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Abstract
This study aimed to investigate the effects of exercise-induced muscle fatigue in the unaffected knee joint 
on postural control and kinematic changes in stroke patients. Forty participants (20 stroke patients, 20 
age-matched healthy participants) were recruited. To induce fatigue, maximum voluntary isometric con-
tractions were performed in the unaffected knee joint in a Leg Extension Rehab exercise machine using 
the pneumatic resistance. We measured static and dynamic balance and lower-limb kinematics during gait. 
Changes in postural control parameters anteroposterior sway speed and total center of pressure distance 
differed significantly between the stroke and control groups. In addition, changes in gait kinematic param-
eters knee and ankle angles of initial contact differed significantly between stroke (paretic and non-paretic) 
and control groups. Muscle fatigue in the unaffected knee and ankle impaired postural control and debil-
itates kinematic movement of ipsilateral and contralateral lower limbs, and may place the fatigued stroke 
patients at greater risk for falls.
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Introduction
Individuals after stroke are often left with disabling motor and 
sensory impairments, leading to reduced functional ability 
and quality of life (Paolucci et al., 2003; Hackett and Ander-
son, 2005). Many stroke patients have limited postural control 
and walking capability associated with hemiparesis (Ikai et 
al., 2003; Flansbjer et al., 2006; Balasubramanian et al., 2007). 
For example, abnormal center of mass while standing leads to 
dysfunctional balance strategies or asymmetries in kinematics 
related to decreased power in the affected leg.

Neuromuscular fatigue, defined as exercise-induced reduc-
tion in power output and work capacity of the skeletal muscle, 
can be quantified as the reduction in strength over time or as 
the duration of sub-maximal sustained tasks (Bigland-Ritchie 
and Woods, 1984; Bellew and Fenter, 2006; Kanekar et al., 
2008; Reimer and Wikstrom, 2010). Muscle fatigue related to 
the knee joint induces a reduction and delay in the activation 
of the quadriceps and hamstring muscles in response to rapid 
destabilizing perturbations potentially reducing the stability 
around the knee (Parijat and Lockhart, 2008) and altering 
the knee moment in the sagittal plane in healthy participants 
during walking (Walter et al., 2010; Murdock and Hub-
ley-Kozey, 2012). Several studies have reported a disturbance 
of postural control and the changes in gait kinesiology after 
the performance of a fatiguing motor task involving different 
lower-limb joints such as the ankle, knee, and hip (Lin et al., 

2009; Vuillerme et al., 2009; Berger et al., 2010, 2011; Vuill-
erme and Boisgontier, 2010). 

In generally, stroke patients commonly show muscle fa-
tigue, possibly due to the relatively high levels of muscular 
effort that they need to invest in locomotion. Many function-
al tasks challenging to stroke patients require sub-maximal 
symmetric torque production in bilateral lower limb joints 
to optimal postural control and energy efficiency (Hyngstrom 
et al., 2012). Stroke-related muscle fatigue may impede the 
functional mobility and contribute to long term disability. 
Although a few studies have examined fatigability of the af-
fected lower limb during fatigue protocol of the musculature 
at sub-maximal torque (Hyngstrom et al., 2012; Rybar et al., 
2014), no studies have addressed changes in the unaffected 
lower limb, i.e., how changes in neuromuscular fatigability in 
the unaffected lower limb of stroke patients impact postural 
control and walking kinematics. 

Therefore, the purpose of this study was to investigate the 
effects of exercise-induced muscle fatigue in the unaffected 
knee joint on postural control and gait kinematic changes of 
lower-limb in stroke patients.

Subjects and Methods
Participants
Forty participants (20 stroke patients, 20 age-matched healthy 
participants) were recruited. Stroke patients were recruited 
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from physiotherapy clinics. Inclusion criteria were (1) age be-
tween 50 and 70 years, (2) a clinical stroke with brain imaging 
that is compatible with intracerebral hemorrhage or ischemic 
stroke occurring at least 6 months before the start of the study, 
(3) one sided hemiparesis of the lower extremity, and (4) ability 
to ambulate independently without ankle foot orthoses (AFO). 
Exclusion criteria were (1) severe cognitive, communicative, 
perceptual, or sensory problems preventing patient from un-
derstanding and/or following verbal instructions, (2) other 
neurologic, psychiatric problems, or impairments causing dif-
ficulties to follow the program, and (3) unstable cardiovascular 
and ventilatory problems. All of them understood the purpose 
of this study and provide their written informed consent before 
participating in the study. The study was performed accord-
ing to the Declaration of Helsinki, and the ethical issues were 
approved by the local committee of the Institutional Review 
Board (approval number: 1040647-201312-HR-077-3), and the 
study procedure is shown in Figure 1.

Fatigue protocols
To induce fatigue, maximum voluntary contractions were 
performed in a Leg Extension Rehab exercise machine 
using the pneumatic resistance (HUR, Helsinki, Finland). 
Participants were instructed to sit comfortably in the chair 
and maintain the knee at 90° of flexion with a free distal 
extremity. They were asked to extend their non-paretic leg 
and then slowly flex the knee joint to the starting position. 
The involved leg of each patient was matched with the cor-
responding leg of a healthy control according to their dom-
inant side (Negahban et al., 2013). The leg used to kick a 
ball was defined as dominant (Reimer and Wikstrom, 2010). 
The fatigue protocol was stopped and it was assumed that 
the leg muscles were fatigued when the subject expressed 

Figure 1 Flowchart of the study.

inability to continue the task, or when the subject no longer 
performed at the desired movement frequency, or after 30 
minutes (Barbieri et al., 2013; Hatton et al., 2013). 

Measurements
Postural control
Balance was assessed by using the Good Balance System Ver. 
3.06 (Metitur Oy, Jyvaskyla, Finland). The platform facilitates 
the evaluation of stance symmetry and sway of the center of 
feet pressure for the tested posture (static conditions) (Park 
and Yim, 2016). It also allows for the dynamic balance test. 
The evaluation of weight-bearing symmetry was performed 
for each lower limb separately and differences were expressed 
in percentages. Measurements were performed in silence for 
the normal standing position, with the feet placed parallel 20 
cm from each other (Lisinski et al., 2012). Static balance test-
ing was performed with the patient standing on the platform 
with eyes open. Then the participant was asked to maintain 
maximum focus to remain motionless for 30 seconds.

The participants were instructed to perform the dynamic 
balance testing by shifting their weight forward toward the tar-
get when one of the peripheral targets was presented randomly, 
and then back to the central target. After demonstrating the 
tests, the subjects were allowed to practice a preliminary test 
once before the measurements were taken. Subsequently, the 
participant swayed to the extent and direction determined by 
the Good Balance System program. This point moved in accor-
dance with the direction and extent of sways performed by the 
participant standing on the platform. The maximum, permis-
sible time for task was 120 seconds. The subject was instructed 
to reach the targets as quickly and accurately as possible, and to 
avoid unnecessary and uneconomic movements. 

Gait kinematics
Sagittal plane movements were simultaneously captured with 
a standard digital video camera (Sony DCR-HC20E) sam-
pling at 50 Hz. The camera was placed on a tripod perpen-
dicular to the sagittal plane, at a height of 60 cm and a dis-
tance of 3.5 m (Dingenen et al., 2015). The reflective markers 
on the trochanter major, lateral femoral epicondyle, lateral 
malleolus and metatarsal head V were used to assist manual 
digitization (Borel et al., 2011). The joint angles of paretic 
and non-paretic leg of stroke patients and the dominant leg 
of healthy controls were measured (Figure 2). 

Data analysis
Anteroposterior, mediolateral sway speed (mm/s) and total 
center of pressure (COP) distance were calculated automat-
ically with the Good Balance System Ver. 3.06 (METITUR) 
(Lisinski et al., 2012). 

2D images were captured onto an external hard disk drive 
that was plugged into a laptop computer. The point of joint 
ankle was measured on 2D video images using a commercial 
software package (Dartfish software 6.0, Fribourg, Switzerland) 
(Dingenen et al., 2015). The knee angle was the angle between 
the line formed by the greater trochanter and the lateral femo-
ral epicondyle, and a second line connecting the lateral femoral 

Stroke group (n = 20)

Pre-test (postural control and gait kinematic)

Fatigue protocol

Drop out due to decondition (stroke group, n = 2)

Post-test (postural control, gait kinematics)

Statistical analysis 

Control group (n = 20)

Assessed for eligibility (n = 40)
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Figure 2 Video screen measurement of knee joint and ankle in toe 
off with Dartfish software 6.0.

epicondyle and the lateral malleolus. The ankle angle was the 
angle between the line formed by the lateral femoral epicon-
dyle and the lateral malleolus, and a second line connecting the 
lateral malleolus and metatarsal head V. The reliability of the 
measurement of these 2D angles was previously shown to be 
good to excellent (Dingenen et al., 2014, 2015).

Statistical analysis 
Demographic data, such as sex and age, were analyzed us-
ing an independent t-test. Pre- and post-intervention data 
were examined using the paired t-test within each group of 
subjects and the analysis of covariance was used between the 
groups. Analysis of covariance was used to control the vari-
ance in the pretest score. The pretest score was the covariate, 
group was the independent variable, and posttest score was 
the dependent variable. All statistical analyses were per-
formed using PAWS 18.0 (SPSS, Chicago, IL, USA), and P < 
0.05 was used as the criterion for statistical significance.

Results
Baseline variables in the patients in the stroke group did not 

differ significantly from the control group (P > 0.05; Table 
1). Two patients dropped out during this study because of 
adverse effects, such as pain, de-condition. 

Effects of fatigue protocol on postural control
Following the fatigue protocol, compared to pre-test, me-
diolateral sway speed and total COP distance showed a 
significant increase in both groups (P < 0.05). However, 
anterioposterior sway speed showed a significant increase 
only in the stroke group (P < 0.05). The stroke group 
showed significantly more increment in anterioposterior 
sway speed and total distance than the control group (P < 
0.05; Table 2).

Effects of fatigue protocol on gait kinematics
After fatigue protocol, compared to pre-test, knee and an-
kle angles of initial contact showed a significant decrease 
in three groups (P < 0.05). The stroke group (paretic and 
non-paretic side) showed significantly more increment in 
knee and ankle angle during initial contact than control 
group (P < 0.05, Table 3).

Table 1 Baseline characteristics of participants

Variable Stroke group Control group

Sex (n, male/female) 14/4 14/6
Age (year) 54.30±8.55 53.98±7.41
Paretic side (n, right/left) 8/10
Time since stroke onset (month) 14.90±9.59
Height (cm) 167.80±8.34 166.23±6.67
Weight (kg) 71.80±10.04 69.56±9.32

Values with the exception of sex and paretic side are presented as the 
mean ± SD.

Table 2 Postural control testing results of participants in each group

Variable

Stroke group Control group

Pre-test Post-test Pre-test Post-test

Anterioposterior sway speed (cm/s) 7.11±2.16# 9.12±2.09*# 5.33±1.16 5.53±1.15
Mediolateral sway speed (cm/s) 10.23±3.41# 11.65±3.89*# 6.49±1.87 7.37±1.92*

Total center of pressure distance (mm) 2,157.58±782.22# 2,656.90±1,042.85*# 1,315.35±308.48 1,442.98±280.18*

Values are presented as the mean ± SD. Stroke group (n = 18), control group (n = 20), *P < 0.05, vs. pre-test (paired t-test); #P < 0.05, vs. the control 
group (analysis of covariance). 

Table 3 Gait kinematic of participants in each group

Variable

Stroke group (paretic) Stroke group (non-paretic) Control group

Pre-test Post-test Pre-test Post-test Pre-test Post-test

Knee angle of initial contact (˚) 164.68±3.52# 162.47±3.28*# 167.73±2.83# 165.27±2.55*# 171.21±2.35 170.19±2.67*

Knee angle of toe off (˚) 132.66±4.28 131.13±4.28 132.90±3.17 131.93±2.31 133.98±2.74 133.82±2.76
Ankle angle of initial contact (˚) 5.35±2.50 4.77±1.85* 8.77±2.07 8.13±1.77* 11.80±1.19 11.18±1.01*

Ankle angle of toe off (˚) 29.77±2.70# 29.73±2.45# 30.78±3.43# 29.88±2.91# 32.93±2.80 32.17±1.76

Values are presented as the mean ± SD. Stroke group (n =18), control group (n = 20), *P < 0.05, vs. pre-test (paired t-test); #P < 0.05, vs. the control 
group (analysis of covariance).
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Discussion
Individuals with stroke often rely more on the unaffected 
side for limb advancement during walking due to the con-
tralateral weakness of a damaged hemisphere, but the effects 
of muscle fatigue in this group is unknown. In the current 
study, we investigated the effects of non-paretic knee mus-
cle fatigue on balance and lower limb kinematics in stroke 
patients. We found that fatigability induced in the knee mus-
cles, with and without stroke, had large functional conse-
quences for people with stroke including balance and major 
alterations in the lower limb kinematics. Compared with 
controls following fatiguing, dynamic knee muscle contrac-
tions of non-paretic lower limb, stroke participants showed 
larger relative reduction in anterioposterior sway speed and 
total center of pressure distance and greater decrements in 
knee and ankle range of motion during initial contact in the 
paretic and non-paretic lower limbs.

Muscle fatigue of the lower limb has been indicated to in-
crease postural sway, which is documented through variables 
calculated from the displacements of the center of pressure. 
As expected, our results showed that the muscle fatigue pro-
tocol of the knee joint affected postural control in both the 
stroke and control groups. Moreover, individuals with stroke 
had larger relative increment in anterioposterior and me-
diolateral sway speed following fatiguing knee flexion and 
extension. These finding are consistent with those of previ-
ous studies that examined the effects of lower limb muscle 
fatigue induced by isokinetic method on postural control of 
healthy individuals using a static or dynamic moveable plat-
form (Gribble et al., 2004; Harkins et al., 2005; Dickin and 
Doan, 2008). Previous studies have observed that postural sta-
bility decreased when the difficulty of the task increased, for 
example, by diminishing the input from one or more sensory 
systems (Bayouk et al., 2006), or by decreasing the efficiency 
of neuromuscular system related to muscle fatigue (Caron, 
2003; Gribble and Hertel, 2004; Vuillerme et al., 2006; Salavati 
et al., 2007; Springer and Pincivero, 2009). Hence, from our 
results, we can deduce that the disturbance of postural control 
after unilateral knee muscle fatigue is related to a reduction in 
muscle strength and especially to impairment of the effective-
ness of sensorimotor function. The adverse effect on neuro-
muscular control after muscle fatigue exercise is attributable 
to the inhibition of afferent and efferent signaling patterns in 
relation to delayed muscular reaction times (Gribble and Her-
tel, 2004; Gribble et al., 2004; Salavati et al., 2007). Delayed 
onset of muscle activity affects the ability to compensate for 
movement of lower limb and to maintain postural stability 
(Hassanlouei et al., 2012). As the results, especially, when 
compared with the control group, an individual with stroke 
has difficulty in maintaining postural muscle control, due to 
fatigue of the unaffected lower limb and weakness of the side 
contralateral to the damaged hemisphere.

Our results indicated that muscle fatigue of the unaffected 
knee joint decreased the articular angle of the ipsilateral knee 
and ankle to a greater degree during initial contact in stroke 
patients, when compared with that in the control group, but 
did not significantly change during toe off. A possible mecha-

nism for this decrement in the articular angle following muscle 
fatigue has been suggested in previous studies, which reported 
that muscle fatigue is associated with reduced power output 
and work capacity of the skeletal muscle (Enoka and Stuart, 
1992; Yeung et al., 1999; St Clair Gibson et al., 2001; St Clair 
Gibson and Noakes, 2004). Parijat and Lockhart (2008) also 
reported that fatigue of the quadriceps reduced the articular 
angle of the knee and the extensor movement during gait. It 
is also well known that joint and muscle receptors mediate 
alteration in efferent output of muscles which control the joint 
movement. It seems that neuromuscular control is disrupted 
for a short term because muscle fatigue may lead to an in-
creased threshold of muscle discharge. Thus, it is interpreted 
that muscle fatigue could lead to change in kinematic move-
ment.

Moreover, our results reveal a greater decrease in the artic-
ular angle in the stroke group when compared with that in 
the control group. It is deduced that there was a concurrent 
lack of modulation of the ipsilateral side of damaged hemi-
sphere such as ipsilateral motor and sensory deficits (e.g., 
proprioception) in stroke patients. Previous studies have 
reported the presence of subtle motor and sensory deficits in 
motor performance on the ipsilateral side as well (Kwon et 
al., 2007; Son et al., 2013). Additionally, significant changes 
in the kinematic movement of the contralateral lower limb 
during gait were also observed. Paillard et al. (2010) indicat-
ed that cross-over fatigue disturbs postural control, implying 
a disturbance in the contralateral monopedal postural con-
trol after fatigue of the ipsilateral lower limb muscles. Taken 
together, these results indicate that fatigue may cause the 
stroke patients to become vulnerable to falls during destabi-
lizing perturbation and gait.

In summary, our study shows that exercise-induced mus-
cle fatigue of the muscles in the unaffected knee impairs 
postural control and debilitates kinematic movement of ipsi-
lateral and contralateral lower limbs. Impaired postural con-
trol and debilitated kinematic movement due to exercise-in-
duced muscle fatigue may place stroke patients at a greater 
risk for falls and therefore a therapist should be invited to 
help reduce muscle fatigue during conditioning and rehabil-
itations of stroke patients. In addition, patients with muscle 
fatigue were able to shift less body weight onto their paretic 
leg. These patients should be encouraged to practice shifting 
their body weight towards their paretic leg. The challenge 
of lower limb constraint-induced movement therapy helps 
patients overcome the learned disuse mechanism by forcing 
them to use the paretic lower limb. Our study had some lim-
itations. First, although the fatigue protocol was designed to 
induce fatigue predominantly in the knee muscles, it is im-
portant to consider that other joint muscles, e.g., hip muscles 
are involved and may have been fatigued as well. Second, due 
to the relatively small number of subjects, the results of this 
study should be considered as preliminary finidngs. Finally, 
other kinematic data were not assessed regarding electromy-
ography and gait parameters. Future studies will be required 
to investigate kinetic and kinematic measurements related to 
muscle fatigue of the lower limb. 
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