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ARTICLE INFO ABSTRACT

Background: Subtalar fusion usually leads to a satisfactory clinical outcome by eliminating the motion of the
subtalar joint but can cause an aggravation of osteoarthritis after the subtalar fusion. Previous studies have
investigated the effect of subtalar fusion in static testing using cadaver limbs, but there was no evidence of an
aggravation of osteoarthritis.

Research question: The objective was to investigate the differences in foot joint kinematics and kinetics during a
standing pose and walking with and without subtalar fusion, using a musculoskeletal simulation.

Methods: Full-body joint kinematics, ground reaction force, and foot pressure of the healthy subjects were re-
corded during walking using an optical motion capture system. The models with and without subtalar fusion
were constructed using the AnyBody Modeling System (AnyBody Technology, Aalborg, Denmark). The range of
motion and contact forces in the individual foot joints with and without simulated subtalar fusion in healthy
subjects were estimated using computational simulation and compared using the Wilcoxon signed-rank test. The
change of motion in the Chopart’s joint was observed.

Results: Normalized to the subject’s body weight (BW), the average maximum contact forces in the tibiotalar and
Lisfranc joints during walking were significantly increased by 2.6 and 0.9 BW with the simulated subtalar joint
fusion, respectively. The simulated subtalar joint fusion increased joint contact forces significantly during
walking, which can increase the risks of secondary arthritis in the adjacent joints.

Significance: The subtalar joint fusion increased the joint contact forces in adjacent joints during walking im-
plying that the fusion can increase the risk of secondary injuries in adjacent joints in the foot.
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1. Introduction

The subtalar joint between the talus bone and the calcaneus bone
plays a significant role in transmitting the body's load to the foot and
helps provide efficient and stable ankle kinematics during walking [1].
Surgery is considered in the case of an abnormality in the subtalar joint
that did not respond to conservative treatment [2]. Subtalar fusion by
inserting a screw between the talus and the calcaneus is often preferred
to alleviate the symptoms of the patients suffering from severe pain or
deformity of the foot joint in weight bearing. Isolated subtalar joint
fusion is a widely accepted treatment for diagnoses such as post-trau-
matic arthrosis, osteoarthritis, talocalcaneal coalition, and in-
flammatory foot joint disease [3], and fair clinical outcomes in patients
were reported with respect to subtalar fusion in evaluation studies
[4,5].
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However, although subtalar joint fusion usually leads to a satisfac-
tory clinical outcome, the fusion can cause secondary osteoarthritis in
other joints [68]. A risk of secondary osteoarthritis in adjacent joints
after subtalar joint fusion was reported in long-term follow-up studies
[8]. The rate of secondary osteoarthritis in the tibiotalar joint after
subtalar joint fusion was up to 30% in a review of the published lit-
erature [8]. Furthermore, even in forefoot joints, postoperative se-
quelae requiring additional surgical treatment has occurred after sub-
talar fusion [6].

The effect of a subtalar fusion on the biomechanics of adjacent foot
joints was investigated using cadaveric feet [2,9]. The hindfoot triple
fusion increased contact stresses in the tibiotalar joint in cadaveric
specimens [9]. Isolated subtalar fusion in cadaveric feet decreased
contact force and areas under static conditions [2]. Meanwhile,
knowledge of the change of kinematics and kinetics in the foot during
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motion, such as while walking after subtalar fusion, is necessary to help
understand the mechanisms of secondary injuries. Changes of joint ki-
nematics and foot pressure with subtalar fusion during walking were
analyzed in previous studies [10,11]. Tibiotalar and subtalar joint fu-
sions changed the net ankle moment during walking [11].

The joint contact forces acting on the foot and ankle joints are key
factors to consider in the progression of osteoarthritis [12]. Internal
biomechanics during daily activities can be predicted from measured
kinematics and external forces using computational simulation
methods. The effect of spinal fusion in adjacent spinal joints was stu-
died using musculoskeletal simulation [13]. In addition, recently, a
detailed foot model has been introduced that can predict joint reaction
forces at the tibiotalar [12,14], calcaneocuboid [15], tarsometatarsal,
and metatarsophalangeal (MTP) joints [16] during walking.

The aim of this study was to estimate the contact forces in foot joints
during walking, using a musculoskeletal dynamic simulation of a multi-
segment foot model to understand the effect of subtalar fusion on foot
kinetics. It was hypothesized that subtalar joint fusion would lead to
increased joint contact forces in the tibiotalar joint and adjacent foot
joints due to changed foot kinematics after subtalar joint fusion during
walking when compared with that in intact feet. Subtalar fusion was
simulated in healthy subjects.

2. Methods
2.1. Data acquisition

This study was approved by the Chung-Ang University Institutional
Review Board, and written consent was obtained from each subject
before testing. Kinematics, ground reaction forces (GRF), and foot
pressure data were collected from 10 healthy subjects (all males, age
24.7 + 1.2 years, height 176.5 + 4.4cm, and body weight
72.9 = 7.9Kkg). They walked barefoot at a self-selected walking speed
on a walkway with a force plate (AMTI OR-6, Advanced Mechanical
Technology, Inc., Watertown, MA USA). A pressure mat (FDM-S, zebris
Medical GmbH, Isny im Allgdu, Germany) was placed on top of the
force plate with a thin rubber sheet between them to minimize slip
between them. The plug-in gait marker set and the Oxford Foot Model
marker set were placed on each subject, and marker trajectories were
recorded using an electronic optical motion capture system with six
cameras at 100 Hz (MX T-10, Vicon Motion Systems Ltd., Oxford, UK).
Simultaneously, GRF and foot pressure were recorded at 1000 and
500 Hz, respectively. The kinematics, GRF, and foot pressure data were
synchronized and resampled at 100 Hz, which were then further pro-
cessed from heel-strike to toe-off during the stance phase of walking.
Additionally, standing-pose data were collected with the same experi-
mental protocol.

2.2. Musculoskeletal model

We recently developed a five-segment musculoskeletal foot model
by modifying the detailed foot model in the AnyBody Managed
Modeling Repository [16] and integrated it with a full-body muscu-
loskeletal model for quantifying moments in foot joints [17]. This five-
segment foot model consists of five rigid segments (talus, calcaneus,
midfoot, metatarsals, and toes) and five joints (tibiotalar, subtalar,
Chopart’s, Lisfranc, and MTP joints), as shown in Fig. 1. The foot model
has nine rotational degrees of freedom, including flexion/extension at
the tibiotalar, Chopart’s, Lisfranc, and MTP joints; abduction/adduction
at the Chopart’s, Lisfranc, and MTP joints; and inversion/eversion at the
subtalar and Chopart’s joint. Twenty-one muscles and 17 ligaments
were incorporated in the skeletal model. The predicted temporal pat-
terns of the muscle excitation level were compared with that in pre-
vious electromyographic studies. The tibialis anterior muscle was ac-
tivated at around 10% of the stance phase similar to that in a previous
study [16], and the excitation level of the tibialis posterior muscle was
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the highest immediately after heel strike during the stance phase of
walking similar to that in a previous study [18]. The predicted joint
contact forces also agreed with that shown in previous studies [14,16].
The inversion/eversion degree of freedom at the subtalar joint was
removed to represent a subtalar-fused foot model.

2.3. Musculoskeletal simulation

The measured body marker trajectories were input into the full-
body template model with our five-segment foot model. The kinematics
of the joints were estimated in the kinematics optimization routine in
the AnyBody Modeling System by matching the marker locations on the
model to those on a subject [19]. The trajectories of 20 markers on the
leg, including 12 markers on the foot, determined the kinematics of the
lower limb and foot joints. We referred to a previous study [20] for
anatomical landmarks for marker positions. Scales of the five foot-
segments and marker positions were adjusted to minimize the differ-
ence between the marker locations on the model and the trajectories of
the markers on each subject in the kinematics optimization routine. The
markers attached to each segment and the adjustable directions of each
marker are shown in Fig. 2A. Markers with a low observer (or place-
ment) error such as D5SMT (the distal end of the fifth metatarsal) were
excluded from optimization. Additionally, nine markers were placed on
each leg as shown in Table 1. Each bone segment in the foot model was
linearly and uniformly scaled in all three orthogonal directions. The
attachment points of the muscles and ligaments were adjusted ac-
cording to the scaled shapes of the bone segments. The initial lengths of
the muscles and ligaments were adjusted according to the scaling of the
foot geometry while maintaining the muscle strength and ligament
stiffness.

The GRF measured at the center of the foot pressure was divided by
the ratio of the sum of the pressure under each foot segment [21]. To
input distributed GRFs into the foot segments, multiple nodes were
attached to each foot segment (calcaneus: 31, midfoot: 36, metatarsals:
73, and toes: 30), and the total number of nodes was 170 as illustrated
in Fig. 2B. The nodes in a segment could provide the GRF that was
distributed to the segment using foot pressure data. To synchronize the
coordinate systems between the pressure mat and the force input nodes
in the model, the position of each cell on the pressure mat was trans-
formed to the motion capture coordinate system using markers attached
to the four corners of the pressure mat. The distributed forces of the
cells in the pressure mat were transmitted to the closest foot node es-
timated from the kinematics optimization routine.

Joint kinematics and distributed GRFs were input to the full-body
musculoskeletal model with our custom foot. An inverse dynamics-
based optimization in the AnyBody Modeling System was performed at
each instance of the input data to estimate the kinetics of the human
musculoskeletal system, which included forces of the muscles and li-
gaments. The optimization routine minimized the maximum activation
levels (force divided by strength) of the muscle actuators [22]. The
force between two adjacent bones was calculated at each joint in Fig. 1
during the kinetics estimation routine.

2.4. Statistical analysis

Temporal forces of muscles around the ankle and joint contact
forces in the tibiotalar, Chopart’s, Lisfranc, and MTP joints of intact and
subtalar-fused feet were estimated during a standing pose and in the
stance phase of walking of 10 subjects. All force data were normalized
by the subject’s body weight (BW). The data did not have normal dis-
tribution according to the Shapiro-Wilk test. Thus, the two groups were
compared using the Wilcoxon signed-rank test. The normalized muscle
forces and normalized joint contact forces of the two groups were
compared at 11 equally spaced discrete timepoints (or every 10%) of
the stance phase [23] with the Wilcoxon signed-rank test (matched
pairs) with statistical significance established using a P-value of 0.05/
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Fig. 1. The structure of the foot model consists of five segments, five joints, 21 muscles, and 17 ligaments.
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Fig. 2. (A) Nine skin markers from the Oxford Foot Model and
three additional markers at the tips of the toes were attached on
the five-segment foot model. The color of the markers represents a
rigid body group of segments. The arrows with dashed lines show
the directions to be adjusted during the kinematics optimization
routine, (B) The nodes in a segment could provide the ground

Table 1

Average (one standard deviation) range of motion (ROM) in degrees for the foot
joints around the talus during stance of walking in intact and subtalar-fused

foot models (Flex.: Flexion, Ext.: Extension, Inv.: Inversion, Eve.: Eversion,
Abd.: Abduction, Add.: Adduction).

Joint Ankle Subtalar Chopart's

ROM Flex./Ext. Inv./Eve. Flex./Ext. Abd./Add. Inv./Eve.

Intact foot 156 + 3.7 8.1 * 2.0* 238 + 41* 7.2 + 16 85 = 3.7
model

Subtalar- 16.1 = 2.3 0.0 = 0.0 26.7 = 42* 84 = 3.7 57 *1.8
fused
model

* Significantly different between

the intact and subtalar-fused model (P-
value < 0.05).

11 = 0.0045 with Bonferroni correction. Maximum joint contact forces
in each foot joint during the stance phase of the two groups were also
compared. To test the differences in the joint kinematics, the range of
motion (ROM) of the tibiotalar, subtalar, and Chopart’s joints along the
three orthogonal axes were estimated and compared between the two
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reaction force (GRF) that was distributed to the segment.

groups using the Wilcoxon signed-rank test. Statistical analyses were
performed using IBM SPSS Statistics for Windows (version 23; IBM

Corp., Armonk, NY, USA) with statistical significance established at a P-
value < 0.05 for all comparisons.

3. Results

The ROM of subtalar inversion/eversion was 8.1 * 2.0 degrees in
the intact foot model, which was significantly higher than that in the
subtalar-fused foot model. Among the joints around the talus, the
subtalar fusion significantly increased only the Chopart’s flexion/ex-
tension ROM by 2.9 degrees, as shown in Table 2.

The forces of the muscles around the ankle during the stance phase
of walking were estimated in the dynamic simulation and are presented
in Fig. 3. The forces in the peroneus muscle, an ankle plantar flexor, and
the extensor digitorum longus muscle, an ankle dorsiflexor, were sig-
nificantly increased at the late stance phase in the subtalar-fused model.

The maximum force of the peroneus muscle ranged from 0.2 to 5.1 BW
in the intact model and from 0.7 to 6.3 BW in the subtalar-fused model
during the stance phase. The maximum force of the extensor digitorum
longus muscle ranged from 0.3 to 2.3 BW in the intact model and from
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Table 2

Average (one standard deviation) joint contact forces normalized by body
weight in the ankle, Chopart’s, Lisfranc, and MTP joints during the standing

pose.
Joints Intact foot model Subtalar-fused model
Ankle 2.4 = 0.9% 2.3 + 0.8*
Chopart’s 0.8 = 0.5 0.8 = 0.4
Lisfranc 1.0 = 0.5 1.0 = 0.5
MTP 1.1 = 0.4 1.1 = 04

* Significantly different between the intact and subtalar-fused model (P-
value < 0.05).

0.4 to 5.4 BW in the subtalar-fused model.

The joint contact force in the tibiotalar joint had a significant in-
crease of 1.7 BW on average during 80-90% of the stance phase of
walking, as shown in Fig. 4. The maximum tibiotalar joint contact force
increased from 8.7 = 3.0 BW to 11.3 = 3.1 BW. The joint contact
forces in the Lisfranc joint with subtalar fusion had significant increases
during the 80-100% of the stance phase by an average 0.5 BW. The
maximum Lisfranc joint contact force increased from 2.6 = 1.2 BW to
3.5 £ 1.7 BW.

The joint contact forces during a standing pose were also obtained.
The average joint contact forces in the tibiotalar joint in the intact foot
model and subtalar-fused model were 2.4 and 2.3 BW, respectively. The
joint contact forces in the tibiotalar joint were significantly decreased
with subtalar fusion by 0.1 BW, while the joint contact forces in the
Chopart’s, Lisfranc, and MTP with both models were 0.8, 1.8, and 1.1
BW, respectively.

4. Discussion

A musculoskeletal model of the foot and ankle was constructed to
understand the kinematic and kinetic changes during walking in the
foot and ankle after subtalar fusion, using a simulation method.
Significant changes in foot kinematics, muscle forces, and joint contact
forces were observed between the model with subtalar fusion and
without subtalar fusion.

Subtalar fusion caused changes in the motion of the Chopart’s joint
adjacent to the subtalar joint. An increase of the ROM in the adjacent
foot joint after subtalar fusion during static pose was reported in a
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cadaveric study [2], while there are no reported studies on patients
with subtalar fusion using a multi-segment foot model. Wu et al. (2005)
[10] reported changed kinematics in major joints such as the hip and
knee after subtalar fusion during walking. In the case of tibiotalar fu-
sion, increased ROM in the forefoot joint during walking was observed
in a previous study [24]. This was explained by the mechanism of ki-
nematic compensation of a fused joint by the other joints. In our si-
mulation results, the increased ROM of the Chopart’s joint compensated
for the foot mobility after subtalar fusion and changed the kinetics of
the foot.

The contact force in the tibiotalar joint during walking was sig-
nificantly increased in the subtalar-fused model. The difference in ti-
biotalar joint contact forces between the intact and subtalar-fused foot
may have originated from an abnormal joint motion in the patients with
a subtalar fusion. The motion of the subtalar joint plays a significant
role in the pronation mechanism of the foot [25]. Pronation of the foot
is the mechanism to attenuate the loading at the instant of ground
contact during walking. The pronated foot helps the body’s forward
progression and adapts to irregular surfaces [26,27]. Decreased pro-
nation of the foot in the subtalar-fused model impaired the stability of
the body during walking. The plantar flexors, such as the soleus and
peroneus which play important roles in body support and forward
progression during walking [28], were overloaded to compensate for
the lost stability. Increased tibiotalar joint contact force due to ab-
normal muscle contraction leads to secondary osteoarthritis after sub-
talar joint fusion. Our findings suggest that biomechanical changes
during a dynamic condition in the subtalar-fused model could be re-
lated to secondary osteoarthritis in the tibiotalar joint after subtalar
fusion.

Increased joint contact forces in the Lisfranc joints were also ob-
served in the subtalar-fused model. Overloaded plantar flexor muscles
resulted in increased joint contact forces in the distal foot joints. Co-
activation of the antagonist was necessary to maintain joint stability
[29]. The force of the ankle dorsiflexor, such as an extensor digitorum
longus muscle, was increased, as the force of plantar flexors increased
in the subtalar-fused model. An increase in the force of the dorsiflexor,
which is connected to the toes, caused an increase in the distal joint
contact force. In clinical studies, some patients with subtalar joint fu-
sion had additional degenerative changes and underwent postoperative
treatment in the calcaneocuboid and talonavicular joints in prospective
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studies [6,7]. This clinical outcome suggests that biomechanical
changes in the distal joints occurs during daily activity after subtalar
joint fusion. Thus, the clinician should carefully observe the distal joint
during follow-up and prescribe orthotics to prevent increased contact
force in the distal joint. It is necessary to understand the precise surgical
technique to predict accurately the postoperative condition.

On the other hand, in our results, the joint contact forces in the
Chopart’s, Lisfranc, and MTP joints during the standing pose were not
changed after subtalar joint fusion. The fusion of the subtalar joint re-
moved the motion in the subtalar joint and set it at the original position.
The tibiotalar joint contact force during the standing pose was sig-
nificantly increased after fusion of the subtalar joint, but the amount of
increase, while statistically significant, was very small. Hutchinson
et al. (2016) [2] investigated the change of contact forces in the ti-
biotalar joint following subtalar fusion in a cadaveric study, but the
tibiotalar joint contact pressure after subtalar joint fusion during the
standing pose was decreased. In other words, an increase of contact
stress after subtalar fusion was not shown in that study [2]. Subtalar
fusion was verified as an effective treatment for hindfoot deformity
correction in X-ray images during a standing pose [4]. In our results, the
absolute change of the forces in the tibiotalar joint were small after
fusion of the subtalar joint during the standing pose and may not affect
degeneration in the tibiotalar joint as reported in a previous study [2].

A limitation of this study was that skeletal kinematics were obtained
using only an optical motion capture system. Measuring talus bone
movement using attached skin markers is difficult because it is not
exteriorly palpable. Accurate subtalar joint kinematics were measured
using a bi-planar fluoroscopy system in our previous study [1]. It was
reported that subtalar joints gradually everted during the early stance
phase, while they were inverted in the late stance phase, and the ROM
of inversion/eversion in the subtalar joint was 6.6 + 4.5 degrees. Our
measurement of temporal patterns in the subtalar inversion/eversion
motion agreed with those in our previous study [1], and ROM in the
subtalar joint was similar to our previous findings. Another limitation is
that the kinematics and kinetics in subtalar fusion were predicted with
simulated subtalar fusion in healthy subjects. It is assumed that marker
trajectories and GRFs will not change after subtalar fusion in patients.
Although there is variation depending on the surgical technique used
for fixing motion between the talus and the calcaneus bone [30], we
assumed that joint motion was absolutely constrained after joint fusion.

In conclusion, we used musculoskeletal simulation to determine the
muscle forces and joint contact forces in the foot joints with and
without subtalar joint fusion during standing pose and walking. We
found that subtalar joint fusion had little effect on joint forces during
the static pose but it significantly increased the joint forces in adjacent
joints during walking in our simulations, which could be the cause of an
increase of secondary injuries such as osteoarthritis in adjacent joints
after subtalar 6-8.
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