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A B S T R A C T

Background: In recent years, the reliability of inverse (IK) and direct kinematic (DK) models in gait analysis have
been assessed intensively, but mainly for lean populations. However, obesity is a growing issue. So far, the sparse
results available for the reliability of clinical gait analysis in obese populations are limited to direct kinematic
models. Reliability error-margins for inverse kinematic models in obese populations have not been reported yet.
Research questions: Is there a difference in the reliability of IK models compared with a DK model in obese
children? Are there any differences in the joint kinematic output between IK and DK models?
Methods: A test-retest study was conducted using three-dimensional gait analysis data from two obese female
and eight obese male participants from an earlier study. Data were analyzed using a DK model and two OpenSim-
based IK models. Test-retest reliability was compared by calculating the Standard Error of Measurement (SEM)
along with similar absolute reliability measures. A Friedman Test was used to assess whether there were any
significant differences in the reliability between the models. Kinematic output of the models was compared by
using Statistical Parametric Mapping (SPM).
Results: No significant differences were found in the reliability between the DK and IK models. The SPM analysis
indicated several significant differences between both IK models and the DK approach. Most of these differences
were continuous offsets.
Significance: Reliability values showed clinically acceptable error-margins and were comparable between all
models. Therefore, our results support the careful use of IK models in overweight or obese populations, e.g. for
musculoskeletal modelling studies. The inconsistent kinematic output can mainly be explained by different
model conventions and anatomical segment coordinate frame definitions.

1. Introduction

Most conventional gait models use direct kinematics (DK) to cal-
culate joint angles and their derivatives. DK calculate joint angles as
Euler angles between adjacent segment reference frames. These are
defined directly from the experimental markers, which are assumed to
be rigidly attached to the bones [1]. DK gait models are limited to joint
kinematic and kinetic analysis. In contrast to DK models, the more so-
phisticated musculoskeletal (MSK) models (e.g. OpenSim [2] or Any-
Body [3]) use inverse kinematics (IK), also known as global optimiza-
tion, to calculate joint angles. MSK models have the main advantage of
enabling additional analyses such as muscle-tendon length and force
estimation [4], induced acceleration analysis [5], and joint contact
force calculations [6]. These analyses may help to identify causes for

secondary pathologies in obese populations (e.g. joint degeneration)
and increase our understanding of gait in people with obesity by adding
information about gait strategies at the musculoskeletal level.

If clinicians or scientists use either kind of these models to aid de-
cision-making in clinical practice, reliability is an essential issue. In
order to serve as a valuable tool, e.g. to evaluate therapy progress, one
has to know if an obtained result reflects a true difference or if this
difference falls into the variability of the underlying measurement
technique [7]. The reliability of DK models has been assessed ex-
tensively over the last years. Research certifies moderate to good re-
liability in lean adults, typically developing children, children with
cerebral palsy, stroke patients as well as acceptable reliability in obese
children [8,9]. The reliability of IK models has only been assessed in a
limited number of studies including healthy adult participants, lean
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typically developing children, and children with cerebral palsy
[10–12]. So far, no study has assessed the reliability of IK models to
compute joint kinematics in obese children, even though MSK-IK
models have already been used in this population to calculate muscle
forces and joint-contact forces [13–15].

During the entire workflow of three-dimensional (3D) gait analysis,
regardless of using IK or DK approaches, the same pitfalls exist in
identifying anatomical landmarks, in placing markers accurately and
reliably, as well as problems associated with soft-tissue displacement
[16]. In an IK approach, an additional processing step is necessary,
where the pose and marker positions of a generic model is adjusted to
attain the best match with the experimental markers [17,18]. The
quality of the results during this process is highly dependent on the
experience of the examiner. This process gets even more challenging in
an obese population due to large soft-tissue offsets. As a consequence,
this step may add additional variability to the results. Therefore, it is of
utmost importance to assess the reliability of IK models in estimating
joint kinematics in obese children to build up confidence in the MSK
simulation results for overweight and obese populations.

Accordingly, the primary aim of this study was to assess the relia-
bility of two different IK models in obese children and to compare their
reliability to the reliability of a DK model. A secondary aim was to
identify if there are any differences in joint kinematics between the IK
models and the DK approach. Based on the findings of previous IK and
DK reliability studies in lean participants [8,10–12], we hypothesized
that the reliability of gait kinematics in obese children will be similar
between the IK and DK models. Based on earlier published data [19],
we also hypothesized that there will be clinically relevant differences in
joint kinematics between the IK and the DK models.

2. Methods

2.1. Participants

This study used the data from an earlier study [9]. The data comprised
of a convenience sample of two females and eight males with an age-based
body mass index (BMI) above the 97th percentile (mean ± SD, age:
14.6 ± 2.8 years, height: 169.3 ± 11.3 cm, body mass: 99.2 ± 21.7 kg;
BMI: 34.2 ± 3.9 kg/m2). Exclusion criteria were the existence of any syn-
dromes associated with obesity (e.g. Prader-Willi syndrome), chronic joint
disease, neuro-motor disease, or any history of a lower extremity joint
surgery. Ethical approval was obtained by the local Ethics Committee
(Ethics number: 1445/2013) prior to the study. Written informed consent
was obtained from all participants and their legal representatives.

2.2. Motion capturing

All participants completed two gait analysis sessions, a test and a
retest session, both separated by a minimum of one day and a maximum
of seven days (on average 3 ± 2 days). The same assessor with one
year of motion capture experience collected all gait analysis data.
Participants walked barefoot on level ground at self-selected walking
speed on a 12m walkway until a minimum of five trials with no larger
gaps in the marker trajectories for the left and right leg were recorded.
The participants’ walking speed was measured using photoelectric
sensors. For the retest, only trials with walking speeds± 5% from the
baseline were used for subsequent analysis. The Cleveland Clinic
marker set was used for motion capturing. This marker set comprises of
twenty-seven retro-reflective spherical markers, some of which at-
tached as clusters of three on rigid base plates to the thigh and shank,
others to anatomical landmarks (Fig. 1). Motion capturing data were
recorded using an eight-camera motion capture system (MX-series,
Vicon, Oxford, UK) operated by the software Vicon Nexus (v.1.8.5) at
150 Hz. Marker trajectories were filtered using a zero-lag 4th order low-
pass Butterworth filter with a cut-off frequency of 12 Hz. The cut-off
frequency was determined a priori by residual analysis [20].

2.3. Analyzed models

The DK model (Cleveland Clinical marker set), which is well es-
tablished in clinical practice [21–23], was created in BodyBuilder
(Vicon Motion Systems, Oxford, UK). A previous pilot study confirmed
acceptable intra- and inter-tester reliability for this marker set [23]. All
joints in the DK model were ball-and-socket joints with three degrees-
of-freedom (DoF) with a rotation sequence of y-x-z describing the
flexion/extension, ab-/adduction, and internal/external rotation re-
spectively. For estimating the hip joint center, the predictive approach
described by Davis et al. [24] was used. To account for anterior soft
tissue offsets of the anterior superior iliac spine (ASIS) markers, we
placed the ASIS markers on the lateral side of the pelvis, so that the
marker center reflects the anterior surface of the palpated ASIS land-
mark (from a sagittal point of view). The inter-ASIS distance was then
measured manually by a spreading caliper and was input to the Davis
regression equation. The pelvic angles were calculated from the pelvic
coordinate system relative to the global coordinate system following
the guidelines of Wu et al. [25].

Two different IK models were used. The 3-1-1-IK model was the
‘gait2392’ OpenSim model [26], a common used IK model, which in-
cludes three rotational DoF at the hip joint, one rotational DoF at the
knee joint, and two separate rotational DoF for the talocrural and
subtalar joints. The subtalar joint was locked due to an insufficient
number of foot markers to track both DoFs. The second IK model (3-3-1-
IK model) was the same as the 3-1-1-IK model but allowed knee ab-/
adduction and internal/external rotation additionally to the flexion/
extension DoF. The 3-3-1-IK model was created to have an IK model
with similar DoF as our DK model. Both generic IK models were scaled
to each participant’s anthropometry using scale factors calculated from
the experimental marker positions and estimated joint centers [27].
During the IK task, only the pelvis, foot and cluster markers on the thigh
and shank segments were tracked to calculate joint kinematics. Scaling
and IK were performed in OpenSim 3.3 [2].

2.4. Data reduction and analysis

Except for marker reconstruction and kinematic modeling (IK and
DK), all processing steps were performed in Matlab (v. R2017a, The
Mathworks, Natick, MA). All data were time-normalized to 100% gait
cycle (%gc). All analyses were conducted for both body sides sepa-
rately. The findings for the right side will be reported in the main
manuscript, results for the left side are available as supplementary
material. From the five trials available per participant, a mean re-
presentative trial was calculated and used for further analysis.

To assess the reliability of our models, which was our primary aim,
key kinematic parameters comprising the minimum, maximum and the
range of motion (ROM) from each kinematic waveform for all joints and
planes were calculated for each model and for the test and retest ses-
sion. The standard error of measurement (SEM) was used to assess the
absolute test-retest reliability for the key kinematic parameters. The
SEM was calculated as the square root of the mean square error term
from a two-way repeated measures analysis of variance [28]. The total
variability between the test and retest for the key kinematic parameters
(RMSDp) and for the entire waveforms (RMSDw) were assessed by
calculating the root mean square differences similar to Horsak et al.
[29]. In addition, the mean and standard deviation (SD) of each para-
meter for both test sessions as well as the difference and the corre-
sponding 95% confidence intervals (CI) were calculated. An initial
Shapiro-Wilk test indicated that the SEM and RMSDp variables were not
normally distributed. Therefore, a Friedman test was used to determine
if there were any significant differences in the SEM and RMSDp (across
all key kinematic parameters, joints and planes, see Table 1) between
the three models. Alpha level was set a priori to 0.05.

For the comparison of joint kinematics between our models, which
was our second aim, we used Statistical Parametric Mapping (SPM) and
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the Random Field Theory (RFT) provided by Pataky [30] within the
SPM1D package available for Matlab (v.0.4, http://www.spm1d.org/).
This method uses the entire one-dimensional (1D) continuous kinematic
waveforms and the RFT to make probabilistic conclusions based on the
random behavior of the 1D observational unit. It follows the same no-
tion and logic as classical inference testing. We used paired t-tests to
compare each waveform from the first test session between the DK
model and each IK model. To account for multiple testing, the alpha
level was Bonferroni corrected to 0.005 for the 3-3-1-IK vs. DK com-
parisons (alpha = p/10) and to 0.006 for the 3-1-1-IK vs DK compar-
isons (alpha = p/8). Normal distribution was initially checked using
the corresponding normality test provided by SPM1D. If normality
could not be assumed, the nonparametric version was used. The output
of SPM provides SPM{t} values for each point of the investigated ki-
nematic time series, and the threshold corresponding to the set alpha
level. The SPM{t} values exceeding this threshold (marked as black bars
below each figure, e.g. in Fig. 3) indicate significant differences in the
corresponding portion of the time series.

3. Results

Reliability was similar between the DK and both IK models. The
Friedman test did not indicate significant differences in the SEM (χ2

(2)= 1.742, p= 0.419) and RMSDp (χ2 (2)= 1.826, p= 0.401)
parameters between the analyzed models. The SEM, averaged across
the min, max and ROM, was below 3° (range: 1.6–3.0°) for all analyzed
models in the sagittal and frontal plane and below 5° for the transversal
plane (2.1–4.9°). Results for the RMSDp and RMSDw showed a similar
pattern for all three planes, but slightly higher mean values ranging
from 2.2 to 5.4° (Fig. 2 and Table 1). The left body side (see
Supplementary material, Fig. S1 and Table S1) showed comparable
reliability patterns, but slightly smaller values especially for the trans-
versal plane in all models.

The comparison of joint kinematics between the DK and IK models
showed several significant differences (Fig. 3). Compared to the DK
models, the 3-3-1-IK model showed a continuous offset during the en-
tire gait cycle for the sagittal pelvic and hip kinematics, differences in
the frontal pelvic kinematics as well as differences during initial contact
and late swing in the frontal hip kinematics. A small difference was also
present for the maximum knee flexion during 20–30% of the gait cycle

along with an almost continuous offset across the entire gait cycle for
the transversal knee and the sagittal ankle kinematics. The 3-1-1-IK
model showed a very similar pattern with additional differences in hip
angles in the transversal plane compared with the DK model. The re-
sults of the left body side were similar and are reported in the
Supplementary material (Fig. S2).

4. Discussion

The primary aim of this study was to evaluate the test-retest relia-
bility of two different IK models and to compare their results to a DK
approach in a sample of young obese children and adolescents.

All three models were found to display a similar and clinically ac-
ceptable level of reliability. In detail, the DK approach yielded overall
SEM values of less than 3° in the sagittal and frontal planes, and ap-
proximately 4° in the transversal plane. The RMSDp and RMSDw
showed comparable, but higher results. These higher values can be
explained by the fact that both RMSD parameters include the entire
sources of variation, whereas the SEM only represents variation due to
pure measurement error. Results for the SEM, RMSDp, and RMSDw for
the 3-3-1 IK model were very similar to the DK approach. The 3-1-1-IK
model showed smaller values by approximately two degrees in the
transversal plane compared to the DK model. This is explained by the
fact that the 3-1-1-IK model only had one DoF in the knee joint.

The obtained reliability values compare mostly very well with the
findings from recent publications. Kainz et al. [12] compared the same
two IK models to the Vicon Plug-in-Gait (PiG) model (which is another
standard model in gait analysis) in a population of children with cer-
ebral palsy and typically developing children. Differences between their
obtained SEM and our results are below one degree per joint and plane,
except for the pelvic and hip sagittal plane in the 3-1-1-IK model and for
the hip and knee transversal plane of the PiG compared to our DK
model. In the first case, our results showed a SEM of 1.5° and 1.8°
greater than in the results of Kainz et al. [12], which could be caused by
the increased difficulty in pelvic marker placement in the obese parti-
cipants compared to the lean children. In the second case, our DK model
resulted in lower SEM values (1.0° and 2.0°) compared to the PiG. This
might be explained by the lateral thigh and shank markers used by the
PiG. Their reliable placement is difficult and errors can easily affect the
transversal plane joint kinematics. A recent study gives support to this

Fig. 1. Left: Locations of the retro-reflective markers for the Cleveland Clinic marker set. Markers attached to the skin as clusters were purely used for tracking the
body segments (Ø 16mm), shaded markers at the knee and ankle were only used for anatomical calibration (Ø 9mm). The white markers (Ø 16mm) attached to the
foot, heel, the anterior superior iliac spine (ASIS) and at the sacrum (SACR) were used for both, anatomical calibration and tracking. Right: Illustration of three
exemplary participants with attached markers. Reprinted with permission from Elsevier [29].
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assumption [23]. However, in general, results of both studies are in
good agreement to each other and give confidence to the validity of the
data. McGinley et al. [8] concluded in their systematic review, that
errors between 2° and 5° need to be considered during interpretation,
but are likely to be reasonable to detect clinically relevant changes in
3D gait analysis. Thus, the obtained results of this study confirm our
first hypothesis, that there are no relevant differences in the test-retest
reliability between the DK and the IK approach. In line with the margins
of error stated by McGinley et al. [8], both of our analyzed IK models
showed acceptable reliability. This supports their careful application for
MSK-modelling in an overweight or obese population. However, it is

noteworthy that presumably only an experienced tester will achieve a
similar test-retest reliability in IK models compared to DK models.

The second aim of this study was to assess if the kinematic wave-
forms from the IK models show any clinical relevant differences com-
pared to the DK approach. This information is important for a more
informed interpretation of the MSK IK modelling results, which may
deviate from the routine clinical DK modelling results. Observed results
give support to our hypothesis as several significant differences were
found between both IK models and the DK approach. Most of these
differences were continuous offsets, which are in agreement with Kainz
et al. [12]. These offsets were likely caused by different model con-
ventions and anatomical segment coordinate frame definitions. The DK
model defined the pelvic anatomical reference frame based on the ASIS
and sacrum markers. This leads to a pelvic anterior tilt of approximately
10–15° in the anatomical neutral position. In the IK models, pelvic tilt is
0 degrees in the anatomical neutral position. This offset explains the
differences in pelvic tilt and hip flexion/extension kinematics between
the DK and IK models. Furthermore, this offset also impacts on pelvic
angles in the frontal plane because a floating axis, which is dependent
on the original anatomical reference frame, is used to calculate pelvic
angles in the frontal plane [1]. The remaining differences were likely
caused by variations in joint center locations and joint axes definitions,
as well as differences in joint DoF. Differences in hip internal/external
rotations were larger in comparison between the 3-1-1-IK and DK model
compared to the 3-3-1-IK and DK model, which highlights the impact of
different joint constraints. Hence, direct comparison of the IK to DK
model outputs should be done with caution and only with considering
the differences in the anatomical models [30].

This study has some potential limitations. First, we used a standard
marker set with only marginal modifications to the ASIS marker pla-
cement to account for soft tissue offset. However, there are recent at-
tempts for obesity specific markers sets [31], which might lead to more
accurate and reliable results. Second, different IK and DK models might
lead to slightly different reliability results. Third, we could not assess if
the DK or IK models were more accurate due to the lack of a gold
standard to estimate joint kinematics. Therefore, the results from the
comparison of the DK with the IK models should be interpreted with
caution. Fourth, we only assessed the reliability of joint kinematics.
Reliability of joint kinetics and musculoskeletal estimates (e.g. muscle-
tendon forces) was beyond the scope of this study and should be done in
future investigations. Last, it should be noted that we have analyzed
both body sides, but only reported the right side in detail. The left side
showed comparable reliability patterns, but slightly better values
especially for the transversal plane in all models (see supplementary
material). This small inconsistency might suggest that the general re-
ported values for the transversal plane might even perform slightly
better than currently reported in this paper. However, due to the gen-
eral problems with soft tissue artifacts in this population, great caution
is necessary in interpreting gait analysis data and therefore the more
conservative perspective seemed appropriate.

5. Conclusion

Our findings showed no differences in the reliability in joint kine-
matics between our analyzed IK and DK models. Reliability values were
clinically acceptable and therefore support the careful use of MSK IK
models in overweight or obese populations. Future MSK studies can use
our obtained reliability results to judge if an observed difference is
caused by a real difference, e.g. due to an intervention, or if an observed
difference falls within the error margins of a test-retest scenario.
Furthermore, our findings can assist in interpreting kinematic differ-
ences between IK and DK models.

Fig. 2. The standard error of measurement (SEM), the root mean square de-
viation (RMSDp), both averaged across the three key kinematic parameters, and
the root mean square deviation for the entire waveforms (RMSDw) are shown
for each anatomical plane (sag, front and trans) and model (DK, 3-1-1-IK and 3-
3-1-IK). The bars represent the mean, the whiskers the observed maximum.
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Fig. 3. Differences in kinematic waveforms between the DK model and the 3-1-1-IK (top plots) and 3-3-1-IK (bottom plots) model. Black bars indicate significant
differences between both waveforms, where the SPM{t} values exceeded the Bonferroni corrected alpha level threshold.
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