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Abstract 

Background: Studies have shown that gait asymmetry and activity limitation can 
persist several months or years after ankle fracture. However, evidence of gait and trunk 
movement patterns following ankle fracture during the early rehabilitation period is 
scarce. Thus, we compared gait patterns and trunk movement during the early phase 
of rehabilitation between patients with ankle fracture and matched controls.

Methods: Ten patients with ankle fractures, and ten age‑ and sex‑matched healthy 
controls were prospectively enrolled. An automated infrared‑assisted, trunk accelerom‑
eter‑based gait analysis system was used to measure walking speed, step length, and 
cadence. The median time of the evaluation following ankle fracture was 4.0 months. 
Trunk movement intensity was evaluated as acceleration root mean square. Trunk 
movement symmetry and regularity were analysed using the autocorrelation method. 
Differences in gait characteristics between the patient and control groups were ana‑
lysed using the Mann–Whitney U test. Follow‑up assessment of falls was performed 
24 months after the fracture. The correlations between Lower Extremity Functional 
Scale (LEFS) scores/falls and gait parameters were evaluated using Spearman’s rank 
correlation coefficient.

Results: Walking speed (p = 0.019), step length (p = 0.023), cadence (p = 0.003), and 
trunk movement intensity in anterior–posterior and vertical axis (p = 0.001, p = 0.003, 
respectively) were all significantly lower in the ankle fracture group than in the control 
group. Trunk movement symmetry in vertical direction (p = 0.019) decreased signifi‑
cantly in patients with ankle fractures, whereas between‑strides regularity did not differ 
between groups. LEFS scores were moderately correlated with walking speed (r = 0.60, 
p = 0.044) and step length (r = 0.68, p = 0.021). During the 24 months after the fracture, 
3 falls were reported by 3 patients. Trunk acceleration root mean square ratio in medi‑
olateral axis (r = 0.72, p = 0.018) was highly correlated with future falls.

Conclusion: During early rehabilitation, patients with ankle fracture may develop 
trunk movement asymmetry in the vertical direction accompanied with slower walking 
speed and cadence, and smaller step lengths, which can contribute to muscular imbal‑
ances and potential injury. Thus, proper rehabilitation strategies should be employed 
for these patients.
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Background
Ankle fracture is one of the most common lower limb fractures [1]. Patients with ankle 
fractures often have pain, weakness, stiffness, swelling, activity limitations, and reduced 
participation in work and recreation [2]. Reduced participation, increased complaints of 
pain in the extremities and spine, and increased fatigue may affect their life in physical, 
psychological, and social domains years after the initial injury [3, 4]. Several studies have 
reported short- and long-term results after surgery [5–7]. However, most of them used 
radiographic tools and subjective functional evaluations to determine patient outcomes.

Evaluation of disability following ankle fracture is commonly based on indicators such 
as American Orthopedic Foot and Ankle Score (AOFAS) [8], Olerud–Molander Ankle 
Score (OMAS) [9], and Lower Extremity Functional Scale (LEFS) during rehabilita-
tion [10, 11], which incorporate subjective or objective factors into numerical scales to 
describe function, alignment, and pain. Although such grading systems provide a simple 
way to know the degree of disability and patient’s mobility, many parameters are subjec-
tively assessed. Furthermore, grading systems are designed to describe the general status 
of patients but not designed to describe subtle changes of gait parameters. Since a large 
majority of hospitals have limited access to a gait analysis laboratory, a more affordable, 
accessible, and objective method is required to quantitatively measure gait quality in a 
clinical setting.

Trunk accelerometry has several advantages. It is lighter, more economic and afford-
able than the force plates or 3-dimensional motion capturing systems [12, 13]. A tri-axial 
accelerometry can measure anterior-posterior (AP), Medio-lateral (ML), and vertical 
(VT) data of acceleration, which can evaluate the gait quality and objectively assess the 
rehabilitation intervention outside the laboratory [14]. It also can measure the body cen-
tre of mass movement during gait cycle [15, 16]. Reliability and validity of accelerometer-
based gait analysis (AGA) systems have been established [17–20] and proved as good as 
a 3-dimensional motion capturing system for gait event detection and temporal-spatial 
parameters [21].

During normal gait cycle, trunk movement is characterized by a flexion peak near each 
heel strike in the sagittal plane and it reaches maximal range of motion in the frontal 
plane at the time of toe off [22]. Several studies have shown that trunk plays a crucial 
role in hemiplegic gait of stroke adults [23, 24] and crunch gait of cerebral palsy children 
[25]. A recent systemic review stated that stroke patients have increased, asymmetric 
and unstable trunk movement [26]. Moreover, the correlation between trunk position 
and ankle joint kinematics had been recently reported in children with cerebral palsy 
[25]. However, few gait or trunk kinematics studies have focused on ankle fractures in 
the current literature. Lower walking speed, decreased stride length and reduced inter-
nal dorsiflexion moment in the injured ankle joint following heel contact were observed 
in ankle fracture patients 1 year after surgical treatment [1]. Asymmetric distribution of 
plantar pressure following ankle fracture was noted in one study, but no perfect sym-
metry was found in control subjects [27]. Furthermore, surgically-treated ankle fracture 
patients presented limb asymmetry and decreased walking speed, measured by a port-
able walkway system [28]. Using an inertial measurement system at lower limb, patients 
with ankle fracture were found to have lower range of motion of gait cycle in thigh and 
calf, and a longer stride duration than the control group [29]. Wang et  al. had used a 
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3-dimensional motion capturing system and found that patients following ankle frac-
tures displayed deceased step and stride length; less ankle joint plantar flexion in the 
sagittal plane, but not in the frontal and transverse planes [30]. Although these studies 
found impaired temporal-spatial gait parameters and limb asymmetry in ankle fracture 
patients, few of them evaluated trunk kinematics (movement acceleration, symmetry 
and regularity) during gait cycle with an AGA system. Our primary hypothesis was that 
patients with ankle fracture would have lower walking speed, step length, cadence, and 
trunk movement symmetry and regularity than healthy controls in the first few months 
of rehabilitation. Understanding the characteristics of trunk kinematics and the associa-
tion between gait parameters and functional measurements/future falls with impaired 
physical mobility in patients after ankle fractures will help clinicians develop rehabilita-
tion plans, evaluate rehabilitation outcomes and prevent future fall events.

The primary aim of this study was to assess the gait and trunk movement differences 
between ankle fracture patients and able-bodied subjects with the use of a trunk AGA 
system in the hospital. The secondary aim was to assess the association between gait 
parameters and ankle functional outcomes/future falls.

Materials and methods
Participants

Adult participants were prospectively recruited from the rehabilitation department of 
a teaching hospital if they fulfilled the following inclusion criteria: ankle fracture (uni-
malleolar, bimalleolar, trimalleolar) treated with cast immobilization ± open reduction 
and internal fixation; able to walk 10 meters without a walking aid; referral to outpa-
tient physical rehabilitation for treatment. The exclusion criteria included an injury 
unrelated to the ankle fracture, postoperative complications such as active infection or 
deep vein thrombosis, and neuromuscular conditions that could alter gait. All patients 
were instructed to avoid weight bearing activities for at least 6 weeks following the initial 
injury. Their median age was 38.0 (interquartile range: 18.0) years. Their median time 
of the evaluation following ankle fracture was 4.0 (interquartile range: 5.0) months. We 
included ten healthy individuals who were age and sex matched (± 1 years) to the ankle 
fracture group as the control group. Both the patients and the healthy subjects provided 
written informed consent. The study had been approved by the institutional review 
board of the hospital.

Measuring system

The gait analysis system used in the present study was composed of a tri-axial accel-
erometer (ADXL345, Analog Devices, Norwood, MA, USA), an infrared unit, a laptop 
computer, and one strap, which had been published elsewhere in detail [20]. The tri-axial 
accelerometer was embedded in a wireless sensor unit, measuring 69.5 × 45.5 × 14.5 mm 
(length × width × height) in size. This automated infrared-assisted, trunk AGA sys-
tem could reliably detect temporal-spatial gait parameters (walking speed, step length, 
cadence), as well as trunk movement symmetry and regularity during gait cycle in the 
hospital environment [20]. In brief, the accelerometer was calibrated before starting 
measurements. When a subject passed the infrared unit at the starting line, the sys-
tem would automatically collect trunk accelerometric data. Linear accelerations were 
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measured along the AP, ML, and VT axes, sampled at 100 Hz, and synchronized (Fig. 1). 
When a subject passed the infrared unit at the end line, the system would also automati-
cally stop. The data of 5 m walk was real-time automatically analysed and stored in the 
gait analysis system immediately after the measurement completed [20].

Experimental protocol

Each subject was asked to stand while the accelerometer was secured, using a strap, on 
the midline of low back between the L3 and L4 vertebrae. Participants were allowed 
walking two times for trial before the real measurement. Then, participants were asked 
to walk twice for a total of 8 meters, which allowed 1.5 m for gait initiation and termina-
tion, respectively. The following mean value of two measured parameters were evalu-
ated: walking speed, step length, cadence, trunk movement symmetry and regularity, 
acceleration root mean square (RMS) in the AP, ML, VT directions, and acceleration 
RMS ratio (RMSR) in the ML direction.

Gait parameters

Walking speed was calculated by dividing the 5-m walking distance by the walking time.
Step count was determined by the formula: Total step count = Integer step count + the 

initial step + the final step [20]. The integer step count was determined by the AP accel-
eration peak at the time of heel strike (Fig. 1) [17]. With infrared assist, the initial and 
last step count was estimated by the time interval between the first/last integer step and 
the start/end line.

Cadence was calculated by dividing the total step count by the walking time.

Fig. 1 The typical plot of lower trunk tri‑axial acceleration signals from both ankle fracture patients and 
healthy participants during 5 m of self‑selected comfortable walking samples at 100 Hz. The two black bars 
represent the moment of infrared‑defined gait initiation and termination. The black arrow indicates the start 
of the measurement. The white arrow indicates the end of the measurement. The asterisks around peak AP 
acceleration values indicates initial foot contact of each integer step. AP anterior–posterior, ML medio‑lateral, 
VT vertical
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Step length was calculated by dividing the 5-m distance divided by the total number of 
steps taken.

Acceleration RMS in the AP, ML, VT directions was utilized to represent trunk move-
ment intensity [31], the average magnitude of acceleration along each three-dimensional 
axis, during the 5-m walking period.

Acceleration RMSR in the ML direction represents the ratio between acceleration RMS 
in ML direction and the acceleration RMS vector magnitude [32]. RMSR could be useful 
as RMS normalization, since RMS is highly sensitive to walking speed [31]. RMSR in ML 
direction is a more effective measure for detecting gait differences than that in AP and 
VT directions because it does not correlate with preferred walking speed and was found 
to be a potential indictor of gait abnormality [32].

Symmetry and Regularity of trunk movement in AP and VT directions was estimated 
from the auto-correlation (AC) method proposed by Moe-Nilssen [33]. The AC coef-
ficient is an estimate of the similarity of the time series with itself at a given time-shift. 
The first (Ad1) and second (Ad2) dominant period represent phase shifts equal to one 
step and one stride, respectively. (Between-step) symmetry of trunk movement was the 
value of autocorrelation coefficient corresponding to Ad1 dominant period. (Between-
stride) regularity was the value of the autocorrelation coefficient at Ad2 dominant 
period, which expressed the similarity between strides over time. The closeness of the 
AC coefficient to 1.0 reflects high symmetry or stride regularity [22].

Lower Extremity Functional Scale (LEFS)

Before the gait analysis, the ankle fracture group was evaluated for activity limitations 
using the Chinese version of LEFS [10]. The LEFS was designed to assess the functional 
status of patients with orthopaedic conditions of the lower extremity [11], such as ankle 
fractures [34]. The items are rated on a 5-point scale, from 0 (extreme difficulty/unable 
to perform activity) to 4 (no difficulty), allowing us to evaluate the degree of difficulty in 
doing different physical activities. The LEFS is scored between 0 and 80, with 0 indicat-
ing worst functional status and 80 indicating optimal function. This questionnaire was 
completed by the patients.

Fall assessment

Patients who completed the gait analysis were contacted by telephone 24  months 
after the ankle fracture. The following questions were asked: Did you fall during the 
24 months after the fracture? A fall was defined as the patient unintentionally coming to 
rest on the floor or a lower level that is not because of a major intrinsic event.

Statistical analysis

Nonparametric 1-sample Kolmogorov–Smirnov tests were calculated to compare the 
observed cumulative distribution function for the continuous variables with the normal 
theoretical distribution. Group differences for age, body height, body weight, and sex 
were assessed using Fisher’s exact test or Mann–Whitney U test. Differences between 
the control and patient groups for gait characteristics were analysed using the Mann–
Whitney U test. The Spearman’s rank correlation coefficient was used to identify asso-
ciations between gait parameters and LEFS/future falls. Correlation coefficients were 
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interpreted as follows: 0.9–1.0, very high correlation; 0.7–0.89, high correlation; 0.5–
0.69, moderate correlation; 0.26–0.49, low correlation; and 0–0.25, little if any correla-
tion [24]. Sample size calculations were based on detecting 20 cm/s [35] in the walking 
speed between two groups, assuming a standard deviation of 29 (cm/s), a two-tailed test, 
an alpha level of 0.05, and a desired power of 80%. Based on these calculations, the mini-
mum sample size was estimated to be 6 participants per group. The data were analysed 
using SPSS software, version 21.0 (IBM Corp., Armonk, NY, USA). The significance level 
was set at p < 0.05 for all tests.

Results
Patient flow through the study is described in Fig.  2. Ten patients, including seven 
females and three males, who fulfilled our inclusion criteria and ten healthy subjects 
were enrolled. Five patients had unimalleolar fracture, five patients had bimalleolar frac-
ture. Seven patients received both open reduction and internal fixation and cast immo-
bilization, and three patients received cast immobilization only. Their median score of 
LEFS was 62 (interquartile range: 26.5). During the 24 months after the fracture, 3 falls 
were reported by 3 patients.

Characteristics of demographics for ankle fracture and healthy control participants

The characteristics of the ankle fracture and healthy control groups are listed in Table 1. 
With the numbers available, no significant difference between the patient and control 
groups in age, sex, body height, and body weight could be detected.

Comparison of gait parameters between patients with ankle fracture and healthy controls

Table  2 reveals the differences of accelerometric profile between ankle fracture and 
healthy participants. The median step count for analysis were 12.8 steps in ankle fracture 
group and 9.4 steps in control group. Walking speed (p = 0.019), step length (p = 0.023), 
and cadence (p = 0.003) were significantly lower in ankle fracture patients than in 
the control group. Trunk acceleration RMS in AP and VT directions (p = 0.001 and 
p = 0.003, respectively) were significantly lower in the ankle fracture group. Symmetry 

Fig. 2 The diagram illustrated the flow of patients’ recruitment
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of trunk movement in the VT direction (p = 0.019) was significantly lower in the patient 
group (Fig. 3). Regularity of trunk movement did not significantly differ between groups 
(Fig. 4). With the numbers available, no significant difference of acceleration RMSR in 
the ML direction could be detected.

Correlation analysis between LEFS and gait parameters

Table 3 listed the correlation between the LEFS score and gait parameters. There was 
a moderately positive rank correlation between step length and LEFS score (r = 0.68; 
p = 0.021), followed by walking speed (r = 0.60; p = 0.044); a low-to-little rank correla-
tion was found between other gait parameters and the LEFS score.

Table 1 Characteristics of  demographics for  ankle fracture and  healthy control 
participants

IQR interquartile range, NA not applicable

* Differences in sex between group were analyzed with the use of Fisher’s exact test. Differences in age, body height, and 
body weight were analyzed with the use of Mann–Whitney U test

Variable Ankle fracture Controls p-values*
Median (IQR) Median (IQR)

Age (years) 38.0 (18.0) 39.0 (14.0) 0.85

Sex (men/women) (3/7) (3/7) 0.21

Body height (cm) 159.0 (13.0) 157.5 (15.0) 0.25

Body weight (kg) 62.0 (16.8) 56.0 (10.5) 0.13

Time from injury (months) 4.0 (5.0) NA NA

Injury side (n)

 Right 8 NA NA

 Left 2 NA NA

Table 2 Comparison of gait parameters between patients with ankle fracture and healthy 
controls derived from trunk acceleration signals

IQR interquartile range, CI confidence interval, RMS root mean square, RMSR root mean square ratio, AP anterior–posterior, g 
gravity, ML medial–lateral, VT vertical

* Differences in walking speed, step length, cadence, as well as acceleration RMS, trunk movement symmetry, between-
stride regularity between groups were analyzed with the use of Mann–Whitney U test
a Absolute differences are given for median values in all gait parameters

Italic values indicate significance of p  value (p  < 0.05)

Ankle fracture Control Absolute difference p-values*
Median (IQR)
(N = 10)

Median (IQR)
(N = 10)

Median (95% CI)a

Walking speed (m/s) 0.74 (0.70) 1.28 (0.12) − 0.53 (− 0.78 to − 0.09) 0.019

Step length (cm) 40.5 (19.1) 53.8 (3.0) − 12.6 (− 20.7 to − 2.4) 0.023

Cadence (step/min) 119.0 (29.1) 140.4 (10.1) − 20.6 (− 58.5 to − 4.7) 0.003

AP acceleration RMS (g) 0.09 (0.04) 0.14 (0.05) − 0.06 (− 0.10 to − 0.01) 0.001

 Symmetry 0.73 (0.18) 0.75 (0.08) − 0.03 (− 0.13 to 0.09) 0.631

 Stride regularity 0.61 (0.14) 0.62 (0.10) − 0.01 (− 0.12 to 0.10) 0.853

ML acceleration RMS (g) 0.10 (0.08) 0.13 (0.07) − 0.01 (− 0.08 to 0.02) 0.165

 Acceleration RMSR 0.55 (0.14) 0.44 (0.18) 0.14 (− 0.01 to 0.19) 0.105

VT acceleration RMS (g) 0.11 (0.07) 0.17 (0.05) − 0.06 (− 0.14 to − 0.02) 0.003

 Symmetry 0.51 (0.13) 0.71 (0.19) − 0.19 (− 0.30 to 0.02) 0.019

 Stride regularity 0.45 (0.15) 0.60 (0.18) − 0.14 (− 0.27 to 0.05) 0.075
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Correlation analysis between future falls and gait parameters

Table  4 listed the correlation between future falls and gait parameters. There was a 
high positive rank correlation between acceleration RMSR in ML axis and future falls 
(r = 0.72; p = 0.018) during 24-months follow-up.

Discussion
This study showed that symmetry of trunk movement in the VT direction was sig-
nificantly lower in ankle fracture patients than the control group. Decreased walking 
speed, step length and cadence were noted in patients following ankle fracture. Fur-
thermore, walking speed and step length were moderately correlated with the LEFS 
score. Trunk acceleration RMSR in ML axis was highly correlated with future falls.

Fig. 3 The Box and whisker plot for trunk movement symmetry with and without ankle fractures was 
illustrated in anteroposterior (AP) and vertical (V) directions, derived from trunk acceleration data with the 
autocorrelation method. The asterisk indicates p‑value < 0.05

Fig. 4 The box and whisker plot for between‑stride regularity of trunk movement with and without ankle 
fractures was illustrated in anteroposterior (AP) and vertical (V) directions, derived from trunk acceleration 
data with the autocorrelation method
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A high degree of trunk movement symmetry and regularity is a characteristic of 
a normal gait [13], which means low trunk movement variability between each step 
or stride. Previous studies had used trunk acceleration data with AC method [33] in 
patients with transfemoral amputation [36], stroke [37], foot wear prescription [13], 
and total hip replacement [38]. The AC coefficient of trunk acceleration in the VT 
axis was found to be a fall predictor in patients with a vertebral or hip fracture [39]. 
However, few studies concerning trunk movement symmetry and regularity in ankle 
fracture patients had been found in the current literature.

Our study was novel in that trunk movement symmetry and regularity were evalu-
ated in patients with ankle fracture by an automated infrared-assisted AGA system. 

Table 3 Correlations for gait parameters and Lower Extremity Functional Scale

LEFS Lower Extremity Functional Scale, AP anterior–posterior, ML medial–lateral, VT vertical, RMS root mean square, RMSR 
root mean square ratio

* Correlations between LEFS and gait parameters were analyzed with the use of Spearman’s rank correlation coefficient

Italic values indicate significance of p  value (p  < 0.05)

Variable LEFS

Correlation p value*

Walking speed (m/s) 0.60 0.044

Step length (cm) 0.68 0.021

Cadence (step/min) 0.50 0.085

AP acceleration RMS (g) 0.57 0.054

 Symmetry 0.40 0.142

 Stride regularity 0.34 0.183

ML acceleration RMS (g) 0.53 0.072

 Acceleration RMSR 0.03 0.466

VT acceleration RMS (g) 0.44 0.120

 Symmetry 0.33 0.196

 Stride regularity 0.07 0.432

Table 4 Correlations for gait parameters and future falls after ankle fractures

LEFS Lower Extremity Functional Scale, AP anterior–posterior, ML medial–lateral, VT vertical, RMS root mean square, RMSR 
root mean square ratio

* Correlations between Gait parameters and future falls were analyzed with the use of Spearman’s rank correlation 
coefficient

Italic values indicate significance of p  value (p  < 0.05)

Variable Fall

Correlation p value*

Walking speed (m/s) 0.27 0.458

Step length (cm) 0.19 0.599

Cadence (step/min) 0.27 0.458

AP acceleration RMS (g) 0.08 0.832

 Symmetry 0.08 0.834

 Stride regularity 0.27 0.452

ML acceleration RMS (g) 0.31 0.390

 Acceleration RMSR 0.72 0.018

VT acceleration RMS (g) 0.12 0.752

 Symmetry 0.34 0.332

 Stride regularity 0.46 0.184
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Although gait asymmetry of plantar pressure distribution, single-limb support time, 
and ankle motion following ankle fracture had been investigated by a force plate or 
3-dimensional motion analysis system [1, 27], few of them focused on trunk kinemat-
ics in early rehabilitation period. Terrier et al. used trunk acceleration data with AC 
method and found that no between-strides regularity difference was noted between 
ankle fracture patients and controls [13], which was in accordance with our study. 
In the present study, between-steps trunk movement symmetry in VT direction was 
significantly lower in patients with ankle fracture. Reduced plantar flexor moment at 
the injured ankle joint could interfere with heel contact [1]; weakness of lower trunk 
muscles such as iliopsoas and gluteal muscles could lead to poor control of vertical 
acceleration of the centre of gravity during the loading and mid-stance phases of the 
gait cycle [39]. Decreased range of motion, reduced peak muscle torque, and muscle 
atrophy of the ankle following immobilization after ankle fracture might be related to 
displacement of centre of gravity in the sagittal plane, consequently interfering with 
between-steps trunk movement symmetry in VT axis [40–42]. Rehabilitation strate-
gies should be focused more on the musculoskeletal structures associated with VT 
direction movement in patients following ankle fractures, such as range of motion 
exercise or physical modalities to improve ankle motion and strengthening exercise of 
weak ankle or trunk muscles.

With AC method to analyse trunk accelerometric data, our study did not show trunk 
movement between-strides irregularity in AP or VT directions in patients following 
ankle fracture. Unlike those in a previous study [13], our studied patients had a regular 
gait, which was probably due to different severity of injuries.

Our study revealed that function of physical activities, evaluated by the score of LEFS, 
was significantly correlated with walking velocity and step length. Conversely, other 
ankle fracture studies using OMAS did not find  high correlation between functional 
outcomes and measured gait parameters [1, 43]. The reason why LEFS and OMAS had 
different correlation with gait parameters might be that the two instruments represent 
different ways to measure outcomes in patients with ankle fractures [44].

Trunk acceleration RMSR in ML axis, the degree of body sway, was found to be posi-
tively associated with future falls during 24-months follow-up after ankle fractures. The 
RMSR in ML axis is found to be associated with walking balance and has a common 
value at the preferred walking speed of healthy participants that can be used as a thresh-
old for detecting gait abnormalities [32, 45]. It may reflect the chronological change of 
disease severity effectively in ataxic patients [45]. It was suggested that ankle fracture 
patents who have high RMSR value should be cautious about risk of future falls.

In the present study, walking speed, step length and cadence were significantly 
lower in patients with ankle fracture than healthy controls, which was in accordance 
with a previous study that examined 3-months post-screw removal patients using a 
portable walkway system [28]. Mor et al. had used a lower limb inertial measurement 
sensor system to evaluate lower limbs kinematics of post open reduction and internal 
fixation patients within 6  weeks of partial weight bearing [29]. Although the lower 
limb system used by Mor et al. could evaluate lower extremity kinematics, it cannot 
assess basic spatiotemporal gait parameters (walking speed, step length, cadence) at 
the same time. The automated infrared-assisted, trunk AGA system we used could 
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not only measure basic spatiotemporal gait parameters, but also trunk movement 
symmetry and regularity simultaneously.

Our study had some limitations. First, our study was adequately powered for the 
primary outcome (walking speed), but underpowered for several other trunk param-
eters. It is therefore doubtful that these parameters might have been observed even 
with larger sample studies. Second, the results obtained in our study represent a 
subacute stage of rehabilitation following ankle fractures, which may limit its exter-
nal generalizability. Third, we did not explore the underlying causes of gait deficits. 
Future research should follow the long-term progress of rehabilitation in gait and 
trunk movement patterns of patients with ankle fracture.

Conclusion
Patients following ankle fracture present trunk movement asymmetry in the VT 
direction as well as altered spatiotemporal gait patterns compared to healthy con-
trols in the early stage of rehabilitation. Proper rehabilitation strategies should be 
employed to avoid additional injury and optimize functional outcomes. Further stud-
ies are needed to follow the long-term progress of rehabilitation outcome in gait and 
trunk movement patterns of patients with ankle fracture.

Abbreviations
AC: auto‑correlation; AGA : accelerometer‑based gait analysis; AP: anterior–posterior; ML: mediolateral; RMS: root mean 
square; RMSR: root mean square ratio; VT: vertical.

Authors’ contributions
CYH designed the study, performed the measurements in healthy subjects, analyzed the data, and drafted the manu‑
script. YST and CSY were involved in developing the system and interpreting the results. HHS participated in performing 
the measurements of healthy subjects, analyzing the data, and drafting the manuscript. CMW was involved in interpret‑
ing the results and drafting the manuscript. All authors read and approved the final manuscript.

Author details
1 Department of Rehabilitation Medicine, Ten‑Chan General Hospital, No. 155 Yanping Rd, Zhongli Dist., Taoyuan City 320, 
Taiwan. 2 Department of Biomedical Engineering, Chung Yuan Christian University, No. 200, Zhongbei Rd, Zhongli Dist., 
Taoyuan City 320, Taiwan (ROC). 3 Department of Physiotherapy, Ten‑Chan General Hospital, No. 155 Yanping Rd, Zhongli 
Dist., Taoyuan City 320, Taiwan. 

Acknowledgements
We gratefully thank Dr. Gwo‑Chi Hu for consultation of statistical analysis.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
The datasets generated during and analyzed during the current study are available from the corresponding author on 
reasonable request.

Consent for publication
Not applicable.

Ethics approval and consent to participate
This study was approved by the Ten‑Chan General Hospital ethics board (Reference Number: 103‑B‑12‑05). All subjects 
provided written informed consent prior to their participation in the study.

Funding
This is study was supported by grant number 104003 of Ten‑Chan General Hospital. The funding bodies had no role in 
the design of the study, data collection and analysis, interpretation of data, and in writing the manuscript.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.



Page 12 of 13Hsu et al. BioMed Eng OnLine           (2019) 18:26 

Received: 20 March 2018   Accepted: 11 March 2019

References
 1. Lash N, Horne G, Fielden J, Devane P. Ankle fractures: functional and lifestyle outcomes at 2 years. ANZ J Surg. 

2002;72:724–30.
 2. Thakore RV, Hooe BS, Considine P, Sathiyakumar V, Onuoha G 2nd, Hinson JK, et al. Ankle fractures and employment: 

a life‑changing event for patients. Disabil Rehabil. 2015;37:417–22.
 3. McPhail SM, Dunstan J, Canning J, Haines TP. Life impact of ankle fractures: qualitative analysis of patient and clini‑

cian experiences. BMC Musculoskelet Disord. 2012;13:224.
 4. Nilsson G, Nyberg P, Ekdahl C, Eneroth M. Performance after surgical treatment of patients with ankle fractures–

14‑month follow‑up. Physiother Res Int. 2003;8:69–82.
 5. Day GA, Swanson CE, Hulcombe BG. Operative treatment of ankle fractures: a minimum 10‑year follow‑up. Foot 

Ankle Int. 2001;22:102–6.
 6. Belcher GL, Radomisli TE, Abate JA, Stabile LA, Trafton PG. Functional outcome analysis of operatively treated 

malleolar fractures. J Orthop Trauma. 1997;11:106–9.
 7. Bauer M, Jonsson K, Nilsson B. Thirty‑year follow‑up of ankle fractures. Acta Orthop Scand. 1985;56:103–6.
 8. Kitaoka HB, Alexander IJ, Adelaar RS, Myerson MS, Sanders M, et al. Clinical rating systems for the ankle‑hindfoot, 

Midfoot, Hallux, and Lesser Toes. Foot Ankle Int. 1997;18:187–8.
 9. Shah NH, Sundaram RO, Velusamy A, Braithwaite IJ. Five‑year functional outcome analysis of ankle fracture fixation. 

Injury. 2007;38:1308–12.
 10. Hou WH, Yeh TS, Liang HW. Reliability and validity of the Taiwan Chinese version of the Lower Extremity Functional 

Scale. J Formos Med Assoc. 2014;113:313–20.
 11. Binkley JM, Stratford PW, Lott SA, Riddle DL. The Lower Extremity Functional Scale (LEFS): scale development, meas‑

urement properties, and clinical application. Phys Ther. 1999;79:371–83.
 12. Rahman J, Tang Q, Monda M, Miles J, McCarthy I. Gait assessment as a functional outcome measure in total knee 

arthroplasty: a cross‑sectional study. BMC Musculoskelet Disord. 2015;16:66.
 13. Terrier P, Deriaz O, Meichtry A, Luthi F. Prescription footwear for severe injuries of foot and ankle: effect on regularity 

and symmetry of the gait assessed by trunk accelerometry. Gait Posture. 2009;30:492–6.
 14. Terrier P, Le Carre J, Connaissa ML, Leger B, Luthi F. Monitoring of gait quality in patients with chronic pain of lower 

limbs. IEEE Trans Neural Syst Rehabil Eng. 2017;25:1843–52.
 15. Steins D, Sheret I, Dawes H, Esser P, Collett J. A smart device inertial‑sensing method for gait analysis. J Biomech. 

2014;47:3780–5.
 16. Esser P, Dawes H, Collett J, Howells K. IMU: inertial sensing of vertical CoM movement. J Biomech. 2009;42:1578–81.
 17. Ben Mansour K, Rezzoug N, Gorce P. Analysis of several methods and inertial sensors locations to assess gait param‑

eters in able‑bodied subjects. Gait Posture. 2015;42:409–14.
 18. Senden R, Grimm B, Heyligers IC, Savelberg HH, Meijer K. Acceleration‑based gait test for healthy subjects: reliability 

and reference data. Gait Posture. 2009;30:192–6.
 19. Henriksen M, Lund H, Moe‑Nilssen R, Bliddal H, Danneskiod‑Samsoe B. Test‑retest reliability of trunk accelerometric 

gait analysis. Gait Posture. 2004;19:288–97.
 20. Hsu CY, Tsai YS, Yau CS, Shie HH, Wu CM. Test‑retest reliability of an automated infrared‑assisted trunk accelerometer‑

based gait analysis system. Sensors (Basel). 2016;16:1156.
 21. Teufl W, Lorenz M, Miezal M, Taetz B, Frohlich M, Bleser G. Towards inertial sensor based mobile gait analysis: event‑

detection and spatio‑temporal parameters. Sensors (Basel). 2018;19:38.
 22. Krebs DE, Wong D, Jevsevar D, Riley PO, Hodge WA. Trunk kinematics during locomotor activities. Phys Ther. 

1992;72:505–14.
 23. Tyson SF. Trunk kinematics in hemiplegic gait and the effect of walking aids. Clin Rehabil. 1999;13:295–300.
 24. Isho T, Usuda S. Association of trunk control with mobility performance and accelerometry‑based gait characteris‑

tics in hemiparetic patients with subacute stroke. Gait Posture. 2016;44:89–93.
 25. Abbasi L, Rojhani‑Shirazi Z, Razeghi M, Raeisi Shahraki H. Trunk kinematic analysis during gait in cerebral palsy 

children with crouch gait pattern. J Biomed Phys Eng. 2018;8:281–8.
 26. Van Criekinge T, Saeys W, Hallemans A, Velghe S, Viskens PJ, Vereeck L, et al. Trunk biomechanics during hemiplegic 

gait after stroke: a systematic review. Gait Posture. 2017;54:133–43.
 27. Becker HP, Rosenbaum D, Kriese T, Gerngross H, Claes L. Gait asymmetry following successful surgical treatment of 

ankle fractures in young adults. Clin Orthop Relat Res. 1995;26:2–9.
 28. Segal G, Elbaz A, Parsi A, Heller Z, Palmanovich E, Nyska M, et al. Clinical outcomes following ankle fracture: a cross‑

sectional observational study. J Foot Ankle Res. 2014;7:50.
 29. Elbaz A, Mor A, Segal G, Bar D, Monda MK, Kish B, et al. Lower extremity kinematic profile of gait of patients after 

ankle fracture: a case‑control study. J Foot Ankle Surg. 2016;55:918–21.
 30. Wang R, Thur CK, Gutierrez‑Farewik EM, Wretenberg P, Brostrom E. One year follow‑up after operative ankle fractures: 

a prospective gait analysis study with a multi‑segment foot model. Gait Posture. 2010;31:234–40.
 31. Rispens SM, van Schooten KS, Pijnappels M, Daffertshofer A, Beek PJ, van Dieen JH. Identification of fall risk predic‑

tors in daily life measurements: gait characteristics’ reliability and association with self‑reported fall history. Neurore‑
habil Neural Repair. 2015;29:54–61.

 32. Sekine M, Tamura T, Yoshida M, Suda Y, Kimura Y, Miyoshi H, et al. A gait abnormality measure based on root mean 
square of trunk acceleration. J Neuroeng Rehabil. 2013;10:118.

 33. Moe‑Nilssen R, Helbostad JL. Estimation of gait cycle characteristics by trunk accelerometry. J Biomech. 
2004;37:121–6.



Page 13 of 13Hsu et al. BioMed Eng OnLine           (2019) 18:26 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your research ?  Choose BMC and benefit from: 

 34. Naumann MG, Sigurdsen U, Utvag SE, Stavem K. Associations of timing of surgery with postoperative length of 
stay, complications, and functional outcomes 3–6 years after operative fixation of closed ankle fractures. Injury. 
2017;48:1662–9.

 35. Bohannon RW, Glenney SS. Minimal clinically important difference for change in comfortable gait speed of adults 
with pathology: a systematic review. J Eval Clin Pract. 2014;20:295–300.

 36. Tura A, Raggi M, Rocchi L, Cutti AG, Chiari L. Gait symmetry and regularity in transfemoral amputees assessed by 
trunk accelerations. J Neuroeng Rehabil. 2010;7:4.

 37. Sanchez MC, Bussmann J, Janssen W, Horemans H, Chastin S, Heijenbrok M, et al. Accelerometric assessment of dif‑
ferent dimensions of natural walking during the first year after stroke: recovery of amount, distribution, quality and 
speed of walking. J Rehabil Med. 2015;47:714–21.

 38. Hodt‑Billington C, Helbostad JL, Vervaat W, Rognsvag T, Moe‑Nilssen R. Changes in gait symmetry, gait velocity and 
self‑reported function following total hip replacement. J Rehabil Med. 2011;43:787–93.

 39. Matsumoto H, Makabe T, Morita T, Ikuhara K, Kajigase A, Okamoto Y, et al. Accelerometry‑based gait analysis predicts 
falls among patients with a recent fracture who are ambulatory: a 1‑year prospective study. Int J Rehabil Res. 
2015;38:131–6.

 40. Lin YC, Gfoehler M, Pandy MG. Quantitative evaluation of the major determinants of human gait. J Biomech. 
2014;47:1324–31.

 41. Shaffer MA, Okereke E, Esterhai JL Jr, Elliott MA, Walker GA, Yim SH, et al. Effects of immobilization on plantar‑flexion 
torque, fatigue resistance, and functional ability following an ankle fracture. Phys Ther. 2000;80:769–80.

 42. Vandenborne K, Elliott MA, Walter GA, Abdus S, Okereke E, Shaffer M, et al. Longitudinal study of skeletal muscle 
adaptations during immobilization and rehabilitation. Muscle Nerve. 1998;21:1006–12.

 43. Suciu O, Onofrei RR, Totorean AD, Suciu SC, Amaricai EC. Gait analysis and functional outcomes after twelve‑week 
rehabilitation in patients with surgically treated ankle fractures. Gait Posture. 2016;49:184–9.

 44. Garratt AM, Naumann MG, Sigurdsen U, Utvag SE, Stavem K. Evaluation of three patient reported outcome meas‑
ures following operative fixation of closed ankle fractures. BMC Musculoskelet Disord. 2018;19:134.

 45. Matsushima A, Yoshida K, Genno H, Murata A, Matsuzawa S, Nakamura K, et al. Clinical assessment of standing and 
gait in ataxic patients using a triaxial accelerometer. Cerebellum Ataxias. 2015;2:9.


	Differences in gait and trunk movement between patients after ankle fracture and healthy subjects
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Materials and methods
	Participants
	Measuring system
	Experimental protocol
	Gait parameters
	Lower Extremity Functional Scale (LEFS)
	Fall assessment
	Statistical analysis

	Results
	Characteristics of demographics for ankle fracture and healthy control participants
	Comparison of gait parameters between patients with ankle fracture and healthy controls
	Correlation analysis between LEFS and gait parameters
	Correlation analysis between future falls and gait parameters

	Discussion
	Conclusion
	Authors’ contributions
	References




