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Abstract 

Background: The main objective of the present study is to investigate the relationship 

between the principal components (PCs) of the sagittal kinetic variables in the lower limb and 

the ground reaction forces (GRFs) during gait in patients with hemiparesis.  

Methods: We recruited 21 patients with hemiparesis and 12 healthy controls. The 3-

dimensional (3-D) coordinates of 33 markers were measured with a 3-D motion analysis 

system operating at 120 Hz and force plates as the subjects walked along a 7-meter walkway. 

The correlation coefficients between the over-time series of PCs, which is calculated using 

principle component analysis (PCA), and GRFs were compared among the left side of the 

controls and the paretic side (PS) and non-PS of the patients by using analysis of variance 

(ANOVA).  

Results: The correlation coefficient of the non-PS between the first PC and GRF in the 

anteroposterior-direction was significantly higher than that on the PS (P < 0.05) and that of 

the non-PS in the vertical-direction was lower than the PS (P < 0.05).  

Conclusions: The results indicated that intralimb kinetic coordination on the PS plays an 

essential role in weight support in patients with hemiparesis, whereas the kinetic coordination 

on the non-PS plays a role in generation of propulsion. 
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Background 

Forward propulsion is a crucial biomechanical function for gait in patients with 

hemiparesis. Specifically, forward propulsion on the paretic side during gait in patients with 

hemiparesis has been correlated with walking speed that strongly associated with community 

ambulation, quality of life, and mortality [1, 2, 3]. Moreover, it was also associated with the 

6-Minute Walk Test distance, which can distinguish among home, limited community, and 

full community ambulators [4, 5]. After a 12-week high-intensity locomotor training, changes 

in the forward propulsion on the paretic side during gait were correlated with that in the 6-

Minute Walk Test distance [4]. Therefore, forward propulsion is an essential gait parameter 

for walking ability and a primary target of post-stroke gait rehabilitation in patients with 

hemiparesis [6]. 

A previous study showed that several patients with hemiparesis increased the propulsion 

on the paretic side during gait without increasing the maximum ankle plantar flexor moment 

during speed modulation [7]. Hsio speculated that this strategy may be performed for fear of 

falling [7]. Allen demonstrated the difference in the contribution of hamstrings to propulsion 

on the paretic side during gait following rehabilitation between two patients with hemiparesis 

[8]. The findings demonstrated that increased joint moment only at a single joint does not 

neccesarily lead to increased forward propulsion during gait in patients with hemiparesis. 
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A previous study defined intralimb kinetic coordination (in contrast to intralimb 

kinematic coordination) as an inter joint coordination based on kinetic variables [9]. Sadeghi 

et al. revealed that weight support and propulsion generation were important functions of 

intralimb kinetic coordination between the ankle and hip torques during gait in healthy 

controls, using principal component analysis (PCA) [10]. The principal components (PCs) 

indicate a simplification of the control of posture and locomotion due to a reduction in the 

available degrees of freedom by the central nervous system and functions of intralimb kinetic 

coordination [10, 33, 34]. However, there has been no study examining the functions, i.e. 

weight support and propulsion, of intralimb kinetic coordination in the lower limbs during 

gait in patients with hemiparesis. Propulsion generated by the paretic leg was also found to be 

sensitive to the hemiparetic severity level in patients with hemiparesis, identified using 

Brunnstrom motor recovery stages (a range of abilities to perform movements both inside and 

outside the extensor and flexor synergy patterns) [11, 12]. Previous studies, which evaluated 

the muscle coordination during gait in patients with hemiparesis using electromyography 

(EMG), showed an impaired more complex motor modules [13, 14]. Moreover, the motor 

module related to propulsion in late stance during gait in patients with hemiparesis was 

combined with the other module related to body support during weight acceptance and 

deceleration of the leg at the end of swing and propulsion in early stance [13]. Therefore, 

intralimb kinetic coordination would suppress the propulsion generation due to the abnormal 
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synergy pattern, which are combined with the several modules including the module related 

to propulsion.  

Although the analysis of the muscle coordination using EMG of muscles in lower limb 

revealed the symptom of the abnormal synergy pattern in patients’ gait in the previous study 

[13, 14], the kinetic mechanism of the abnormal synergy pattern remains unclear. The 

investigation into the kinetic mechanism of the abnormal synergy pattern using intralimb 

kinetic coordination could lead appropriate intervention for the abnormal synergy pattern by 

gait training, orthosis, and robots. In the clinical practice on stroke rehabilitation, evaluation 

of impaired intralimb kinetic coordination in these patients may be helpful in treating 

propulsion deficits and supporting weight during gait with an orthosis or a wearable robot 

worn at a single or several joints in the lower limb. 

The objectives of the present study were as follows: 1) to investigate the difference in 

the intralimb kinetic coordination and loadings of each joint in the lower limbs on the paretic 

and nonparetic sides in patient with hemiparesis, and the left side (LS) of healthy controls and 

2) to evaluate the relationship between the intralimb kinetic coordination in the lower limbs 

and weight support and propulsion in patients with hemiparesis. 
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Methods 

Participants: 

21 patients with hemiparesis due to stroke (17 males and 4 females; age 30–74 years) and 

12 healthy controls of comparable age (5 males and 7 females; age 31–78 years) were 

enrolled in the study. The demographic and clinical characteristics of the study subjects are 

shown in Table 1. The inclusion criteria for the subjects consisted of a first-time stroke due to 

either an ischemic or hemorrhagic supratentorial lesion and the ability to walk at least 7 

meters without an assistive device. The exclusion criteria for the subjects with hemiparesis 

and controls consisted of the presence of brain stem or cerebellar lesions, higher brain 

dysfunction (which would skew the measurements), and orthopedic problems. 

In patients with hemiparesis, the severity of the hemiparesis and the ability to perform 

movements outside the extensor and flexor synergy patterns were assessed using 

Brunnstrom’s stages of recovery [11]. These tests were performed using standardized 

protocols by an experienced physical therapist (Y. S.). This study was conducted in 

accordance with the Helsinki Declaration. All participants provided written informed consent 

prior to data collection, and the Institutional Review Board approved the study. 

Gait analysis: 

The study subjects were asked to walk 7 meters for 2–10 trials. The patients were 

instructed to walk at a self-selected comfortable pace without assistive devices, whereas the 
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controls were instructed to walk at a slow pace. The results were the average of more than 5 

strides in successful trials. In addition, 33 reflective markers were attached to 12 segments 

with adhesive tapes (Table 2). For all measurements, the coordinates of each reflective 

marker were measured using the MAC 3D System (120 Hz) (Motion Analysis Corporation, 

Santa Rosa, CA, USA). Ground reaction forces (GRF) data were acquired at a 1,200 Hz 

sampling rate using four 90 cm × 60 cm force plates (Anima Corporation, Choufu, Tokyo, 

Japan). The 3-D coordinates and GRF data were smoothed using a bidirectional fourth-order 

Butterworth low-pass filter with a cut-off frequency of 20 Hz and 200 Hz, respectively. A 12-

segment model based on anthropometric data, in accordance with Dumas [15], and comprised 

of feet, shanks, thighs, pelvis, thorax, upper arms, and forearms, was used. The kinematic 

data for each joint in the lower extremities were calculated using a joint coordinate system 

[16]. In addition, the lower extremity joint kinetics were estimated using the inverse 

dynamics [17]. All kinematic and kinetic data were time-normalized to 100% of 1 gait cycle. 

The representative parameters for gait in the patient group were extracted from the kinematic 

and kinetic data in accordance with the previous study by Kinsella [18]. The kinetic data were 

normalized by patient’s body weight, and the parameters were calculated with customized 

software using Matlab (Mathworks Inc., Natick, MA). 
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Principle component analysis (PCA) using singular value decomposition: 

To investigate the differences in the intralimb kinetic coordination of the lower limbs and 

the loadings of each joint in the lower limbs of the paretic side (PS) and the non paretic side 

(non-PS) in the patient group, and the left side (LS) of the healthy controls, we conducted 

movement decomposition using PCA based on kinetic variables, i.e., joint moments [19, 20]. 

The kinetic variables can be expressed by writing the time-series data of the joint 

moments as a column in the matrix  as follows: 

  (1) 

where  denote the normalized moments at each jth step (%) using the 

absolute maximum moments  during one period [j: 0–100 (%)]. PCA is 

conducted by finding the eigenvectors and eigenvalues of the covariance matrix of object 

data, e.g., conv( ). By using singular value decomposition (SVD), the eigenvectors 

 of conv( ) can be easily calculated as follows: 

  (2) 

where  represents time-series values with the corresponding eigenvectors . 

Thus, the time-series data  of the joint moments can be decomposed into time-

invariant spatial patterns  and temporal characteristic patterns  of the 

corresponding spatial patterns . In addition, the percentage of variance (%) for the ith 
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PC was calculated using . The reason for employing SVD was that SVD 

analysis can divide the time-series data of joint moments into spatial and temporal patterns of 

PCs (e.g., using Matlab functions), and therefore allows for the visualization of the 

contribution ratio of these spatial and temporal patterns for the corresponding gait at any 

given time. 

Statistical analysis: 

The gait speed, stride time, and stride length between the patient group and the healthy 

controls were compared using unpaired t-tests. Differences in the spatiotemporal, 

representative kinetic, and PCA-related parameters along the LS of healthy controls and the 

PS and non-PS in the patient group were examined using a 1-way analysis of variance 

(ANOVA) followed by a Tukey’s test. The correlation coefficients between the time series of 

the PCs and GRFs were compared among the LS of healthy controls, the PS, and the non-PS 

of the patient group using an ANOVA followed by a Tukey’s test. The relationship between 

Brunnstrom’s stages of recovery and scores of sensory function and PCA-related parameters 

were examined using the Spearman’s rank-correlation coefficient. The significance level for 

all tests was set at P < 0.05. All statistical tests were performed using the Statistical Package 

for the Social Sciences (SPSS), version 22.0 (SPSS Inc., Chicago, IL, USA). 
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Results 

All parameters during gait in the patient group and the healthy controls are shown in 

Figure 1 and in Tables 3 and 4. There were no significant between-group differences in age, 

weight, or height. 

 

Gait speed and spatiotemporal parameters: 

There were no significant differences between the gait speeds of the 2 groups. Significant 

differences in the stance time (P < 0.05), swing time (P < 0.01), and single-leg stance time (P 

< 0.01) among the 3 groups were observed. Stance time on the PS of the patients was 

significantly shorter than that along the LS of healthy controls (P < 0.05). Swing time on the 

non-PS  (P < 0.01) and single support time on the PS were the shortest of the 3 groups (P < 

0.01). 

Kinetic parameters: 

There were significant differences in the maximum hip extension moment in the early 

stance (P < 0.01) and the maximum ankle plantar flexion moment (P < 0.01) in the stance 

phase among the 3 groups. There tended to be a difference in the maximum hip flexion 

moment in the stance phase, although it was not significant (P = 0.06). The maximum hip 

extension moment in the early stance for the nonparetic side in the patient group was the 
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highest of the 3 groups (P < 0.05 for both). For the paretic side, the maximum ankle plantar 

flexion moment in the stance phase was the lowest of the 3 groups (P < 0.05 for both). 

PCA-related parameters: 

The PCA of the joint moments demonstrated that the first and second PCs accounted for 

the total variances of 82% and 17%, respectively, for the LS of the healthy controls, 76% and 

19%, respectively, for the non-PS, and 81% and 17%, respectively, for the PS. The first 2 PCs 

on the non-PS accounted for 95%, which is lower than the percentage of variance of the first 

2 PCs on the PS (P < 0.01) and the LS of the healthy controls (P < 0.05). 

Significant differences in the loadings of the knee joint moment for the first and second 

PCs were observed (P < 0.05 for both). The loadings of the knee joint moment for the first 

PC on the PS were lower than those on the non-PS (P < 0.05). Additionally, compared with 

the loadings of the knee joint on the LS of the healthy controls, those of the non-PS of the 

patients were significantly lower (P < 0.05). 

The correlation coefficient of the non-PS between the time series of the first PC and GRF 

in the anteroposterior direction during gait was higher than that of the PS in the patient group 

(P < 0.05). The correlation coefficient for the PS (P < 0.05) and the LS of the healthy 

controls (P < 0.05) between the time series of the first PC and GRF in the vertical direction 

was higher than that for the non-PS. 
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Correlation between PCA-related parameters, Brunnstrom’s stages of recovery: 

There were no significant correlations between the percentage of variance of the first PC 

(r = −0.14), second PC (r = 0.15), and the first 2 PCs (r = 0.15) on the PS and Brunnstrom’s 

stages of recovery. 

 

Discussion 

This study demonstrates that the percentage of variance described by the first 2 

components of kinetic variables in the lower limbs exceeded 95% of the total variance. These 

results show that the time series of kinetic variables during gait in healthy controls and 

patients with hemiparesis might follow a planar law in a 3-D space, similar to that of 

kinematic variables, as demonstrated in previous studies [21, 22, 32]. The planar law could 

reflect a centrally controlled behavior, above biomechanical constraints [21, 22]. Generally, 

the time series of PCs analyzed using PCA was characterized based on the description of each 

representative curve [23]. This study has identified the correlation coefficient between PCs 

composed of kinetic variables in the lower limbs and the GRF in healthy controls, as well as 

patients with hemiparesis, to elucidate the meaning of time series for each PC. A previous 

study reported that the first PC in healthy controls revealed the primary function of the hip 

and ankle joint moments in the lower limbs in order to prevent the body from collapsing [10]. 

Correlation coefficients between the first PC and GRF in a vertical direction for each of the 3 
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groups were high in this study (r = 0.62–0.76), which is in line with the interpretation of the 

previous study [10]. Additionally, the correlation coefficient between the first PC and GRF in 

the anteroposterior direction was also high, excluding that of the PS. To the best of our 

knowledge, this is the first study to clarify the function of intralimb kinetic coordination in 

the lower limbs during gait in patients with hemiparesis. 

The findings suggest that the correlation coefficient between the first PC and GRF in 

the forward direction for the PS is low, whereas the the correlation coefficient in the vertical 

direction is high. A previous study also showed that the PS of patients with hemiplegic 

cerebral palsy exhibits greater leg stiffness, smaller landing angle, which formed between the 

vector connecting the body’s center of mass to the ankle joint and another vector representing 

the vertical direction, and a higher ratio of forward kinetic energy for potential energy [24]. 

Similary, our previous study demonstrated that ankle joint stiffness in early stance that 

steeply increases the GRF in the vertical direction on the PS increased in patients with 

hemiparesis [25]. Therefore, these findings have supported that the impaired kinetic control 

through abnormal intralimb kinetic coordination would incline toward the vertical direction 

of the lower leg on the PS during gait. Moreover, several studies have showed that the whole-

body angular momentum (WBAM) in the sagittal plane in the second half phase of gait cycle 

and that in the frontal plane in the single stance phase on the PS were higher than that in 

healthy controls [26, 27]. WBAM in both sagittal and frontal planes is affected by the GRF in 



15 

 

the vertical direction, whereas WBAM in only sagittal plane is affected by the GRF in the 

forward direction [35]. The facts suggests that GRF control through intralimb kinetic 

coordination in lower limb on the PS would plays essential role on the vertical direction 

during gait in patients with hemiparesis due to necessity of the strict control for the high 

WBAM in the sagittal and frontal planes.  

For the non-PS, The correlation coefficient between the first PC and GRF in the 

anteroposterior and vertical directions were opposite to that of the PS. These results 

demonstrated that the kinetic coordination on the non-PS compensated for the decreased 

forward propulsion on the PS. In a study of the GRF in patients with hemiparesis, Bowden et 

al. found that the percentage of propulsion generated by the non-PS leg was higher than that 

by the PS leg [12]. Moreover, in a study involving EMG during gait in patients with 

hemiparesis, the plantar flexor activity during the push-off and early stance, as well as 

hamstring activity during the early stance on the non-PS, increased [28]. Therefore, results of 

these previous studies are similar to those of this study with regard to the non-PS. In addition, 

the percentage of variance in the first 2 PCs on the non-PS was lower than that on the PS and 

in healthy controls. Therefore, the kinetic control speculated to be exhibited by intralimb 

kinetic coordination in the lower limbs on the non-PS would require more motor modules 

because groups of muscles are activated together to compensate for propulsion occurring on 

the PS only and maintaining balance due to the instability of the PS leg in patients. 
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This study also found that abnormal synergy patterns, evaluated using Brunnstrom's 

recovery stages, weakly correlated with the variance percentage of the first PC, second PC, 

and the first 2 PCs on the PS. Using Brunnstrom's stage for detection of the complex motor 

module during gait would be difficult due to synergy pattern abnormality (evaluated using 

Brunnstrom's stage), which does not represent an abnormal muscle activity during gait, but 

rather while sitting or standing. 

This study has several limitations. First, there were no inclusion criteria related to the 

time since the neurologic event. A previous study found significant differences in the 

intralimb kinematic joint during gait between acute and chronic stages [29]. Therefore, the 

relationship between the time since the neurologic event and intralimb kinetic coordination 

should be investigated in future studies. Second, healthy controls in this study were not sex-

matched to that in the patient group. Chow and Stokic found no differences in the intralimb 

kinematic coordination of the lower limbs during gait between healthy men and women in 

their study [30]. As the kinematic variable represents the movement characteristics resulting 

from force due to muscle activation, the intralimb kinetic coordination of the lower limbs 

during gait in men may also be similar to that in women. Therefore, sex differences appear 

not to affect the results of this study. Third, differences in kinetic data may be observed 

between a measured and more realistic walk in healthy controls, because they were asked to 

walk at a slow speed. However, walking speed influences the kinetic data in the lower limbs 
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[31]. Therefore, an accurate comparison with the kinetic data in patients with hemiparesis 

should be made with those measured at a slow walking speed in healthy controls. Fourth, as 

the standard deviation for loadings of the knee moment on the first PC was high, the effect of 

knee moment on the first PC would not correspond to that of all patients with hemiparesis. 

The types of knee moment patterns on the PS varied in the patient group. Therefore, the 

effect of knee moment pattern difference on the first PC should be investigated in future 

studies. 

 

Conclusions 

Our findings suggest the main task of intralimb kinetic coordination during gait in 

patients with hemiparesis by using PCA. The present investigation found that the correlation 

coefficient on the paretic side between the time series of the first PC and GRF in the 

anteroposterior direction during gait was lower than that of the nonparetic side for patients 

with hemiparesis. However, the correlation coefficient between the time series of the first PC 

and GRF in the vertical direction for the paretic side was higher than that of the nonparetic 

side. These findings indicate that the intralimb kinetic coordination of the lower limbs for the 

paretic side during gait in patients with hemiparesis would play an essential role in the 

support of weight but not for the generation of propulsion. 
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Figure Captions 

Figure 1 — A typical first PC1 and GRFs in the vertical and anteroposterior directions during 

gait. The left, middle, and right figures indicate the PC1, the GRF in the anteroposterior 

direction, and the GRF in the vertical direction.  

 

Figure 2 — A typical ankle, knee, and hip moment during 1 gait cycle. The left, middle, and 

right figures indicate the ankle, knee, and hip moments during 1 gait cycle.  

 

 



Figures

Figure 1

A typical �rst PC1 and GRFs in the vertical and anteroposterior directions during gait. The left, middle, and
right �gures indicate the PC1, the GRF in the anteroposterior direction, and the GRF in the vertical
direction.



Figure 2

A typical ankle, knee, and hip moment during 1 gait cycle. The left, middle, and right �gures indicate the
ankle, knee, and hip moments during 1 gait cycle.


