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Abstract. [Purpose] Limited literature has investigated the relationships between acceleration-based gait char-
acteristics and kinematic information from motion analysis systems in gait analysis. The purpose of this study is 
to determine whether acceleration-based gait characteristics were associated with gait characteristics by motion 
analysis systems in patients with stroke. [Participants and Methods] Seventeen patients with stroke walked along a 
10-m-long walkway at their comfortable speed. Trunk acceleration was measured with an accelerometer. Several 
reflective markers over bony landmarks on the lower extremities were used to capture movements. We evaluated 
the correlations of variables calculated between the trunk accelerometers and the motion analysis system. [Results] 
Walking speed was positively correlated with harmonic ratios along the anteroposterior axis and stride regularity 
along the vertical and anteroposterior axes. Harmonic ratios were associated with the stance phase percent on the 
unaffected side. Stride regularity was associated with the stance phase percent on both sides. Smaller interstride 
variability was associated with smaller peak ankle plantarflexion during both phases and greater peak ankle dor-
siflexion during swing phase. Stride regularity is positively associated with maximal knee flexion during swing 
phase. [Conclusion] Relationships with spatiotemporal and joint kinematic parameters from the motion analysis 
system support the potential use of accelerometers.
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INTRODUCTION

Patients with stroke often accompany with gait deficits. Gait analysis, thus, is critical for clinicians to diagnose gait 
disorders, identify potential neuromuscular impairments, and establish appropriate treatment program. Gait impairments 
could be detected through gait analysis in spatiotemporal and joint kinematics gait parameters. One way to perform gait per-
formance is observational gait analysis, which is commonly used in the clinic, but several concerns exist: First, observational 
gait analysis has relatively low accuracy1, 2). Second, it is difficult for humans to observe high-speed movements1). Third, 
participants need to make repeated walks for observers to watch from several views, which requires huge time and sufficient 
endurance. With the shortcomings of observational gait analysis, objective measurements should be used during gait analysis.
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The accurate objective assessment of gait characteristics can be obtained from advanced instrumented 3-dimensional mo-
tion analysis systems, such as VICON, which is considered the gold standard tool for gait analysis. Several studies have used 
VICON to assess the gait performance in patients with stroke3, 4). In terms of joint kinematics gait characteristics, typical gait 
deviation involves inadequate propulsion during the pre-swing phase and decreased knee flexion and ankle dorsiflexion of the 
paretic limb during the swing phase5–7). In spatiotemporal gait characteristics, typical gait deviation involves decreased walk-
ing speed, increased swing time, and decreased single limb support time in the paretic limb6, 8). Patients with stroke also have 
increased variability of spatiotemporal gait parameters compared with healthy controls6, 9). The parameters derived from the 
motion analysis system have been well recognized in both clinical application and research purpose6, 8–10). Some drawbacks, 
however, involve complicated application, relatively high cost, and use restricted to a specific laboratory environment.

The portable, inexpensive, and easy-to-use body-worn accelerometers has risen for objective gait analysis11–14). Several 
studies used data from trunk accelerometers to infer gait characteristics for 3 derivatives: (1) harmonic ratio, (2) interstride 
variability, and (3) stride regularity. Harmonic ratio is considered a measure of gait stability, symmetry, and smoothness of 
trunk motion15–17); Interstride variability indicates gait variation18); and stride regularity is a measure of gait symmetry19). 
These 3 derivatives were reported to differentiate gait characteristics between populations or various conditions of a specific 
population and associate with clinical performance. For example, harmonic ratios are lower in subacute stroke patients than 
healthy adults20). Harmonic ratios are correlated with trunk control assessed by the Trunk Impairment Scale21). The interstride 
variability is higher in stroke patients who reported fall history than those who never experienced falls18). The stride regular-
ity is more irregular in the elderly than young participants22). Furthermore, step regularity is correlated with Tinetti-balance 
and Tinetti-gait scores in elderly persons23). Performance in gait speed, step, and stride regularity is better in the elderly than 
elderly subjects with increased fall risks23).

Although the trunk accelerometers demonstrate discriminant validity, limited investigations look for the possible relations 
of trunk accelerometers with kinematic gait characteristics by motion analysis systems. There is only limited literature 
investigating the relationship between trunk acceleration gait characteristics and kinematic information24). That study shows 
that the root mean square accelerations are associated with several combinations of kinematic characteristics with lower 
extremity joints during moderate treadmill running in healthy participants24). Whether similar relationships exist in patients 
with stroke is unclear. Therefore, this study aimed to determine whether trunk acceleration gait characteristics were associ-
ated with any gait characteristics by motion analysis systems in patients with stroke.

PARTICIPANTS AND METHODS

This cross-sectional study was conducted at the Chang Gung Memorial Hospital in Taiwan. The Chang Gung Medical 
Foundation Institutional Review Board approved the study (IRB No. 103-3564A3), and all participants signed a written 
informed consent form.

The study recruited 17 patients with unilateral stroke. The inclusion criteria were (1) diagnoses of single unilateral stroke, 
(2) more than 6 months post-stroke, and (3) able to walk with or without physical assistance. The exclusion criteria were 
(1) other neurologic or psychiatric diseases, and (2) walking with an ankle-foot orthosis. Walking ability was assessed by 
Functional Ambulation Classification (FAC)25).

Participants were fitted with the accelerometer apparatus at the level of the L3. Reflective markers were placed over 
several bony landmarks on the lower extremities, including (1) the seventh cervical vertebra (C7), (2) the forth lumbar 
vertebra (L4), (3) bilateral anterior superior iliac spine (ASIS) and posterior superior iliac spines, (4) bilateral medial and 
lateral epicondyles of the femurs, (5) bilateral tibial tuberosities, (6) bilateral medial and lateral malleoli, (7) bilateral big 
toes, and (8) bilateral heels. Participants were asked to walk along a 10-m-long walkway at their comfortable walking speed 
for 3 trials. Adequate rest was allowed between trials. Only the designated 7-m trial distance was analyzed and the first and 
last 2 to 3 steps were excluded.

A 7-camera VICON MX motion analysis system (VICON MX; Oxford Metrics Inc., Oxford, UK) was used to capture 
the movement of markers. Movements were recorded at 120 Hz and digitally low-pass filtered at 5 Hz using a second-order 
dual-pass Butterworth filter.

One accelerometer (Actigraph wGT3X-BT, Pensacola, FL, USA) placed at the level of the L3 was used to measure the 
linear acceleration of the trunk along vertical, anteroposterior, and mediolateral axes during gait. The data were collected at 
a sample rate of 100 Hz, and processed with ActiLife software (Actigraph, Pensacola, FL, USA).

Data collected from the motion analysis system and the accelerometer were analyzed using Matlab software (MathWorks, 
Natick, MA, USA). Parameters calculated are as follows:

Data from the motion analysis system were used to calculate walking speed and the stance phase percentage and step 
length of the affected and unaffected sides. Average speed was computed as the speed of the marker on the ASIS.

We focused on the sagittal joint kinematic gait parameters of the affected side because the deviations of both stance and 
swing phase occur mainly on the affected side. The parameters during 1 gait cycle calculated included maximal trunk flexion, 
maximal trunk extension, maximal hip flexion, maximal hip extension, maximal and minimal knee flexion, maximal ankle 
dorsiflexion, and plantarflexion during the stance and swing phases of the affected side.

All of the trunk acceleration parameters were calculated during 10 steps. At first, the peak of anteroposterior acceleration 
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Table 1. Demographic and clinical background characteristics 
of participants (N=17)

Age (years) 57.8 ± 12.7
Female 5 (29.4%)
Time post-stroke (months) 18.2 ± 11.2
Affected side

Right 5 (29.4%)
Functional Ambulation Category

1 (Dependent for physical assistance 
level II)

1 (5.9%)

2 (Dependent for physical assistance 
level I)

3 (17.7%)

3 (Dependent for supervision) 0
4 (Independent level surfaces only) 2 (11.8%)
5 (Independent) 11 (64.7%)

Spatio-temporal
Walking speed (m/s) 0.6 ± 0.2
Stance phase (%) in 1 gait cycle

Affected side 68.0 ± 7.7
Unaffected side 73.2 ± 6.0

Step length (cm)
Affected side 46.0 ± 12.5
Unaffected side 42.3 ± 17.0

Joint kinematic (degrees)
Stance phase of the affected side

Maximal trunk flexiona 10.4 ± 5.7
Maximal trunk extensiona 4.5 ± 3.2
Maximal hip flexion 17.6 ± 4.3
Maximal hip extension 16.2 ± 7.0
Maximal knee flexion 35.4 ± 12.6
Minimal knee flexion 2.7 ± 4.4
Maximal ankle dorsiflexion 0.4 ± 7.0
Maximal ankle plantarflexion 24.0 ± 9.6

Swing phase of the affected side
Maximal trunk flexiona 9.3 ± 4.5
Maximal trunk extensiona 6.4 ± 4.1
Maximal hip flexion 20.4 ± 4.3
Maximal hip extension 3.2 ± 6.9
Maximal knee flexion 40.5 ± 15.0
Minimal knee flexion 6.1 ± 4.6
Maximal ankle dorsiflexion −10.8 ± 6.5
Maximal ankle plantarflexion 21.1 ± 11.9

Accelerometers
Harmonic ratio

Vertical 1.0 ± 0.3
Anteroposterior 0.9 ± 0.2

Interstride variability (Coefficient of variability)(%)
Vertical 9.9 ± 2.6
Anteroposterior 9.3 ± 3.1

Stride regularity
Vertical 0.3 ± 0.2
Anteroposterior 0.4 ± 0.2

Data are expressed as mean ± SD for continuous variables and as 
frequency distribution (%) for categorical variables.
a: Maximal trunk flexion/extension was calculated based on the 
maximal movements of the marker over C7 in relation to the mark-
er over L4.

was used to identify the start of the step (heel strike)5). Trunk 
acceleration parameters calculated were:

The harmonic ratio indicates the smoothness and rhythm 
of acceleration patterns7, 16). Briefly, the harmonic ratio is 
based on the idea that the unit of measurement from a con-
tinuous walking trial is a stride (2 steps). By using a finite 
Fourier series, a harmonic ratio is calculated by dividing 
the sum of the amplitudes of the first 10 even harmonics 
by the sum of the amplitudes of the first odd harmonics. We 
focused on the anteroposterior and vertical harmonic ratios 
because the mediolateral harmonic ratios do not differ be-
tween patients with stroke, age-matched cohorts, and young 
adults5).

The interstride variability is the coefficient of variation 
of the root mean square acceleration signals of each of the 
5 strides18). A higher coefficient of variation indicates a 
greater interstride variability.

The stride regularity19, 26) is obtained by the autocor-
relation function of trunk acceleration, which defines the 
correlation between the value at a time t=i and the value 
t=i + j, where j indicates a time lag19). The second peak was 
obtained as the stride regularity because 1 step contributes a 
cycle (phase) and each stride contains 2 steps. The first peak 
was considered the step symmetry19, 22).

Statistical analyses were performed using SAS 9.4 
software (SAS Institute Inc., Cary, NC, USA). Data are 
expressed as mean  ± standard deviation for continuous 
variables and as frequency distribution (%) for categorical 
variables. The relationships between the trunk acceleration 
parameters and spatiotemporal/joint kinematic parameters 
were evaluated by using the Pearson correlation coefficient. 
Statistical significance was set at α=0.05.

RESULTS

The characteristics of demographic data are summarized 
in Table 1. Approximately three-fourths of the participants 
walked independently (FAC Level IV and V). The averaged 
comfortable walking speed was 0.6 m/s. The averaged per-
centage of the stance phase in 1 gait cycle was 68.00 for the 
affected side and 73.2 for the unaffected side. The averaged 
step length of affected and unaffected sides was 46.0 and 
42.3 cm, respectively.

The averaged joint angles during the stance and swing 
phase of the affected side were shown in Table 1. Here, the 
average maximal ankle range of motion never reached a 
neutral position of the ankle joint, with a peak dorsiflexion 
of −10.8° (equaling plantarflexion of 10.8°). The harmonic 
ratios, interstride variability, and stride regularity were 
shown in Table 1.

The correlation between the trunk acceleration and 
spatio-temporal parameters was shown in Table 2. Walk-
ing speed was positively correlated with the harmonic 
ratio along the anteroposterior (r=0.62, p=0.01) but not the 
vertical axis. The stance phase percentage in 1 gait cycle 
for the affected side was not related to the harmonic ratios. 
However, the stance phase percentage for the unaffected 
side was moderately and negatively related to both vertical 
and anteroposterior (r= −0.55 to −0.61, p<0.02 for both) 
harmonic ratios. The step length of the affected side was 
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moderately and positively correlated with harmonic ratio along the vertical axis (r=0.67, p=0.003) but not the anteropos-
terior axis. The step length of the unaffected side, however, was not correlated with the harmonic ratio. Moreover, walking 
speed, stance phase percentage in 1 gait cycle, and step length were not related to the interstride variability (p>0.06 for all). 
Furthermore, walking speed was positively correlated with stride regularity along both the vertical (r=0.84, p<0.01) and 
anteroposterior axis (r=0.61, p=0.01). The stance phase percentage of both sides was correlated to stride regularity (r= −0.50 
to −0.65, p<0.04 for both). In addition, the step length of the unaffected side (r>0.57, p<0.02) but not the affected side was 
significantly related to the stride regularity.

The correlation between the trunk acceleration and joint kinematic parameters during the stance phase of the affected side 
was shown in Table 3. The harmonic ratio was not correlated to any angles. The interstride variability was not correlated to 
any joint angles, with the exception of the significant relationship between maximal ankle plantarflexion and the interstride 
variability along the vertical axis (r=0.63, p=0.01). Further, the stride regularity was not correlated to any joint angles.

The correlation between the trunk acceleration and joint kinematic parameters during the swing phase of the affected 

Table 2.  The correlation between the trunk acceleration and spatio-temporal parameters

Parameter
Harmonic ratio Interstride variability Stride regularity

Vertical Anteroposterior Vertical Anteroposterior Vertical Anteroposterior
r p r p r p r p r p r p 

Walking speed (m/s) 0.28 0.28 0.62 0.01* 0.18 0.5 0.41 0.1 0.84 <0.01* 0.61 0.01*
Stance phase (%) in one gait cycle

Affected side 0.03 0.9 –0.06 0.81 0.09 0.72 –0.07 0.79 –0.50 0.04* –0.51 0.04*
Unaffected side –0.55 0.02* –0.61 0.01* –0.02 0.93 –0.23 0.38 –0.65 0.01* –0.54 0.03*

Step length (cm)
Affected side 0.67 0.003* 0.43 0.09 0.04 0.89 0.47 0.06 0.39 0.12 0.46 0.07
Unaffected side 0.25 0.34 0.28 0.28 –0.2 0.44 0.28 0.28 0.65 0.01* 0.57 0.02*

*p value<0.05.

Table 3.  The correlation between the trunk acceleration and joint kinematic parameters during the stance phase of the affected side

Parameter
Harmonic ratio Interstride variability Stride regularity

Vertical Anteroposterior Vertical Anteroposterior Vertical Anteroposterior
r p r p r p r p r p r p 

Stance phase of the affected side (degrees)
Maximal hip flexion 0.37 0.15 0.25 0.34 0.12 0.64 0.09 0.73 0.14 0.60 –0.01 0.97
Maximal hip extension 0.02 0.94 0.04 0.87 –0.11 0.67 0.31 0.23 0.43 0.08 0.47 0.06
Maximal knee flexion 0.38 0.14 0.33 0.2 –0.15 0.57 0.13 0.63 0.46 0.06 0.27 0.29
Minimal knee flexion –0.06 0.81 –0.02 0.94 –0.02 0.95 –0.16 0.55 –0.05 0.87 –0.12 0.66
Maximal ankle dorsiflexion –0.31 0.22 –0.2 0.43 –0.37 0.15 –0.21 0.41 0.26 0.31 0.22 0.40
Maximal ankle plantarflexion 0.04 0.88 0.08 0.76 0.63 0.01* 0.27 0.3 0.33 0.20 0.29 0.25
*p value<0.05; All joint angles of affected limbs.

Table 4.  The correlation between the trunk acceleration and joint kinematic parameters during the swing phase of the affected side

Parameter
Harmonic ratio Interstride variability Stride regularity

Vertical Anteroposterior Vertical Anteroposterior Vertical Anteroposterior
r p r p r p r p r p r p 

Swing phase of the affected side (degrees)
Maximal hip flexion 0.34 0.18 0.52 0.03* 0.42 0.09 0.51 0.04* 0.44 0.08 0.21 0.42
Maximal hip extension –0.14 0.6 –0.09 0.74 –0.2 0.45 0.12 0.64 0.32 0.22 0.45 0.07
Maximal knee flexion 0.35 0.17 0.43 0.09 –0.06 0.83 0.27 0.29 0.61 0.01* 0.32 0.21
Minimal knee flexion –0.26 0.32 –0.21 0.42 –0.21 0.42 0.01 0.96 0.15 0.58 0.04 0.88
Maximal ankle dorsiflexion –0.12 0.65 –0.14 0.59 –0.63 0.01* –0.3 0.24 0.18 0.50 0.05 0.86
Maximal ankle plantarflexion 0.2 0.45 0.16 0.54 0.6 0.01* 0.34 0.18 0.20 0.43 0.12 0.66
*p value<0.05; All joint angles of affected limbs.
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side was shown in Table 4. Harmonic ratios were not correlated to the any joint angles, with the exception of the positive 
relationship between maximal hip flexion and harmonic ratio along the anteroposterior axis (r=0.52, p=0.03). Moreover, the 
interstride variability along the anteroposterior axis was positively correlated to the maximal hip flexion (r=0.51, p=0.04) but 
not the maximal hip extension. The interstride variability and maximal/minimal knee flexion were not correlated. However, 
maximal ankle dorsiflexion (r= −0.63, p=0.01) and plantarflexion (r=0.6, p=0.01) were separately related to the vertical 
interstride variability. Furthermore, the stride regularity was not correlated to any joint angles, with the exception of the 
relationship between the maximal knee flexion and stride regularity along the vertical axis (r=0.61, p=0.01).

DISCUSSION

This study provides more evidence of the potential use of accelerometers for gait analysis by showing that the spatiotem-
poral and joint kinematic parameters were related to parameters calculated from trunk accelerations. First, walking speed was 
positively correlated with the harmonic ratio along the anteroposterior axis and stride regularity. The stance phase percentage 
in 1 gait cycle of the unaffected side was negatively correlated with harmonic ratios along both axes separately. The stance 
phase percentage of both sides and stride regularity were negatively correlated. The step length of the affected side was 
associated with the harmonic ratio along the vertical axis, whereas that of the unaffected side was associated with stride regu-
larity along both vertical and anteroposterior axes. Second, during the stance phase of the affected side, the maximal ankle 
plantarflexion was associated with the interstride variability along the vertical direction. Furthermore, during the swing phase 
of the affected side, the maximal hip flexion was positively associated with the harmonic ratio along anteroposterior axis 
and with interstride variability along anteroposterior axis. A higher stride regularity was associated with greater peak knee 
flexion. The maximal ankle dorsiflexion and plantarflexion was associated with interstride variability along the vertical axis.

The existed relationships between parameters from motion analysis systems and parameters from trunk accelerations 
in patients with stroke not only support the potential use of accelerometers but provide the possibility of prediction of the 
spatiotemporal and joint kinematic parameters by trunk accelerations. For example, 70% of the variance in walking speed 
can be explained by stride regularity along the vertical axis (Table 2, r=0.84, r2=0.7). Furthermore, 36–40% of the variance 
in peak ankle range of motion can be explained by the interstride variability along the vertical direction (Maximal ankle 
dorsiflexion: r= −0.63, r2=0.4; Maximal ankle plantarflexion: r=0.6, r2=0.36).

Harmonic ratios are lower in stroke patients with low function than the age-matched group and healthy young people5). 
This study indicated that harmonic ratios along the anteroposterior axis but not the vertical axis were positively related to 
walking speed, consistent with previous findings5). Harmonic ratios were not correlated with any joint angles, except for the 
maximal hip flexion during the swing phase of the affected side. This could be because the harmonic ratio is a global measure 
during a period and does not count for specific phases15). In addition, the participants in this study with higher harmonic ratios 
tended to demonstrate greater maximal hip flexion during the swing phase. The peak hip flexion occurs in midswing as a peak 
of about 19° of flexion27). A decrease of the peak hip flexion in the swing phase could contribute to the decreased step length 
of the affected side, supported by a tendency of the positive relationship between the harmonic ratio and the step length of 
the affected side (p=0.09, Table 2). A decrease of the peak hip flexion can be compensated by trunk and pelvic movements, 
which are commonly seen in patients with stroke. Because the harmonic ratio is also a predictor of falls 1 year after the 
assessment28), we suggest that the decreased hip flexion and the following compensatory strategies may be related to the falls.

We intended to assess interstride variability with the coefficient of variation but not the standard deviation because the 
coefficient of variation has been normalized to its mean and does not depend on the measurement unit. The interstride 
variability in this study was not related to any spatial-temporal parameters but was related to several joint kinematic pa-
rameters with hip and ankle joints, including the maximal ankle plantarflexion during the stance phase and the maximal hip 
flexion, ankle dorsiflexion, and plantarflexion during the swing phase. The most relationships existed with the ankle joint. 
More specifically, an increase of interstride variability (poor gait stability) was associated with an increase of maximal 
ankle plantarflexion during the stance phase, a decrease of maximal ankle dorsiflexion, and an increase of maximal ankle 
plantarflexion during the swing phase. Excessive ankle plantarflexion/decreased ankle dorsiflexion may cause drop foot and 
gait disturbances. Furthermore, ankle impairments are shown to be linked to decreased gait velocity and gait asymmetry in 
stroke patients29). We suggest that interventions targeted at the ankle joint may be necessary to apply to people with higher 
interstride variability after stroke.

Participants in this study demonstrated poorer stride regularity than those in previous studies18). Participants with better 
stride regularity demonstrated faster walking speed, decreased stance phase percentage in 1 gait cycle, and enlarged step 
length of the unaffected side, all of which indicate better gait and balance performance. The capacity to walk with a shorter 
stance phase and larger step length of the unaffected side may imply that participants can demonstrate longer single limb 
support time of the affected side. Furthermore, trunk accelerations and joint kinematic parameters during the stance phase of 
the affected side was not related. The only relationship with joint kinematic parameters occurred with maximal knee flexion 
during the swing phase. One commonly observed swing phase kinematic deviation is decreased peak knee flexion during 
the swing phase27), and the potential cause of decreased knee flexion involves decreased peak hip extension in late stance 
phase27). Our results showed a tendency of a positive relationship between stride regularity along both axes and maximal hip 
extension in the stance phase (p=0.06 to 0.08), supported by the previous findings27).
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We did not observe relationships between parameters calculated from trunk acceleration signals and joint kinematic 
parameters with hip and knee joints during the stance phase of the affected side. The reason could be due to minimal gait 
deviations over these 2 joints in our participants (Table 1). The other reason could be because different abnormal gait patterns 
in opposite movement directions can occur during stance phase, making it difficult to have a linear relationship. For example, 
abnormal gait patterns with excessive knee flexion or knee hyperextension can be observed during the stance phase because 
weak quadriceps can induce inability to full knee extension or a hyperextended knee.

This study has a few limitations. First, our sample is relatively small. Further, our participants did not show knee flexion 
deviations or demonstrate decreased plantarflexion of the affected side during the stance phase, both of which are commonly 
observed in patients with stroke. Future studies should include a large number of patients with various gait patterns30). Sec-
ond, joint kinematic parameters focused on joint angles of the affected side. Further studies are needed to investigate whether 
the similar relationships exist in the unaffected side. Third, approximately 25% participants needed physical assistance during 
ambulation (FAC Level I and II), which may have influenced the accelerations measured during gait. Further studies should 
investigate whether the relationships differ in stroke patients who need different levels of assistance.

Relationships with spatiotemporal and joint kinematic parameters support the potential use of accelerometers in patients 
with stroke. Our findings might prove to be helpful for clinicians who wish to use accelerometers to assess gait performance 
in patients with stroke. Accelerometers could be provided to clinicians or researchers as a quantitative human gait analysis 
tool for routine use.

Funding
This work was supported by the Chang Gung University from the Featured Areas Research Center Program within the 

Framework of the Higher Education Sprout Project by the Ministry of Education (MOE) in Taiwan (EMRPD1H0391), National 
Health Research Institutes (NHRI-EX107-10604PI), the Ministry of Science and Technology (MOST 105-2314-B-182A-
011-MY3, 105-2314-B-182-037-MY3, 106-2314-B-182-024-MY3) in Taiwan, and the Chang Gung Memorial Healthcare 
System in Taiwan (CMRPG8E1211-3, BMRP718, BMRPD25).

Conflicts of interest
None.

REFERENCES

1) Krebs DE, Edelstein JE, Fishman S: Reliability of observational kinematic gait analysis. Phys Ther, 1985, 65: 1027–1033. [Medline]  [CrossRef]
2) Watelain E, Froger J, Rousseaux M, et al.: Variability of video-based clinical gait analysis in hemiplegia as performed by practitioners in diverse specialties. J 

Rehabil Med, 2005, 37: 317–324. [Medline]  [CrossRef]
3) Krawczyk M, Szczerbik E, Syczewska M: The comparison of two physiotherapeutic approaches for gait improvement in sub-acute stroke patients. Acta Bioeng 

Biomech, 2014, 16: 11–18. [Medline]
4) Titus AW, Hillier S, Louw QA, et al.: An analysis of trunk kinematics and gait parameters in people with stroke. Afr J Disabil, 2018, 7: 310. [Medline]  [Cross-

Ref]
5) Iosa M, Fusco A, Morone G, et al.: Assessment of upper-body dynamic stability during walking in patients with subacute stroke. J Rehabil Res Dev, 2012, 49: 

439–450. [Medline]  [CrossRef]
6) Sheffler LR, Chae J: Hemiparetic gait. Phys Med Rehabil Clin N Am, 2015, 26: 611–623. [Medline]  [CrossRef]
7) Yack HJ, Berger RC: Dynamic stability in the elderly: identifying a possible measure. J Gerontol, 1993, 48: M225–M230. [Medline]  [CrossRef]
8) Chen G, Patten C, Kothari DH, et al.: Gait differences between individuals with post-stroke hemiparesis and non-disabled controls at matched speeds. Gait 

Posture, 2005, 22: 51–56. [Medline]  [CrossRef]
9) Balasubramanian CK, Neptune RR, Kautz SA: Variability in spatiotemporal step characteristics and its relationship to walking performance post-stroke. Gait 

Posture, 2009, 29: 408–414. [Medline]  [CrossRef]
10) Moseley A, Wales A, Herbert R, et al.: Observation and analysis of hemiplegic gait: stance phase. Aust J Physiother, 1993, 39: 259–267. [Medline]  [CrossRef]
11) Boutaayamou M, Schwartz C, Stamatakis J, et al.: Development and validation of an accelerometer-based method for quantifying gait events. Med Eng Phys, 

2015, 37: 226–232. [Medline]  [CrossRef]
12) Auvinet B, Berrut G, Touzard C, et al.: Reference data for normal subjects obtained with an accelerometric device. Gait Posture, 2002, 16: 124–134. [Medline]  

[CrossRef]
13) Auvinet B, Chaleil D, Barrey E: Accelerometric gait analysis for use in hospital outpatients. Rev Rhum Engl Ed, 1999, 66: 389–397. [Medline]
14) Terui Y, Suto E, Konno Y, et al.: Evaluation of gait symmetry using a tri-axial accelerometer in stroke patients. NeuroRehabilitation, 2018, 42: 173–180. [Med-

line]  [CrossRef]
15) Lowry KA, Lokenvitz N, Smiley-Oyen AL: Age- and speed-related differences in harmonic ratios during walking. Gait Posture, 2012, 35: 272–276. [Medline]  

[CrossRef]
16) Smidt GL, Arora JS, Johnston RC: Accelerographic analysis of several types of walking. Am J Phys Med, 1971, 50: 285–300. [Medline]
17) Bellanca JL, Lowry KA, Vanswearingen JM, et al.: Harmonic ratios: a quantification of step to step symmetry. J Biomech, 2013, 46: 828–831. [Medline]  

[CrossRef]
18) Isho T, Tashiro H, Usuda S: Accelerometry-based gait characteristics evaluated using a smartphone and their association with fall risk in people with chronic 

http://www.ncbi.nlm.nih.gov/pubmed/3892553?dopt=Abstract
http://dx.doi.org/10.1093/ptj/65.7.1027
http://www.ncbi.nlm.nih.gov/pubmed/16208865?dopt=Abstract
http://dx.doi.org/10.1080/16501970510035610
http://www.ncbi.nlm.nih.gov/pubmed/24708038?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/29707514?dopt=Abstract
http://dx.doi.org/10.4102/ajod.v7i0.310
http://dx.doi.org/10.4102/ajod.v7i0.310
http://www.ncbi.nlm.nih.gov/pubmed/22773202?dopt=Abstract
http://dx.doi.org/10.1682/JRRD.2011.03.0057
http://www.ncbi.nlm.nih.gov/pubmed/26522901?dopt=Abstract
http://dx.doi.org/10.1016/j.pmr.2015.06.006
http://www.ncbi.nlm.nih.gov/pubmed/8366265?dopt=Abstract
http://dx.doi.org/10.1093/geronj/48.5.M225
http://www.ncbi.nlm.nih.gov/pubmed/15996592?dopt=Abstract
http://dx.doi.org/10.1016/j.gaitpost.2004.06.009
http://www.ncbi.nlm.nih.gov/pubmed/19056272?dopt=Abstract
http://dx.doi.org/10.1016/j.gaitpost.2008.10.061
http://www.ncbi.nlm.nih.gov/pubmed/25026421?dopt=Abstract
http://dx.doi.org/10.1016/S0004-9514(14)60486-4
http://www.ncbi.nlm.nih.gov/pubmed/25618221?dopt=Abstract
http://dx.doi.org/10.1016/j.medengphy.2015.01.001
http://www.ncbi.nlm.nih.gov/pubmed/12297254?dopt=Abstract
http://dx.doi.org/10.1016/S0966-6362(01)00203-X
http://www.ncbi.nlm.nih.gov/pubmed/10526379?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/29562555?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/29562555?dopt=Abstract
http://dx.doi.org/10.3233/NRE-172235
http://www.ncbi.nlm.nih.gov/pubmed/22041097?dopt=Abstract
http://dx.doi.org/10.1016/j.gaitpost.2011.09.019
http://www.ncbi.nlm.nih.gov/pubmed/5141651?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23317758?dopt=Abstract
http://dx.doi.org/10.1016/j.jbiomech.2012.12.008


J. Phys. Ther. Sci. Vol. 31, No. 8, 2019 644

stroke. J Stroke Cerebrovasc Dis, 2015, 24: 1305–1311. [Medline]  [CrossRef]
19) Moe-Nilssen R, Helbostad JL: Estimation of gait cycle characteristics by trunk accelerometry. J Biomech, 2004, 37: 121–126. [Medline]  [CrossRef]
20) Iosa M, Bini F, Marinozzi F, et al.: Stability and harmony of gait in patients with subacute stroke. J Med Biol Eng, 2016, 36: 635–643. [Medline]  [CrossRef]
21) Isho T, Usuda S: Association of trunk control with mobility performance and accelerometry-based gait characteristics in hemiparetic patients with subacute 

stroke. Gait Posture, 2016, 44: 89–93. [Medline]  [CrossRef]
22) Kobayashi H, Kakihana W, Kimura T: Combined effects of age and gender on gait symmetry and regularity assessed by autocorrelation of trunk acceleration. 

J Neuroeng Rehabil, 2014, 11: 109. [Medline]  [CrossRef]
23) Bautmans I, Jansen B, Van Keymolen B, et al.: Reliability and clinical correlates of 3D-accelerometry based gait analysis outcomes according to age and fall-

risk. Gait Posture, 2011, 33: 366–372. [Medline]  [CrossRef]
24) Lindsay TR, Yaggie JA, McGregor SJ: Contributions of lower extremity kinematics to trunk accelerations during moderate treadmill running. J Neuroeng 

Rehabil, 2014, 11: 162. [Medline]  [CrossRef]
25) Holden MK, Gill KM, Magliozzi MR, et al.: Clinical gait assessment in the neurologically impaired. Reliability and meaningfulness. Phys Ther, 1984, 64: 

35–40. [Medline]  [CrossRef]
26) Moe-Nilssen R, Helbostad JL: Interstride trunk acceleration variability but not step width variability can differentiate between fit and frail older adults. Gait 

Posture, 2005, 21: 164–170. [Medline]  [CrossRef]
27) Moore S, Schurr K, Wales A, et al.: Observation and analysis of hemiplegic gait: swing phase. Aust J Physiother, 1993, 39: 271–278. [Medline]  [CrossRef]
28) Doi T, Hirata S, Ono R, et al.: The harmonic ratio of trunk acceleration predicts falling among older people: results of a 1-year prospective study. J Neuroeng 

Rehabil, 2013, 10: 7. [Medline]  [CrossRef]
29) Lin PY, Yang YR, Cheng SJ, et al.: The relation between ankle impairments and gait velocity and symmetry in people with stroke. Arch Phys Med Rehabil, 

2006, 87: 562–568. [Medline]  [CrossRef]
30) Gama GL, de Lucena LC, Brasileiro AC, et al.: Post-stroke hemiparesis: does chronicity, etiology, and lesion side are associated with gait pattern? Top Stroke 

Rehabil, 2017, 24: 388–393. [Medline]  [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/25881773?dopt=Abstract
http://dx.doi.org/10.1016/j.jstrokecerebrovasdis.2015.02.004
http://www.ncbi.nlm.nih.gov/pubmed/14672575?dopt=Abstract
http://dx.doi.org/10.1016/S0021-9290(03)00233-1
http://www.ncbi.nlm.nih.gov/pubmed/27853414?dopt=Abstract
http://dx.doi.org/10.1007/s40846-016-0178-0
http://www.ncbi.nlm.nih.gov/pubmed/27004638?dopt=Abstract
http://dx.doi.org/10.1016/j.gaitpost.2015.11.011
http://www.ncbi.nlm.nih.gov/pubmed/24993146?dopt=Abstract
http://dx.doi.org/10.1186/1743-0003-11-109
http://www.ncbi.nlm.nih.gov/pubmed/21227697?dopt=Abstract
http://dx.doi.org/10.1016/j.gaitpost.2010.12.003
http://www.ncbi.nlm.nih.gov/pubmed/25495782?dopt=Abstract
http://dx.doi.org/10.1186/1743-0003-11-162
http://www.ncbi.nlm.nih.gov/pubmed/6691052?dopt=Abstract
http://dx.doi.org/10.1093/ptj/64.1.35
http://www.ncbi.nlm.nih.gov/pubmed/15639395?dopt=Abstract
http://dx.doi.org/10.1016/j.gaitpost.2004.01.013
http://www.ncbi.nlm.nih.gov/pubmed/25026422?dopt=Abstract
http://dx.doi.org/10.1016/S0004-9514(14)60487-6
http://www.ncbi.nlm.nih.gov/pubmed/23356576?dopt=Abstract
http://dx.doi.org/10.1186/1743-0003-10-7
http://www.ncbi.nlm.nih.gov/pubmed/16571398?dopt=Abstract
http://dx.doi.org/10.1016/j.apmr.2005.12.042
http://www.ncbi.nlm.nih.gov/pubmed/28399777?dopt=Abstract
http://dx.doi.org/10.1080/10749357.2017.1304865

