
Ankle osteoarthritis (OA) is a debilitating disease that 
causes morbidity equivalent to hip OA or congestive heart 
failure.1,2) Total ankle arthroplasty (TAA) has become a 

popular option for the treatment of ankle OA with im-
provements in the prosthetic design and surgical tech-
nique.3) Recent studies have reported that TAA enhanced 
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patients’ subjective outcomes with respect to pain and 
functional abilities, as well as radiographic outcomes in 
the static state.4,5)

However, biomechanics following TAA are not yet 
fully understood. Although previous studies employed 
gait analysis, they were mainly about spatiotemporal pa-
rameters, dorsiflexion, and plantarflexion of the ankle in 
the sagittal plane. Most of these studies analyzed the gait 
of patients who underwent unilateral TAA.6,7) There were 
only a few studies regarding the change of gait patterns 
between preoperative and postoperative states of the same 
affected limb of the patient after TAA.8-11)

Gait analysis using a 3-dimensional multi-segment 
foot model (3D MFM) has recently gained popularity.12) 
Single-segment conventional gait analysis is not ideal for 
the evaluation of foot and ankle motion because the foot 
segment is misconceived as s single rigid body.13) 3D MFM 
has the potential to overcome the limitations of the single-
segment foot model, which is widely used.14) Many diseas-
es, including hallux rigidus and chronic ankle instability, 
were studied with the use of 3D MFM. However, there are 
few studies using 3D MFM to analyze the biomechanical 
changes after TAA. 

Therefore, we sought to analyze the biomechanical 
changes of the affected limb following TAA using gait analy-
sis with a 3D MFM. Our hypothesis, per previous studies 
using single-segment gait analysis, was that TAA would en-
hance the spatiotemporal parameters of patients compared 
to those in the preoperative state and increase the range of 
motion of the forefoot and hindfoot in all planes. 

METHODS
Ethical Statements
All study subjects provided informed consent, and the 
study protocol was approved by the Institutional Review 
Board at Seoul National University Hospital (IRB No. 
H-1010-047-335). All research protocols were carried out 
per the ethical standards of the Institutional Review Board 
and with the Declaration of Helsinki.

Participants
We reviewed medical records, simple radiographs, and 
gait analyses using a 3D MFM of patients who underwent 
TAA for severe varus ankle arthritis in our hospital. The 
inclusion criteria were patients (1) who completed preop-
erative and postoperative (at least 1 year after surgery) gait 
analysis using a 3D MFM, (2) with no perioperative com-
plications including postoperative infection, aseptic loos-
ening, heterotopic ossification, or periprosthetic osteolysis, 

(3) with no significant postoperative functional deficits, (4) 
with normal hip and knee joints observed from preopera-
tive scanogram radiographs, and (5) with minimal pain 
at postoperative follow-up with visual analog scale scores 
lower than 3. We excluded patients (1) who underwent 
other simultaneous procedures such as calcaneal oste-
otomy or supramalleolar osteotomy combined with TAA 
and (2) with other joint problems. As a result, a total of 
24 patients were included in our study. The demographic 
characteristics are presented in Table 1. 

All patients were operated by a single senior surgeon 
(DYL), and TAA was performed using the HINTEGRA 
(Newdeal) mobile bearing system in all patients. 

Radiographic Evaluation
Two orthopedic surgeons with more than 5 years of expe-
rience (GYP, DYK) determined the OA stage in all study 
patients from preoperative simple radiographs of the 
weight-bearing anteroposterior ankle. We employed both 
the Takakura and the Knupp ankle OA classification sys-
tems for each stage.15,16)

Gait Analysis Using an MFM
All patients underwent routine preoperative assessment 
using a 3D MFM using 15 markers upon admission to 
the hospital for surgery. Three-dimensional gait analysis 
with MFM was done according to the previously known 
protocol.13,17) Kinematic data of segmental motion of the 
foot were analyzed with Foot 3D Multi-Segment Software 
(Motion Analysis) while the patients walked along an 8-m 
track at a comfortable speed. Three representative strides 
selected from 5 individual trials were used for each patient. 
Then, spatiotemporal gait parameters including cadence, 
speed, stride length, step width, step time, and stance du-

Table 1. Demographics of Study Population

Variable Value 

Sex (male : female) 12 : 12

Age (yr) 62.3 ± 6.4

Body mass index (kg/m2) 26.2 ± 3.4

Laterality (right : left) 15 : 9

Stage

   Takakura 3a: 1, 3b: 2, 4: 14

   Knupp 1: 1, 2a: 1, 2b: 1, 2c: 4

Values are presented as number or mean ± standard deviation.
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ration were obtained. Intersegmental positions during 8 
phases of gait (initial contact, loading response, midstance, 
terminal stance, preswing, initial swing, midswing, and 
terminal swing) were collected. 

We postulated that gait analysis using a 3D MFM 
would help us better understand the structural changes of 
each segment in the foot and ankle after TAA. However, 
such structural changes may confound genuine motions of 
each segment in different gait phases between preoperative 
and postoperative states. Therefore, an additional adjust-
ment process for comparing the genuine motion of each 
segment between preoperative and postoperative states 
after TAA was done. Each intersegmental position in the 
curves of the gait graphs obtained at the final follow-up 
was subtracted by the difference between the parameter 
of the midstance phase in the preoperative gait and that 
in the final follow-up gait, according to the previous sup-
porting literature that the position of the midstance phase 
could reflect the radiographic standing position (Figs. 1 
and 2).13)

Statistical Analysis
All continuous variables including spatiotemporal gait 
parameters were analyzed using the Wilcoxon test for the 
comparison between the preoperative state and the final 
follow-up state after TAA. All statistical analyses were per-
formed using IBM SPSS software version 22 (IBM Corp.). 
The level of significance was set at p-value < 0.05.

RESULTS
Among all spatiotemporal gait parameters, both stride 
length (p = 0.024) and normalized stride length (p = 0.030) 
at the final follow-up after TAA significantly increased 
compared to the preoperative state (Table 2). When com-
paring raw curves between preoperative and postoperative 
states, there were significant differences in the loading 
response (p = 0.037), midstance (p = 0.037), initial swing 
(p = 0.043), and midswing phase (p = 0.016) in the sagittal 
plane of the hindfoot (Fig. 1). There were significant dif-
ferences in the terminal swing (p = 0.028) in the coronal 
plane of the hindfoot. There were no significant differ-
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Fig. 1. Average motion of the hindfoot in the preoperative and final follow-up after total ankle arthroplasty. The green asterisks indicate significant 
differences in comparison to the raw curve, while the red asterisks indicate significant differences in genuine motion in each gait phase. DE: 
dorsiflexion, PF: plantarflexion, Int: internal rotation, Ext: external rotation.
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Fig. 2. Average motion of the forefoot in the preoperative and final follow-up after total ankle arthroplasty. The green asterisks indicate significant 
differences in comparison to the raw curve, while the red asterisks indicate significant differences in genuine motion in each gait phase. DE: 
dorsiflexion, PF: plantarflexion, Add: adduction, Abd: abduction.
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ences in all phases in the transverse plane of the hindfoot. 
Meanwhile, there were significant differences in the 

preswing (p = 0.043) in the sagittal plane of the forefoot 
(Fig. 2). There were significant differences in all phases 
in the coronal plane of the forefoot. In other words, the 
forefoot supination was observed after TAA. There was no 
significant difference in all phases in the transverse plane 
of the forefoot. The total range of motion of all planes in 
the hindfoot and forefoot showed no significant changes 
between the preoperative and final follow-up states. 

To compare the genuine range of motion of each 
segment, we adjusted all curves of the final follow-up as 
described above. For this shift, the midstance point in the 
curves of the final follow-up was translocated to the mid-
stance point in the curves of the preoperative state (Figs. 
1 and 2). As a result, the sagittal genuine motion of the 
hindfoot in the terminal stance of TAA at the final follow-
up was significantly more dorsiflexed than that of the 
preoperative state (p = 0.016) (Fig. 1). The coronal genuine 
motion of the hindfoot in all phases showed no difference 
between the 2 groups. In the transverse plane of the hind-
foot, there were significant differences in the initial contact 
(p = 0.012), loading response (p = 0.009), and terminal 
stance (p = 0.009). 

A genuine change of the forefoot sagittal motion 
in the preswing (p = 0.006) and initial swing (p = 0.046) 
of the TAA follow-up curve showed more plantarflexion 
than that of the preoperative curve (Fig. 2). Coronal mo-
tion of the forefoot in the loading response (p = 0.026) and 

preswing (p = 0.049) of the TAA follow-up curve showed 
more supination than that of the preoperative curve. 
Transverse motion of the forefoot in the preswing (p = 
0.004) of the TAA follow-up curve showed more internal 
rotation than that of the preoperative curve.

DISCUSSION
This study confirmed that TAA significantly increased 
stride length; however, it did not increase the range of 
motion of all planes in the hindfoot and forefoot in all 
gait phases. After TAA, hindfoot was plantarflexed and 
pronated in most of the gait phases, and the forefoot was 
more dorsiflexed in the preswing phase and was supinated 
through all phases. Genuine motion of the hindfoot after 
TAA was more dorsiflexed in the terminal stance. Genuine 
coronal motion of the hindfoot showed no change after 
TAA. After TAA, the forefoot was more plantarflexed in 
the preswing and initial swing phases. Forefoot was more 
supinated in the loading response and preswing phase, 
while more internally rotated in the preswing phase. 

There were few literatures comparing preopera-
tive and postoperative states of gait patterns using MFM 
from the affected limb before and after TAA. We think 
that the lack of previous knowledge regarding this issue 
may be due to the difficulty in interpreting the gait pattern 
changes after TAA. Not only can TAA correct the whole 
structural changes such as hindfoot alignment or the talar 
tilt, but also can change the range of motion in all foot and 
ankle joints. Lee et al.13) observed that in MFM, interseg-
mental angles of each segment measured in the midstance 
phase best correlate with conventional radiographic in-
dices of foot and ankle. Thus, we analyzed gait patterns 
with 2 methodologies, including the direct comparison of 
raw gait curves between 2 groups and the comparison of 
modified curves after adjusting static changes of the foot 
and ankle after TAA.

Based on previous studies, spatiotemporal gait pa-
rameters, often referred to as the vital signs of gait, are 
known to improve after TAA.9,18) Queen et al.19) observed 
marked improvements of spatiotemporal gait parameters 
from the patients who underwent 2-component TAA, 
although they did not take account the values for healthy 
controls. Meanwhile, the other 2 studies, Valderrabano 
et al.10) and Brodsky et al.,11) using TAA with a 3-compo-
nent implant reported that stride length improved by 5 
cm and 17 cm, cadence by 5.6 cm/sec and 12.9 steps/min, 
and walking speed by 12 cm/sec and 25.6 cm/sec, respec-
tively. In our study, only stride length showed a significant 
improvement by approximately 6 cm, which was similar 

Table 2. Spatiotemporal Gait Parameters of Study Population in 
the Preoperative State and Final Follow-up State after 
Total Ankle Arthroplasty

Variable Preoperative 
(n = 24)

Final follow-up 
(n = 24) p-value

Cadence (step/min) 107.3 ± 7.2 107.6 ± 9.3 0.549

Speed (cm/sec)  92.1 ± 14.2  97.7 ± 14.2 0.063

Normalized speed (%)  57.6 ± 8.5  61.1 ± 7.7 0.059

Stride length (cm)  103.6 ± 14.8  109.2 ± 13.0 0.024

Normalized stride length (%)  64.7 ± 7.8  68.3 ± 5.9 0.030

Step width (cm)  12.5 ± 2.9  13.4 ± 3.5 0.097

Normalized step width (%)  7.8 ± 1.7  8.4 ± 2.0 0.110

Step time (sec)  0.56 ± 0.04  0.56 ± 0.06 0.511

Stance duration (%)  62.6 ± 2.1  62.6 ± 1.9 0.864

Values are presented as mean ± standard deviation.
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to the report of Valderrabano et al.10) Walking speed in-
creased by some degree, but lacked statistical significance. 
These discrepancies may be due to several factors: racial 
differences, different levels of sports activities, or the small 
number of the study population. 

Previous studies using a 2- or 3-component TAA sys-
tem reported improvements in sagittal motion of 4°, inver-
sion movement of 1.1°, and transverse motion of 1.6°.10,11,20) 
Brodsky et al.8) noted less overall motion in all planes after 
TAA compared to the unaffected limb in their gait study 
using MFM. We also observed that the overall range of 
both hindfoot and forefoot motion in all planes showed 
no significant improvements after TAA. We assumed that 
the unchanged spatiotemporal parameters except for stride 
length may be related to no changes in the range of motion. 
The preservation of the range of motion of the hindfoot and 
forefoot may be our expected outcome after TAA, rather 
than an additional gain of range of motion.

Our comparison of raw gait curves between the 2 
groups revealed that the outcome of gait analysis using 
an MFM would reflect the correction of static structural 
deformity caused by TAA. Our study population was 
patients with varus ankle OA, with varus hindfoot and 
pronated forefoot. Thus, the hindfoot in the final follow-
up curve after TAA was significantly pronated in several 
phases, while the forefoot was supinated in all phases. The 
possible reason the hindfoot is not significantly pronated 
in several phases unlike the forefoot would be the genuine 
motions of the hindfoot may be much improved by TAA 
than those of the forefoot, masking the structural change 
in several phases.

After TAA, we expected that neutral alignment of 
the hindfoot would enable further supination of the hind-
foot in the preswing phase followed by powerful push-off 
compared to the preoperative state with varus hindfoot. 
However, coronal movements showed no differences be-
tween the 2 groups. We think that a limited subtalar range 
of motion in advanced ankle OA cannot be restored after 
TAA. In this context, in patients with simultaneous subta-
lar and tibiotalar OA, subtalar fusion combined with TAA 
would not result in further functional impairment com-
pared to TAA alone, in terms of hindfoot range of motion. 
Although our study patients had no symptoms or radio-
graphic evidence of subtalar arthritis, soft-tissue adhesions 
or small osteophytes in the ankle joint may limit the range 
of motion of the subtalar joint. There were significant 
improvements in several genuine motions, including dor-
siflexion in the terminal stance after TAA, which may be a 
preceding step to enhanced spatiotemporal parameters. 

This study has several limitations. First, the effect 

of OA stage or clinical subjective score on gait pattern fol-
lowing TAA was not considered in this study. Symptoms 
or severity of ankle OA could have affected the outcome 
of this study. However, all study population had end-stage 
OA and required surgery as conservative treatment failed. 
All patients showed no antalgic gait during the preopera-
tive gait study because the gait did not cause pain as the 
track was short (8 meters). Second, hindfoot alignment 
was not measured in gait analysis because this parameter 
was not routinely assessed in the past. Debate over the 
accurate measurement of hindfoot alignment is ongoing. 
Moreover, we performed additional comparisons after the 
correction of the baseline difference of structural changes 
to overcome this limitation. Third, varied postoperative 
follow-up periods at which gait analyses were performed 
might affect gait patterns. However, all follow-up gait 
analyses were done at least 1 year postoperatively. There 
were also no specific events that could have affected gait 
outcomes between TAA surgery and the follow-up gait 
analysis in all cases. 

In conclusion, contrary to the belief that TAA may 
result in a mildly increased range of motion, TAA could 
not cause a biomechanical improvement of segmental mo-
tions in the forefoot and hindfoot, except for the structural 
changes of the bone. Clinicians can consider this informa-
tion during preoperative counseling for TAA. 
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