and A.C,; visualization, ].R.; supervision, A.C.; project
administration, J.R.; funding acquisition, J.R. and A.C. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by the University of Pittsburgh [Health Lifestyle Pilot & Feasibility Grant]
and the National Institutes of Health [grant number TL1TR001858].

Institutional Review Board Statement: The study was approved by the Institutional Review Board of University
of Pittsburgh (STUDY1900303 approved 12/13/2019).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Deidentified participant data relevant to the results reported in this manuscript,
along with the full study protocol, will be available upon request. Data will be made available electronically for
5 years to researchers whose proposed analysis plan is approved by the investigative team.

Acknowledgments: The authors would like to thank the study participants without whom this analysis would
not be possible. The authors would like to thank Jenna Montgomery Trout, Marcel Oliart, Olivia Porcello,
Heather Shannon, Jason Weger, Zachary Wilson, and Emily Zuris for their assistance with project preparation
and data collection.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to
publish the results.


https://doi.org/10.20944/preprints202401.0866.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 January 2024 doi:10.20944/preprints202401.0866.v1

11

References

1. Hales CM, C. M,, Fryar CD, Ogden CL, "Prevalence of obesity among adults and youth: United States, 2017-
2018," in "NCHS data brief”, 2020, [Online]. Available: https://www.cdc.gov/nchs/data/databriefs/db360-h.pdf

2. Blaszczyk, J. W, et al.,, "Impact of excess body weight on walking at the preferred speed," Acta neurobiologiae
experimentalis, 2011, 71, 528-40.

3. Lockhart, T. E., et al.,, "Effects of Obesity and Fall Risk on Gait and Posture of Community-Dwelling Older
Adults," International journal of prognostics and health management, 2019, 10.

4. Naugle, K. M., Higgins, T.]. and Manini, T. M., "Obesity and use of compensatory strategies to perform common
daily activities in pre-clinically disabled older adults," Archives of gerontology and geriatrics, 2012, 54, €134-8. doi:
10.1016/j.archger.2011.10.017.

5. Houston, D. K,, et al., "Overweight and obesity over the adult life course and incident mobility limitation in
older adults: the health, aging and body composition study," American journal of epidemiology, 2009, 169, 927-36.
doi: 10.1093/aje/kwp007.

6. Bell, J. A, et al., "Healthy obesity and risk of accelerated functional decline and disability," International journal
of obesity (2005), 2017, 41, 866-872. doi: 10.1038/ijo.2017.51.

7. Wu, Y, et al, "Kinematic characteristics of gait in middle-aged adults during level walking," Annual
International Conference of the IEEE Engineering in Medicine and Biology Society. IEEE Engineering in
Medicine and Biology Society. Annual International Conference, 2014, 2014, 6915-8. doi:
10.1109/embc.2014.6945218.

8. Kuo, A. D. and Donelan, J. M., "Dynamic principles of gait and their clinical implications," Physical therapy, 2010,
90, 157-74. doi: 10.2522/ptj.20090125.

9. Saint-Maurice, P. F., et al., "Association of Daily Step Count and Step Intensity With Mortality Among US
Adults," JAMA, 2020, 323, 1151-1160. doi: 10.1001/jama.2020.1382.

10. Cavanaugh, E. ], et al., "The Predictive Validity of Physical Performance Measures in Determining Markers of
Preclinical Disability in Community-Dwelling Middle-Aged and Older Adults: A Systematic Review," Physical
therapy, 2018, 98, 1010-1021. doi: 10.1093/ptj/pzy109.

11. Tao, W., et al,, "Gait Analysis Using Wearable Sensors," Sensors, 2012, 12, 2255-2283. [Online]. Available:
https://www.mdpi.com/1424-8220/12/2/2255.

12. Chen, S,, et al., "Toward Pervasive Gait Analysis With Wearable Sensors: A Systematic Review," IEEE journal of
biomedical and health informatics, 2016, 20, 1521-1537. doi: 10.1109/JBHIL.2016.2608720.

13. de Bruin, E. D,, et al., "Wearable systems for monitoring mobility-related activities in older people: a systematic
review," Clinical Rehabilitation, 2008, 22, 878-895. doi: 10.1177/0269215508090675.

14. Rekant, J., Rothenberger, S. and Chambers, A., "Inertial measurement unit-based motion capture to replace
camera-based systems for assessing gait in healthy young adults: Proceed with caution," Measurement: Sensors,
2022, 23, 100396. doi: https://doi.org/10.1016/j.measen.2022.100396.

15. Cho, Y. S, et al,, "Evaluation of Validity and Reliability of Inertial Measurement Unit-Based Gait Analysis
Systems," Annals of rehabilitation medicine, 2018, 42, 872-883. doi: 10.5535/arm.2018.42.6.872.

16. Park, S. and Yoon, S., "Validity Evaluation of an Inertial Measurement Unit (IMU) in Gait Analysis Using
Statistical Parametric Mapping (SPM)," Sensors (Basel, Switzerland), 2021, 21, doi: 10.3390/s21113667.

17. Lerner, Z. F., Board, W. ]J. and Browning, R. C., "Effects of an obesity-specific marker set on estimated muscle
and joint forces in walking," Med Sci Sports Exerc, 2014, 46, 1261-7. doi: 10.1249/mss.0000000000000218.

18. Mei, Q,, et al,, "Toward improved understanding of foot shape, foot posture, and foot biomechanics during
running: A narrative review," Front Physiol, 2022, 13, 1062598. doi: 10.3389/fphys.2022.1062598.

19. Wu, G, et al,, "ISB recommendation on definitions of joint coordinate system of various joints for the reporting
of human joint motion--part I: ankle, hip, and spine. International Society of Biomechanics," | Biomech, 2002, 35,
543-8. doi: 10.1016/s0021-9290(01)00222-6.

20. Grood, E. S. and Suntay, W. J., "A joint coordinate system for the clinical description of three-dimensional
motions: application to the knee," Journal of biomechanical engineering, 1983, 105, 136-44. doi: 10.1115/1.3138397.

21. Fettrow, T., et al., "Flexible Recruitment of Balance Mechanisms to Environmental Constraints During Walking,"
Front Virt Real, 2020, 1, doi: 10.3389/frvir.2020.00005.

22. Ferrari, A., Cutti, A. G. and Cappello, A., "A new formulation of the coefficient of multiple correlation to assess
the similarity of waveforms measured synchronously by different motion analysis protocols," Gait Posture, 2010,
31, 540-2. doi: 10.1016/j.gaitpost.2010.02.009.


https://doi.org/10.20944/preprints202401.0866.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 January 2024 doi:10.20944/preprints202401.0866.v1

12

23. Pagnon, D., Domalain, M. and Reveret, L., "Pose2Sim: An End-to-End Workflow for 3D Markerless Sports
Kinematics-Part 2: Accuracy," Sensors (Basel, Switzerland), 2022, 22, 2712. doi: 10.3390/s22072712.

24. Kaufman, K. R,, et al., "Gait characteristics of patients with knee osteoarthritis," | Biomech, 2001, 34, 907-15. doi:
10.1016/s0021-9290(01)00036-7.

25. Ginis, P., et al., "Focusing on heel strike improves toe clearance in people with Parkinson's disease: an
observational pilot study," Physiotherapy, 2017, 103, 485-490. doi: 10.1016/j.physio.2017.05.001.

26. Shan, G., Zhang, H. and Jiang, T., "Correlation Coefficients for a Study with Repeated Measures," Computational
and Mathematical Methods in Medicine, 2020, 2020.

27. Hamlett, A, Ryan, L. and Wolfinger, R., "On the use of PROC MIXED to estimate correlation in the presence of
repeated measures," SAS Users Group International, Proceedings of the Statistics and Data Analysis Section, 20041-7.

28. Altman, D. G. and Bland, J. M., "Measurement in Medicine: The Analysis of Method Comparison Studies,"
Journal of the Royal Statistical Society. Series D (The Statistician), 1983, 32, 307-317. doi: 10.2307/2987937.

29. Giavarina, D., "Understanding Bland Altman analysis," Biochem Med (Zagreb), 2015, 25, 141-151. doi:
10.11613/BM.2015.015.

30. McGinley, J. L., et al., "The reliability of three-dimensional kinematic gait measurements: a systematic review,"
Gait Posture, 2009, 29, 360-9. doi: 10.1016/j.gaitpost.2008.09.003.

31. Berner, K, etal., "Concurrent validity and within-session reliability of gait kinematics measured using an inertial
motion capture system with repeated calibration," Journal of bodywork and movement therapies, 2020, 24, 251-260.
doi: 10.1016/j.jbmt.2020.06.008.

32. Rekant, J. and Chambers, A., "Validation of Inertial Measurement Unit-Based Motion Capture with a Single
Calibration File for Assessing Gait in Healthy Young Adults," SSRN, 2022, 22, 20. doi:
http://dx.doi.org/10.2139/ssrn.4002945.

33. Lenz, A. L, et al., "Assignment of local coordinate systems and methods to calculate tibiotalar and subtalar
kinematics: A systematic review," | Biomech, 2021, 120, 110344. doi: 10.1016/j.jbiomech.2021.110344.

34. Montefiori, E., Fiifi Hayford, C. and Mazza, C., "Variations of lower-limb joint kinematics associated with the
use of different ankle joint models," ] Biomech, 2022, 136, 111072. doi: 10.1016/j.jbiomech.2022.111072.

35. Della Croce, U., et al, "Human movement analysis using stereophotogrammetry. Part 4: assessment of
anatomical landmark misplacement and its effects on joint kinematics," Gait Posture, 2005, 21, 226-37. doi:
10.1016/j.gaitpost.2004.05.003.

36. Garcia, S. A, et al.,, "The influence of body mass index and sex on frontal and sagittal plane knee mechanics
during walking in young adults," Gait Posture, 2021, 83, 217-222. doi: 10.1016/j.gaitpost.2020.10.010.

37. Segal, N. A,, Yack, H. J. and Khole, P., "Weight, Rather Than Obesity, Distribution, Explains Peak External Knee
Adduction Moment During Level Gait," Am. ] Phys. Med. Rehabil, 2009, 88, 180-188. doi:
10.1097/PHM.0b013e318198b51b.

38. Harrington, M. E,, et al., "Prediction of the hip joint centre in adults, children, and patients with cerebral palsy
based on magnetic resonance imaging," I Biomech., 2007, 40, 595-602. doi:
https://doi.org/10.1016/j.jbiomech.2006.02.003.

39. Kainz, H,, et al.,, "Estimation of the hip joint centre in human motion analysis: a systematic review," Clinical
biomechanics (Bristol, Avon), 2015, 30, 319-29. doi: 10.1016/j.clinbiomech.2015.02.005.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


https://doi.org/10.20944/preprints202401.0866.v1

