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Objective: The purpose of this study was to compare walking conditions (straight line and curved path) on walking patterns in 

persons who had experienced hemiplegic stroke and to determine whether if they adapt their walking pattern and performances ac-

cording to changes in environmental conditions.

Design: Cross-sectional study.

Methods: Forty-four hemiplegic stroke survivors participated in this study. This study measured walking performance in three 

different walking conditions, such as straight walking, the more-affected leg in the inner curve walking, and less-affected leg in the 

inner curve walking conditions, and a 2-dimentional gait analysis system was used as a primary measurement. This study also 

measured secondary clinical factors including the Timed Up-and-Go Test, the Trunk Impairment Scale, and the Dynamic Gait 

Index.

Results: After analyzing, cadence and step length of the less-affected side, stride length in the more-affected side, and stride 

length in less-affected side were significantly different among the three different walking conditions in this study (p<0.05),  but 

other temporospatial parameters were not significant. Cadence was the largest in the straight walking condition. Step length in the 

less-affected side, stride length in the more-affected side, and stride length in less-affected side were also the longest in the straight 

walking condition.

Conclusions: The results of the study suggest that hemiplegic stroke survivors show walking adaptability according to changes 

in walking demands and conditions, and moreover, cadence and step and stride lengths were significantly different between 

straight and curved walking conditions.
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Introduction

Hemiplegia, a paralysis of one side of the body, occurs 

with stroke involving a sudden, specific neurovascular acci-

dent of the brain and the person is left with severe neuro-

logical and functional deficits. Hemiplegic stroke survivors 

have movement problems that lead to activity and partic-

ipation limitations [1]. These movement problems manifest 

themselves as movement deficits in the trunk and extremi-

ties caused by missing pieces of movement control, atypical 

patterns of movement deviated from normal coordinated 

movement and undesirable compensations that lead to com-

pensatory functional strategies [1]. These impairments ulti-

mately interfere with normal functional movements and 

may lead to loss of independence in their daily life. 

Walking patterns for hemiplegic stroke survivors are 

characterized by slow speed, uneven and decreased step and 

stride lengths, impaired balance and smooth translation of 

the body segment [2,3]. In particular, stroke survivors are 

impaired in their ability to produce automatic, reproducible 
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and integrated walking while adapting to the changes of en-

vironmental conditions. Walking performance for stroke 

survivors is a prerequisite for performing a safe recovery of 

activities and participation restrictions and therefore, it is 

necessary to understand the gait characteristics in various 

environmental demands within the rehabilitation setting 

[1,4-6]. 

This study aimed to simplify the characteristics of the kin-

ematic parameters that was measured during three different 

walking performances, such as linear walking, the more-af-

fected side in the inner curve walking, and the less-affected 

side in the inner curve walking conditions, as well as to de-

termine whether they adapt their walking pattern according 

to changes in walking demands. We hypothesized that the 

hemiplegic stroke survivors will adapt and walk regardless 

of the walking paths aside from their gait abnormality, such 

as gait asymmetry, decreased stance phase, prolonged swing 

phase, and decreased walking speed. 

Methods

A 2-demensional gait analysis system that was equipped 

with a walkway was designed to measure and to distinguish 

hemiplegic gait from normal gait. The study was approved 

by the Institutional Review Board (IRB) of Baekseok 

University and all participants provided their informed con-

sent prior to the study (IRB No. BUIRB-201806-HR-004).

Participants

Forty-four stroke survivors who had a first diagnosis of 

stroke that was confirmed with neuroimaging 6 months ago 

or more (males and females, mean aged years) were include-

ed in the study. This study recruited persons who were able 

to walk 10 m or more independently 10 m with or without a 

gait aid on even surfaces, who had a Modified Ashworth 

Scale score of <2 in any of the hip, knee or ankle muscles, 

who had a Mini-Mental State Examination score of >18, and 

were independently walking prior to the first stroke accident. 

Subjects were excluded if they had unilateral neglect, re-

current stroke, uncontrolled hypertension, a history of other 

neurological impairments, and other factors such as im-

paired vision, vestibular deficits, cerebellar ataxia except 

stroke, and any musculoskeletal impairments that could af-

fect gait performance.

Experimental procedure

This study measured primarily the temporospatial param-

eters when the participants performed independent walking 

during three different walking conditions: straight line, the 

more-affected side in the inner curve walking, and the 

less-affected side in the inner curve walking. First of all, a 

10-m pedestrian walk was used for the straight walking con-

dition and a pedestrian walk with a length of 10 m and a radi-

us of 5 m was used for the curved walking conditions. The 

participants underwent gait performance under three differ-

ent conditions. The walking conditions of the participants 

were randomly selected and all evaluations were conducted 

by experienced physical therapists who conducted clinical 

evaluation for 5 years or more. Each condition was per-

formed five times and the average value was used for data 

analysis. 

Demographic and clinical characteristics were obtained 

from the participants, medical records, or from performance- 

based examination and questionnaire-based examination.

Experimental equipment and clinical measurement tools

GAITRite (CIR Systems, Inc., Clifton, NJ, USA) is a tru-

ly portable single layer pressure sensitive walkway measur-

ing temporal and spatial parameters and provides easy iden-

tification of gait performance via an electronic walkway. 

The study measured temporospatial parameters, such as gait 

velocity (obtained after dividing the distance by the ambula-

tion time), cadence (the rate or steps per minute), step time 

(the time elapsed from the first contact of one foot to the first 

contact of the opposite foot), step length (measured on the 

horizontal axis of the walkway from the heel point of the cur-

rent footfall to the heel point of the previous footfall on the 

opposite foot), and stride length (measured on the line of 

progression between the heel points of two consecutive foot-

falls of the same foot). 

The Timed Up-and-Go test (TUG) is a simple clinical 

evaluation method used to assess the mobility of individuals 

who require both static and dynamic postural stability. In 

general, normal scores are less than 10 seconds for healthy 

adults, 11-20 seconds for those who are elderly or with dis-

abilities, and more than 20 seconds indicates that assistance 

is required for outdoor walking and that additional tests and 

therapeutic interventions are needed. In addition, it is judged 

that there is a risk of falling if the TUG score is 30 seconds 

[7-9]. 

The trunk impairment scale (TIS) is an evaluation tool de-

veloped in 2004 by Verheyden et al. [10,11] for the purpose 

of evaluating the trunk function of stroke survivors. TIS 

evaluates static and dynamic sitting balance and trunk coor-
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Table 2. Temporospatial parameters under three different walking conditions (N=44)

Variable Straight line
More-affected side 

in inner curve

Less-affected side 

in inner curve
p-value

Gait velocity (cm/s) 65.49 (36.05) 64.45 (34.00) 64.13 (33.59) 0.551

Cadence (steps/min) 88.52 (24.89) 87.45 (25.27) 86.76 (25.68)
a

0.025

Step time in more-affected (s) 1.07 (1.73) 0.82 (0.36) 0.86 (0.41) 0.345

Step time in less-affected (s) 0.74 (0.39) 0.75 (0.46) 0.82 (0.65) 0.344

Step length in more-affected (cm) 42.99 (13.42) 40.59 (14.16) 43.05 (12.87) 0.136

Step length in less-affected (cm) 42.14 (15.53) 40.92 (15.38)
a

40.27 (15.74)
a

0.005

Stride length in more-affected (cm) 85.88 (27.98) 81.66 (26.29)
a

84.53 (27.09)
b

0.024

Stride length in less-affected (cm) 85.87 (28.07) 84.21 (27.60) 83.63 (27.05)
a

0.009

Values are presented as mean (SD).
a
Significantly different compared with straight line. 

b
Significant different compared with more-affected side. 

Table 1. Demographics of subjects (N=44)

Variable Value

Sex (male/female) 23/21

Age (y) 61.30 (13.11)

Post-duration disease (mo) 32.14 (29.43)

Etiology (infarction/hemorrhage) 21/23

Brunnstrom’s stage (4/5/6) 20/20/4

Walking aid (with/without) 15/29

Paretic side (right/left) 24/20

Mini-mental state examination (score) 26.27 (3.19)

Timed up-and-go test (seconds) 22.42 (15.15)

Trunk impairment score (score) 14.57 (3.35)

Dynamic gait index (score) 15.18 (6.05)

Values are presented as number only or mean (SD).

dination in a sitting position for stroke survivors. Dynamic 

gait index is a clinical assessment tool that evaluates the abil-

ity to apply gait to complex gait tasks in everyday life. It 

evaluates gait ability in eight different demands and walking 

environments. Scores of 19 or less have been related to in-

crease incidence of falls [12,13]. 

Data analysis

All statistical analyses of the study were performed using 

PASW Statistics for Windows, Version 18.0 (SPSS Inc., 

Chicago, IL, USA). Descriptive statistics were used to de-

scribe demographic characteristics. The clinical character-

istics are presented in Table 1. To analyze the difference 

among three walking conditions, this study used variance 

assumptions with repeated measures with assumption of 

sphericity, which states that the variances within each walk-

ing conditions of difference scores. The degrees of freedom 

for the F-ratio was adjusted by multiplying them by a correc-

tion factor given the symbol epsilon, the Greenhouse- 

Geisser correction. This study also used the Bonferroni as a 

post-hoc test. The significance level was set to α=0.05. 

Results

After analysis, cadence, step length of the less-affected 

side, stride length of the more-affected side, and stride 

length of the less-affected side were significantly different 

among the three different walking conditions in this study 

(Table 2). Cadence was significantly different between the 

straight line and the less-affected side in the inner curve 

walking conditions (p=0.025). Step length in the less-af-

fected side was significantly different between the straight 

line and the more-affected side in the inner curve and be-

tween straight line and less-affected side in the inner curve 

conditions (p=0.005). Stride length in the more-affected side 

was significantly different between the straight line and the 

more-affected side in the inner curve condition and between 

the more-affected side in the inner curve and less-affected 

side in the inner curve conditions (p=0.024). Stride length in 

the less-affected side was significantly different between 

straight line and less-affected side in the inner curve walking 

conditions (p=0.009). 

Discussion

Independent, functional, and safe walking is difficult to 

retrain in the early phases following stroke due to impair-

ment of trunk and extremity control, muscle weakness 

linked with trunk and extremity movements, asymmetrical 

weight bearing, atypical complex movement patterns, and 

poor postural stability [2]. Nevertheless, walking perform-
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ance is necessary to maintain most of daily and functional 

activities for daily living and therefore the goal in a re-

habilitation setting is to restore the walking performance in 

the earlier stages of stroke. The surrounding contexts of 

walking performance is not only always linear but also di-

verse, such as curved paths, slopes, stairs, and uneven sur-

faces. 

During the usual straight line walking, spatiotemporal 

variabilities have been known to be an early indicator of mo-

bility impairment and associated with risk of falls. Stroke 

survivors show decreased gait velocity, asymmetric walking 

pattern, and increased step width, and thereby show a differ-

ent walking pattern compared to before the stroke event 

[14]. Spastic or synergistic gait patterns are atypical move-

ment patterns in hemiparetic stroke patients and include 

contact with ground via toe strike or foot flat, loss of hip ex-

tension, and usage of excessive forward trunk flexion to ini-

tiate [1]. Forward progression instead of moving the shank 

and lower leg over the foot in stance phase, and proximal ini-

tiation patterns of pelvic hiking or rotation toward the af-

fected side, hip flexion, with internal rotation and knee ex-

tension, or pelvic posterior tilting with hip abduction and 

knee flexion in swing phase are also shown [15]. However, 

a previous study reported that walking along a curved path 

implies a different spatiotemporal parameter of muscle acti-

vation compared with straight walking in humans [16-19]. 

After the studies, several researchers have reported on 

curved walking in hemiparetic individuals [20-22].

Godi et al. [20] reported the velocity of curved walking 

was not significantly smaller in hemiparetic patients com-

pared with linear walking. Two other studies examined the 

neuromuscular strategies in the paretic leg during curved 

walking for persons with stroke [21,22]. Indeed, there is a 

lack of studies comparing linear walking and curved path 

walking in stroke surivors. This study evaluated the spatio-

temporal parameters during straight walking and curved 

paths with the inner paretic side and the inner non-paretic 

side for stroke survivors. As of the results of a study by Godi 

et al. [20], the results of this study showed that gait velocity 

of curved walking was not significantly different from the 

linear walking speed. This study showed that three other 

spatiotemporal parameters (cadence, step length, and stride 

length) were significantly different between straight walk-

ing and curved path walking. When humans walk, if the ex-

ternal environment is changed, human walking is charac-

terized by changing the number of steps or the step or stride 

lengths in order to maintain walking speed. This ability is 

namely gait adaptability or walking adaptability [23,24]. 

The results of this study suggest that one of reason why there 

was no significant difference in walking speed between 

straight walking and curved walking was walking 

adaptability. Therefore, gait adaptability should be consid-

ered when gait training for stroke survivors in rehabilitation 

settings. 

This study was a cross-sectional, observational study de-

sign, not an experimental study. Future study should consid-

er strategies to improving walking adaptability for stroke 

survivors. This study involved only one condition of curved 

walking and therefore, future studies require more severe 

curved walking conditions as well as uneven walking sur-

face conditions. 
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