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Abstract

Evidence suggests that the tibiotalar and subtalar joints provide near six degree-of-freedom (DOF)
motion. Yet, kinematic models frequently assume one DOF at each of these joints. In this study,
we quantified the accuracy of kinematic models to predict joint angles at the tibiotalar and subtalar
joints from skin-marker data. Models included 1 or 3 DOF at each joint. Ten asymptomatic
subjects, screened for deformities, performed 1.0 m/s treadmill walking and a balanced, single-leg
heel-rise. Tibiotalar and subtalar joint angles calculated by inverse kinematics for the 1 and 3 DOF
models were compared to those measured directly /in7 vivo using dual-fluoroscopy. Results
demonstrated that, for each activity, the average error in tibiotalar joint angles predicted by the 1
DOF model were significantly smaller than those predicted by the DOF model for inversion/
eversion and internal/external rotation. In contrast, neither model consistently demonstrated
smaller errors when predicting subtalar joint angles. Additionally, neither model could accurately
predict discrete angles for the tibiotalar and subtalar joints on a per-subject basis. Differences
between model predictions and dual-fluoroscopy measurements were highly variable across
subjects, with joint angle errors in at least one rotation direction surpassing 10° for 9 out of 10
subjects. Our results suggest that both the 1 and 3 DOF models can predict trends in tibiotalar joint
angles on a limited basis. However, as currently implemented, neither model can predict discrete
tibiotalar or subtalar joint angles for individual subjects. Inclusion of subject-specific attributes
may improve the accuracy of these models.

"Correspondence address: Andrew E. Anderson, PhD, University of Utah, Department of Orthopaedics, Harold K. Dunn
Orthopaedic Research Laboratory, 590 Wakara Way, Salt Lake City, UT 84108, +1 801 587-5208.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nichols et al.

Keywords

Page 2

ankle; hindfoot; dynamic imaging; inverse kinematics; motion capture

1 Introduction

The complex, interrelated motion of the tibiotalar and subtalar joints is a critical component
of the foot and ankle. The tibiotalar joint provides the primary means for dorsiflexion/
plantarflexion during gait, while the subtalar joint undergoes inversion/eversion, facilitating
forward progression of the center of pressure from heel-strike to late stance [1, 2]. Based on
these canonical descriptions, biomechanical models frequently assign a single degree-of-
freedom (DOF) to each joint, with dorsiflexion/plantarflexion and inversion/eversion
defining the tibiotalar and subtalar joints, respectively (e.g., [3-7]). These single DOF
models, in combination with inverse kinematics, are widely used. However, investigators
rarely estimate independent tibiotalar and subtalar articulation, as reflective skin markers
cannot be used to directly measure articulation of these joints in the absence of a suitable
marker location for the talus [6, 8]. Instead, articulation of the hindfoot is typically
represented as movement of the calcaneus relative to the tibia (e.g., [9-11]). A limitation of
this typical representation is that it does not discern how injuries or disease states
disproportionately affect articulation of the tibiotalar and subtalar joints. Dynamic imaging
techniques, including computed tomography (CT), magnetic resonance imaging, and dual-
fluoroscopy have been employed to measure kinematics of the tibiotalar and subtalar joints
independently (e.g., [12-16]). However, these methodologies are not widely available and
involve time intensive data post-processing, making them less practical than skin-maker
motion analysis for studies involving large sample sizes.

Biomechanical models that incorporate multiple DOF at the tibiotalar and subtalar joints
may have the ability to predict independent kinematics for these joints using skin-maker data
and standard inverse kinematic techniques. However, to our knowledge, prior studies have
not assessed the accuracy of joint angle predictions from inverse kinematic simulations
using multi6 DOF models versus those using 1 DOF models. Moreover, the accuracy of such
predictions has not been previously assessed by direct comparison to /n vivo measurements.

The objective of this study was to compare joint angles predicted from inverse kinematic
simulations using 1 and 3 DOF models to a reference standard. Here, the 1 DOF model
assumed two hinge joints for the tibiotalar and subtalar joints, offering dorsiflexion/
plantarflexion and inversion/eversion, respectively, while the 3 DOF model assumed that
both joints could undergo rotations about three axes. Joint angle predictions from each
model were derived from only skinmarker data, and then compared to joint angles of the
same subjects measured /n vivo using a validated dual-fluoroscopy system.
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2 Methods

2.1 Subjects

Ten control subjects (5 male; age 30.9+7.2 years; height 1.72+0.11 m; weight 70.2+15.9 kg)
participated in this study under informed consent and ethics board approval (University of
Utah, IRB#65620). Each subject was screened to ensure no history of foot or ankle
disorders. Radiographs of both feet were acquired and screened for varus/valgus hindfoot
malalignment, osteophytes, and/or osteoarthritis as assessed by Kellgren-Lawrence grades
greater than 1. All subjects were included given these criteria.

2.2 Skin-Marker Motion Capture & Dual-Fluoroscopy

Skin-marker motion capture and dual-fluoroscopy data of each subject were collected during
1.0 m/s treadmill walking and a balanced, single-leg heel-rise (Fig. 1A). Walking was
selected as a common activity. The heel-rise was chosen to examine a large range of
dorsiflexion/plantarflexion. Skin-marker data was spatially and temporally synced to the
dual-fluoroscopy data using an external trigger and custom calibration cube [16]. The
limited field-of-view (FOV) of the dual-fluoroscopy system could not capture an entire
stance phase of gait during treadmill walking [16]. Thus, toe-off and heel-strike were imaged
separately and analyzed as distinct activities. One foot (6 right, 4 left) was imaged for each
subject. Two trials were collected for each subject and activity (i.e., 2 toe-off, 2 heel-strike,
and 2 heel-rise trials). Across all subjects, four trials were excluded (3 heel-rise, 1 toe-off)
due to missing data. At least one trial per activity and subject was available for analysis.

Skin-marker motion capture data of both lower extremities was collected at 250-300 Hz
using a 10-camera system (Vicon Motion Systems, Oxford, UK). Reflective skin markers
were affixed to each subject using a modified Helen-Hayes marker set [17] to track the
pelvis, thigh, calf, and foot segments (Fig. 1A). All marker trajectories were processed in
Nexus (v. 1.8.5, Vicon Motion Systems, Oxford, UK). Gaps were filled using a spline fitting
algorithm. Trajectories were low-pass filtered at 6 Hz.

Dual-fluoroscopy data of the hindfoot were collected as described previously [16]. To enable
post-processing of the dual-fluoroscopy data (Fig. 1B), a CT scan (SOMATOM Definition
AS, Siemens Medical Solutions, Malvern, PA) was acquired from mid-tibia to toe-tips for
each subject at 1.0 mm slice thickness, 366£65.2 mm FOV, 512x512 acquisition matrix, 100
kV, and 16-73 mAs [16]. CT images were segmented using software (Amira 5.5, Visage
Imaging, San Diego, CA) to generate 3D bone surfaces [16]. Positions of the tibia, talus, and
calcaneus in each dual-fluoroscopy data frame were then determined semi-automatically
using model-based markerless tracking (MBT) [18]. The error of MBT for the described
dualfluoroscopy system was less than 1 mm [16]. Positions calculated by MBT were
smoothed with a fourth-order low-pass Butterworth filter. A residual analysis method [19]
was used to select a cutoff frequency of 10 Hz. A landmark-based approach defined
coordinate systems for the tibia, talus, and calcaneus [16].
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2.3 Inverse Kinematic Models

Both the 1 and 3 DOF models were based on a validated model of the lower limb [3]. The
models included only generic bone geometry and joint kinematics (Fig. 1C). In the 1 DOF
model, the tibiotalar joint included one axis of rotation defining dorsiflexion/plantarflexion,
while the subtalar joint included one axis of rotation defining inversion/eversion. This
resulted in 2 DOF across the ankle and hindfoot. Both axes were based on cadaveric
experiments [20]. In the 3 DOF model, the ankle and hindfoot were defined as a series of 3
DOF joints. Thus, both the tibiotalar and subtalar joints included three intersecting axes of
rotation, which separately defined dorsiflexion/plantarflexion, inversion/eversion, and
internal/external rotation. This resulted in 6 DOF across the ankle and hindfoot. The
tibiotalar joint axes were parallel to the subtalar joint axes. The orientation of the
dorsiflexion/plantarflexion axes and the inversion/eversion axes were defined to be
equivalent to those in the 1 DOF model, while the orientation of the internal/external
rotation axis was defined as the cross product of the other two axes. These definitions meant
that an inverse kinematics problem could theoretically be solved using the exact same
rotations about the tibiotalar dorsiflexion/plantarflexion and subtalar inversion/eversion axes
in the 1 and 3 DOF models.

2.4 Calculation of Joint Angles

To predict tibiotalar and subtalar joint angles using only skin-marker data, inverse kinematic
simulations were performed in OpenSim (v. 3.2, [21]) using the 1 and 3 DOF models scaled
to each subject’s height and weight (Fig. 1C). This inverse kinematics approach calculates
joint angles by minimizing the weighted least squares error between the modeled and
measured skin-marker positions [21]. Simulations were performed separately for each
combination of model, subject, activity, and trial (106 simulations in total). Joint angles were
calculated from inverse kinematics for the time period where skin marker data were
collected, which typically included several seconds of data both before and after dual-
fluoroscopy images were acquired. Simulation results were then truncated to analyze only
the frames for which dual-fluoroscopy data was also available. The output of each
simulation was joint angles defined about the modeled axes of rotation. To enable direct
comparison between joint angles about different axes of rotation, all angles were
decomposed into components about a standard anatomical reference frame (i.e.,
dorsiflexion/plantarflexion, inversion/eversion, and internal/external rotation defined as
rotations about the medial/lateral, anterior/posterior, and superior/inferior axes,
respectively). Note that because the modeled joint axes were not aligned with the anatomical
planes (Fig. 1C), decomposing a rotation about any joint axis results in rotations about each
anatomical plane.

To define a reference standard independent of the inverse kinematic simulations, tibiotalar
and subtalar joint angles were calculated using the dual-fluoroscopy data for each subject,
activity, and trial (Fig. 1B). Specifically, using previously described coordinate systems [16]
that were modified to match OpenSim sign conventions, homogeneous transformation
matrices were defined to describe the motion of the tibia, talus, and calcaneus. Tibiotalar and
subtalar joint angles were then defined as roll-pitch-yaw angles derived from the
transformation matrices respectively defining the position of the talus relative to the tibia
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and the calcaneus relative to the talus. Importantly, this method yields joint angles defined
relative to the same standard anatomical reference frame as the joint angles predicted using
inverse kinematics.

To allow joint angle comparisons across subjects, skin-marker motion capture and
dualfluoroscopy data for each trial were normalized based on activity. For walking trials,
skin-marker data defined gait events [22]; heel-strike and toe-off of the imaged foot defined
0 and 100 percent of stance, respectively. For heel-rise trials, initial movement, maximum
plantarflexion, and final movement of the tibiotalar joint as measured by dual-fluoroscopy
defined 0, 50, and 100 percent of heel-rise, respectively. Normalization resulted in joint
angle versus percent activity (i.e., percent stance or percent heel-rise) for each trial.

2.5 Data Analysis and Statistics

3 Results

For all subjects with multiple trials, across trial repeatability was quantified using root mean
square (RMS) error. This analysis ensured that each method to calculate joint angles
provided consistent results within subjects.

To evaluate the predictive capabilities of the 1 and 3 DOF models, plots of joint angles
predicted by the models were assessed qualitatively. Comparisons were made by averaging
joint angles from each model and comparing these directly to dual-fluoroscopy results. If the
average joint angles predicted by the model were within one standard deviation of the dual-
fluoroscopy results, the model was considered to accurately represent /77 vivo joint motion.
Additionally, for each model, the RMS errors between the joint angles predicted by the
model and those measured by dual-fluoroscopy were quantified. RMS errors were calculated
within each subject and trial, prior to across subject averaging. Paired Student’s t-tests
(significance level p<0.05), corrected for multiple comparisons using Holm’s approach [23],
determined if the 1 DOF model had a significantly different RMS errors than the 3 DOF
model.

To further examine the predictive accuracy of the 1 and 3 DOF models on a per subject
basis, joint angles for individual subjects were analyzed using Bland-Altman plots [24].
Here, the mean of the difference defined the average error (or bias), and 1.96 times the
standard deviation of the differences defined the 95 percent limits of agreement (i.e., the
range in which 95 percent of future measurements are expected to fall). For tibiotalar and
subtalar joint angles, we considered limits of agreement less than 5° to be acceptable, as this
is within the range of joint angle error that can be measured with a goniometer in the clinical
setting [25].

The repeatability of the modeling and dual-fluoroscopy methods was similar at the tibiotalar
and subtalar joints. Across all activities, directions of motion, and measurement methods, the
RMS error (across subject avg. + st. dev.) between trials ranged from 0.1°+0.1° to 5.6°+2.5°

for the tibiotalar joint and 0.6°+0.4° to 4.1°+2.8° for the subtalar joint (Table S1).
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On average, the 1 DOF model represented /n vivotibiotalar joint motion more consistently
than the 3 DOF model. During the majority of recorded stance, the average tibiotalar joint
angles predicted by the 1 DOF model were within one standard deviation of those measured
by dual-fluoroscopy for all rotation directions (Fig. 2A, top). In contrast, the average
tibiotalar joint angles predicted by the 3 DOF model were within one standard deviation of
those measured by dual-fluoroscopy for only one rotation direction, namely internal/external
rotation during the heel-strike and toe-off portions of stance (Fig. 2A, bottom). Similarly, the
1 DOF model also represented tibiotalar joint motion better than the 3 DOF model during
heel-rise (Fig. S1A). Across all activities and rotation directions, the RMS errors (across
subject avg. + st. dev.) ranged from 1.1°+0.8° to 7.2°+3.2° for the 1 DOF model and from
3.9°+1.9° t0 9.4°+3.0° for the 3 DOF model (Table S2). In terms of RMS error, the 1 DOF
model represented /in vivotibiotalar motion more accurately than the 3 DOF model. Here,
the RMS errors of the 1 DOF model were significantly smaller than those of the 3 DOF
model for both inversion/eversion and internal/external rotation during all activities (Fig.
3A).

At the subtalar joint, neither model consistently predicted joint angles measured by dual-
fluoroscopy. During stance, the average joint angles predicted by the 1 and 3 DOF models
were not within one standard deviation of those measured by dual-fluoroscopy for any
rotation direction (Fig. 2B). The 1 DOF model, however, represented average /n vivo
subtalar motion more accurately than the 3 DOF model during heel-rise, an activity during
which very little subtalar motion was observed (Fig. S1B). Across all activities and rotation
directions, the RMS errors (across subject avg. + st. dev.) ranged from 2.3°+1.2° to 8.8°
+4.2° for the 1 DOF model and from 3.1°+1.3° to 8.9°+3.6° for the 3 DOF model (Table
S2). When examining subtalar motion, the RMS errors associated with the 1 DOF model
were significantly less than those of the 3 DOF model for dorsiflexion/plantarflexion during
all activities, but significantly greater for inversion/eversion and internal/external rotation
during the heel-strike activity (Fig. 3B).

Despite significant differences between RMS errors for the 1 and 3 DOF models, neither
model could accurately predict discrete values of joint angles measured by dual-fluoroscopy
on a per-subject basis. Specifically, the Bland-Altman analysis indicated that the error
between the joint angles estimated by the models and those measured using dual-
fluoroscopy exceeded 10° for 9 of 10 subjects during at least one of the activities examined.
At the tibiotalar joint, the largest errors for both the 1 and 3 DOF models were observed in
the dorsiflexion/plantarflexion angle during heel-strike and toe-off (Fig. 4A) as well as
during heel-rise (Fig. S2A), as evidenced by the limits of agreement being widest for these
rotation directions. At the subtalar joint, based on a similar assessment of the limits of
agreement, the 1 DOF model demonstrated the largest errors for inversion/eversion during
heel-strike and toe-off (Fig. 4B-i) as well as during heel-rise (Fig. S2B-i), while the 3 DOF
model demonstrated the largest errors for dorsiflexion/plantarflexion during heel-strike and
toe-off (Fig. 4B-ii) as well as during heel-rise (Fig. S2B-ii). The fact that the calculated
limits of agreement spanned both positive and negative values for heel-strike and toe-off
(Table S3) as well as for heel-rise (Table S4) indicated that the 1 and 3 DOF models did not
consistently under- or over-estimate the joint angles measured by dual-fluoroscopy. In fact,
examination of individual trials demonstrated that the difference between joint angles
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predicted by the models and measured by dual-fluoroscopy varied substantially in
magnitude and direction during heel-strike and toe-off (Fig. 5) as well as during heel-rise
(Fig. S3).

4 Discussion

This study demonstrates that when using only skin-marker data and inverse kinematic
simulations, both 1 and 3 DOF models could predict trends in tibiotalar joint angles
measured /n vivo on a limited basis. Importantly, neither model was able to predict discrete
tibiotalar or subtalar joint angles for individual subjects. Such inaccuracies could negatively
influence predictions made by biomechanical models that input joint angles to calculate
variables such as joint moments, muscle forces, muscle activations, and joint reaction forces.
Overall, our results underscore the importance of selecting kinematic models appropriate for
addressing the scientific questions investigated, and motivate additional research to better
understand the consequences of assuming simplified kinematic representations for the
tibiotalar and subtalar joints.

Our results indicate that the 1 DOF model could predict tibiotalar angles better than the 3
DOF model for the majority of activities and rotation directions analyzed. Thus,
incorporation of more DOF at the tibiotalar joint may only serve to decrease predictive
accuracy of inverse kinematic models. This conclusion is consistent with studies that
describe tibiotalar motion as highly constrained by the bone geometry of and soft tissue
surrounding the talar mortise [26—28]. In contrast, neither model was sufficient for
representing subtalar motion during gait, an activity with substantial subtalar motion. Some
studies have suggested that the subtalar joint offers 6 DOF motion [1, 2, 13]. Thus, a more
complex kinematic model that incorporates translational motion may be necessary to
eliminate the inaccuracies in predictions of subtalar kinematics. However, further research is
necessary to determine whether the kinematic accuracy would actually improve if
translations were included. Specifically, skin-marker data alone may not provide the
information necessary to predict subtalar translations, as motion of the talus cannot be
directly measured by skin markers [6, 8]. Thus, there may be a fine balance between joint
model complexity, skin-marker data fidelity, and predictive accuracy.

As currently implemented, utilizing the 1 or 3 DOF models to predict hindfoot motion
would require that one accept large errors on a per subject basis. Specifically, the limits of
agreement calculated in our study indicate errors of 10° to 20° when estimating tibiotalar
and subtalar joint angles for individual subjects, regardless of the model used. Given that the
total range of motion for the tibiotalar and subtalar joints measured by dual-fluoroscopy was
less than 20° for all rotation directions except tibiotalar dorsiflexion/plantarflexion during
heel-rise, such errors would likely be unacceptable for studies aiming to estimate subject-
specific hindfoot kinematics. Incorporation of subject-specific parameters, including bone
geometry, joint axes of rotation, and coordinate systems, may be a pre-requisite to obtain
accurate predictions from inverse kinematic models. Alternatively, categorizing subjects into
certain subtypes of hindfoot motion based on natural anatomical variation may be necessary
to obtain accurate predictions. These recommendations are supported by previous studies
that have suggested that the high variability in reported ankle kinematics may be caused by
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subject-specific differences in gender, talar tilt, bone morphology, and ligament laxity [29-
31], and that anatomical variation in ligament location affects hindfoot motion, thereby
creating ankle subtypes requiring careful distinction [32]. In the present study, we did not
examine how modeling subject-specific factors influences predictive accuracy. Nevertheless,
quantification of the accuracy of 1 and 3 DOF kinematic models, as performed herein,
represents an important step toward developing complex hindfoot models that may have
increased accuracy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research Highlights

. Tibiotalar and subtalar kinematics were measured in vivo using dual-
fluoroscopy

. 1 and 3 DOF models were used to predict hindfoot kinematics from skin-
marker data

. Joint angles predicted by models were compared directly to dual-fluoroscopy
data

. Both models predicted trends in hindfoot joint angles, but not discrete values

. Our results underscore the importance of appropriate selection of kinematic
models
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Flowchart of experimental and computational methods. (A) For each subject, experimental
skin-marker data and dual-fluoroscopy data were simultaneously collected. Note, at the foot
and ankle, the skin-marker set included markers on the medial and lateral malleoli, calcaneal
tuberosity, dorsal aspects of the second and fifth phalanxes, dorsal web space between the
fourth and fifth metatarsals, and the dorsal-medial aspect of the first metatarsal head. (B)
Using only the skin-marker data, tibiotalar and subtalar joint angles were predicted from
inverse kinematic simulations using the 1 DOF and 3 DOF models. (C) Independently,
tibiotalar and subtalar joint angles were measured using dual-fluoroscopy. The joint angles
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predicted from skin-marker data were then compared to those measured using dual-
fluoroscopy.
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Motion of (A) tibiotalar and (B) subtalar joints during the heel-strike and toe-off activities.
Joint angles calculated using the 1 DOF model (green) and the 3 DOF model (purple) are
plotted separately to facilitate comparison with the joint angles calculated using the
experimental dual-fluoroscopy (DF) data (black). Solid lines represent average across
subjects. Given that the length of trials varied across subjects, averages were calculated for
any region for which data existed for at least 5 subjects. Shaded regions represent one
standard deviation. All joint angles are plotted versus the percentage of the stance phase of

Gait Posture. Author manuscript; available in PMC 2018 February 13.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Nichols et al.

Page 15

gait, where 0% represents heel-strike of the imaged foot and 100% represents toe-off of the
imaged foot. Dorsiflexion, inversion, and internal rotation are defined as positive.
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Figure 3.

Root mean square (RMS) errors of the (A) tibiotalar and (B) subtalar joints during each
activity. For each model, the RMS errors were calculated between joint angles predicted by
the models versus measured experimentally using dual-fluoroscopy. The RMS errors are
displayed separately for the 1 DOF (green) and 3 DOF (purple) models. Bars represent
average across subjects. Error bars represent one standard deviation, thereby illustrating
across subject variability. Asterisks (*) and displayed p-values indicate a significant
difference between the RMS errors for the 1 and 3 DOF models.
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Figure 4.
Bland-Altman plots of (A) tibiotalar and (B) subtalar joint motion during the heelstrike and

toe-off activities. Differences between motions predicted by the models versus measured
experimentally using dual-fluoroscopy (DF) are displayed separately for the (i) 1 DOF and
(ii) 3 DOF models. Within each trial (unique points) and subject (unique colors), differences
were calculated across all collected time points and then averaged. All calculated differences
are model minus experimental, thus positive values represent an overestimation by the
model. Solid lines represent mean difference (i.e., bias). Dotted lines represent 95% limits of
agreement. Dorsiflexion, inversion, and internal rotation are defined as positive.
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Figure 5.
Motion of (A) tibiotalar and (B) subtalar joints during four separate walking trials (two heel-

strike and two toe-off) from a single subject. The displayed subject demonstrated some of
the largest tibiotalar joint angle errors, as evidenced in the Bland-Altman analysis (plotted
color chosen to be consistent with Bland-Altman plots in Fig. 4). Joint angles calculated
using the models (dotted lines) are plotted separately for the (i) 1 DOF and (ii) 3 DOF
models to facilitate comparison with the joint angles calculated using the experimental dual-
fluoroscopy (DF) data (solid lines). All joint angles are plotted versus the percentage of the
stance phase of gait, where 0% represents heel-strike of the imaged foot and 100%
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represents toe-off of the imaged foot. Dorsiflexion, inversion, and internal rotation are
defined as positive.
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