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Abstract 

Recent studies have shown that gait recovery during the subacute phase of stroke 

does  not coincide with changes in the gross temporal patterning of leg muscle 

activity. Based on these findings, we hypothesized that the recovery of gait after 

stroke may be associated with reductions in the variability of muscle activation 

patterns  rather than the formation of new temporal patterns . Principal component 

analysis was used as a data filtering method to investigate the stride to stride 

variability in the amplitude scaling within common electromyographic patterns (i.e. 

the gain variability), and the random fluctuations in amplitude and unsystematic 

phase shifts in activity that occur from stride to stride (i.e. the residual variability), in 

Biceps Femoris (BF), Rectus Femoris (RF), Tibialis Anterior (TA) and 

Gastrocnemius Medialis (GM) of both legs in 14 ambulatory hemiparetic stroke 

patients and 15 controls. Patients were assessed early after admission to a 

rehabilitation center (on average 35 days post stroke) as well as 1, 3, and 6 weeks 

later.  At the time of the first gait assessment, the amount of stride to stride gain 

variability as well as the residual variability of BF was abnormally high  in both legs 

compared to the control group. Over time, clear improvements were made in general 

body mobility, ambulatory independence and maximum walking speed, indicating the 

recovery of gait ability in this group. Over the course of gait recovery, a significant 

decrease in gain variability was found in the paretic BF, indicating smaller variations 

in the gain of activity patterns for this muscle. For the other muscles that were 

studied, no recovery related changes were observed in either the gain or the residual 

variability of muscle activity patterns. These findings provide support for the idea 

that the global temporal characteristics of gait related patterns of muscle activity are 

established early after stroke and that recovery of gait may be associated with 

reductions in the variability of newly acquired patterns  The finding that reductions 

in gain variability were restricted to the paretic BF suggests that the increased 

consistency of neuromuscular pattern production may be specifically related to 

improved stance-phase stability while loading the paretic leg during walking. 
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Introduction 

Following hemiparetic stroke, the temporal patterning of lower extremity muscle 

activity during gait often undergoes substantial changes (e.g. Knutson & Richards. 

1979; Shiavi et al., 1987; den Otter et al., submitted). Abnormalities that have been 

identified  are either related to primary impairments in neuromuscular control (e.g. 

spasticity or paresis) or to adaptive strategies that are used to optimize locomotor 

output in the light of impaired muscular functioning. Recently, it has been shown 

that the recovery of gait ability in hemiparesis is not necessarily associated with 

changes in the gross temporal structure of muscle activity in the lower extremities 

during the postacute phase of stroke,  even if temporal features could be classified 

as ‘abnormal’ early after stroke (Buurke, 2005, ; den Otter et al. in press). In this 

study, we elaborate on this work and assess whether gait recovery in post stroke 

hemiparesis might be  associated with changes in the stride to stride variability of 

muscle activation patterns during gait. 

Stride to stride variability in gait parameters reflects an inherent property of 

gait patterns that reflects the abundance of the locomotor system (cf. Latash, 2000). 

However, abnormally high levels in the variability of gait parameters under 

conditions that require consistent pattern production (e.g. during unperturbed gait), 

may be indicative of an impaired ability to reliably produce movements, thus 

signifying impaired locomotor control (Mbourou et al, 2003; Moe-Nilsson and 

Helbostad, 2005; Owings and Grabiner, 2004a, 2004b). If impaired gait function is 

associated with abnormally high levels of pattern variability, it can be hypothesized 

that recovery of gait skills after central or peripheral damage to the locomotor 

system is accompanied by reductions in the variability of relevant gait parameters. 

The finding that recovery of gait function after supratentorial stroke does not 

necessarily coincide with substantial changes in the temporal layout of muscle 

activation patterns (Buurke, 2005 ; den Otter et al, in press) suggests that the gross 

features of novel patterns are established during the initial phases of recovery. 

Subsequent improvements in gait function may be accompanied by a reduction in 

the stride to stride variability of these newly acquired pattern rather than with 

changes in the temporal design of these patterns per se. The idea that pattern 

formation and pattern stabilization follow different time courses is supported by 

studies on the learning of novel bimanual coordination patterns, showing that gross 

estimates of the target pattern occur already early during learning, but that the 

reduction of pattern variability evolves more gradually (Lee et al., 1995; Wenderoth 

and Bock, 2001). Whether a similar scheme holds for the formation of 
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neuromuscular patterns in post stroke hemiparetic gait is not known. 

In this study, we investigated the variability of EMG patterns over the course 

of gait recovery in a group of hemiparetic stroke patients. We examined (1) whether 

patterns of gait related muscle activity early after stroke are characterized by  

abnormally high levels of stride to stride variability, and (2) whether stride to stride 

variability changes  during the  rehabilitation process. We hypothesized that the 

patterning of muscle activity in hemiparetic stroke patients initially shows 

abnormally high levels of stride to stride variability, but that this variability will 

decrease over the course of functional gait recovery. It must be emphasized that 

these expected changes are studied irrespective of whether they occur as a result of  

‘a-specific learning’ or due to specific components of the rehabilitation program. 

 

Methods 

Subjects  

Fourteen  patients with stroke (8 females; mean age 54.7 (±9.9) yrs) and 15 healthy 

control subjects (8 female; mean age 43.1 ± 12.2 yrs)  with a mean time post stroke 

interval of 35 (±7.7) days (range 23 – 52 days) participated in this study. Five of the 

patients suffered from right-sided hemiparesis, and 9 patients from left-sided 

hemiparesis. 

For all patients, the inclusion criteria were: (1)-. a first-ever supratentorial 

stroke (due to hemorrhage or infarction), (2)-. admission to a rehabilitation center 

for restoring independency of gait, and (3)-. a Functional Ambulation Categories 

score of at least 2 (‘Patient needs continuous or intermittent support of one person to help with 

balance or coordination’) and at the most 4 (‘Patient can walk independently on level ground, 

but requires help on stairs, slopes or uneven surfaces’). Exclusion criteria were: medical 

conditions, other than stroke, that could affect walking performance; problems 

related to comprehension or cooperation; severe emotional or behavioral problems; 

severe forms of aphasia; severe visuospatial neglect, as indicated by abnormal scores 

on two or more of the following tests: the letter cancellation task (Diller et. al, 

1974), the Bells test (Gauthier et. al, 1989), and the clock drawing test (Wilson et. al, 

1987), the line bisection test (Schenkenberg et. al, 1980).  

For descriptive purposes, an experienced physician performed a clinical 

examination of all patients, in which scores were obtained for the level of trunk 

control, the degree of lower extremity motor selectivity (i.e. the Brunnstrom motor 

stage), and impairments in sensibility (cf. de Haart et al. 2004 for details). (See Table 

1 for a summary of patient characteristics). The study was approved by the regional 
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medical-ethical committee Arnhem-Nijmegen. All participants gave their written 

informed consent. 

 

Setup and protocol  

Patients were assessed on 4 occasions during rehabilitation. The first assessment 

took place as early as possible after admission to the rehabilitation center, followed 

by assessments 1, 3, and 6 weeks later. At each assessment, scores were obtained 

for the Functional Ambulation Categories (Holden et al., 1984) and the Rivermead 

Mobility Index (Collen et al., 1991). In addition, the maximum walking speed on a 

treadmill that could be maintained for 40 seconds was noted. On all 4 occasions, 

EMG data were recorded during 40 seconds of walking on a motor driven treadmill 

with a walking surface of 200 by 70 cm. Patients walked at a self-selected speed 

during the first gait assessment, and this speed was maintained throughout the 

other 3 assessments in order to control for the potentially confounding effects of 

gait speed. All patients wore a harness for safety, but no body weight support was 

provided. Seven of the control subjects walked at a treadmill speed of 0.56 ms-1 , 

whereas eight control subjects walked at 0.22 ms-1, so that the mean gait speed in 

the control group was 0.42 ms-1. 

 

Data recording and data analysis 

Electromyographic recordings were made using disposable surface electrodes 

(MediTrace ECG 1801 Pellet, (Ag/ AgCl)) with a diameter of 10-12 mm and a 

minimum inter-electrode distance of 24 mm (Graphics Controls, Buffalo NY, 

USA). Activity was recorded from Biceps Femoris (BF), Rectus Femoris (RF), 

Tibialis Anterior (TA), and Gastrocnemius Medialis (GM), of the paretic as well as 

the nonparetic leg. Electrodes were placed according to SENIAM conventions 

(Freriks et al. 1999).  

Incoming signals were pre-amplified using a K-lab SPA 20/8 pre-amplifier 

(common mode rejection ratio > 95 db; noise level of < 1 µV rms), and 

subsequently high pass filtered (third order Butterworth filter with - 3db point at 20 

Hz), and low pass filtered (second order Butterworth filter with- 3db point at 500 

Hz). Next, the EMG data were digitised at 2400 Hz, and stored on computer hard 

disk for further offline processing (see below). Light reflective markers were 

attached to the heels of both feet, and recorded by 5 infrared cameras (PRIMAS 

). The marker data were sampled at 100 Hz, stored on computer hard disk, and 

used for detection of the stance and swing phase of the gait cycle.  
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Initial contact and toe off for both legs  was determined using speed 

distribution analysis of the heel marker data (Peham et al.1999). Based on these 

data, the EMG signals for each stride were time normalized with respect to the 

stride duration to achieve proper temporal alignment. Finally, for each muscle, the 

time normalized data were amplitude normalized with respect to the maximum 

EMG value obtained over all strides, for each subject. All EMG signals and marker 

data were analysed using custom software made in Matlab. 

 

Stride to stride variability of EMG patterns  

The EMG pattern represents changes in the amplitude of muscle activity as a 

function of (normalized) time. Stride to stride variabilityin EMG patterns may arise 

from two separate sources that need to be clearly distinguished. First, variability in 

patterns can be the result of stride to stride inconsistencies in the amplitude scaling 

of activity (e.g. to accommodate temporary demands in muscle force output) within 

patterns that share identical temporal features. This type of stride to stride 

variability will be referred to here as ‘gain variability’ since it reflects the variation in 

EMG amplitude within one common temporal pattern. Second, pattern variability 

may be due to random variations in amplitude and random phase shifts and cannot 

be explained as stride to stride variations in neuromuscular gain within common 

patterns. This type of stride to stride variability will be referred to here as ‘residual’ 

variability.  

Recently, the use of Principal Component Analysis (PCA) has been 

suggested as a data filtering technique for EMG data (see Daffertshofer et al. (2004) 

for a  tutorial; see also Lamoth et al (2004) for applications of this method). Here, 

we will utilize this technique to discriminate between stride to stride gain variability 

and residual variability in EMG patterns of individual muscles. 

 To assess the respective contribution of gain variability and residual 

variability to the stride to stride variation in EMG patterns, first the ‘global’ and 

‘residual’ patterns of activity were determined. The gain variability for a set of EMG 

patterns can be calculated after the common temporal information contained in this 

set has been determined. These patterns will be called the ‘global patterns’. The 

global patterns represent reconstructions of the time series of individual strides 

based on the joint temporal features present in all recorded strides. The residual 

variability for a set of EMG patterns can be determined after subtraction of the 

common pattern information as reflected in the global patterns. The resulting 

patterns will be called the ‘residual patterns’. Calculation of the stride tot stride 
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variation in a set of global and residual patterns results in indices for the gain and 

residual variability, respectively. 

For each subject and for each of the 8 muscles assessed, a N by 150 

datamatrix X was constructed containing the time normalized EMG data (1…150) 

for each of the N  recorded strides. Based on X, a N  by N  covariance matrix C 

was calculated that was subjected to principal component analysis (PCA). The 

resulting eigenvalues λk and eigenvectors Uk  that were obtained after eigenanalysis 

of C were used to construct the global activation patterns. To this end, first the 

projections ξk upon each of the N  principal axes were calculated as follows: 

XU kk
∗=ξ         [1] 

Next, linear combinations of these time series ξk were used to obtain the set of 

global patterns X global
:  
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= ξ         [2] 

were t  (1…150) is the number of datapoints in the normalized gait cycle, and l is 

the number of principal components that were retained for construction of the 

global patterns. In this study, l was set a priori to 3, under the restriction that λk >1, 

or else l  was set to 2. Note that, when λk  ≤ 1, the corresponding time series ξk 

accounts for less variance than the variance contributed by the time series from one 

single stride, and therefore are unsuitable for identifying common temporal features 

in the original data set (Kaiser, 1960). The residual patterns, which represent 

elements of the original pattern that are not related to common pattern 

characteristics, are contained in the remaining n-j principal components, 
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and can be computed simply by subtracting the global pattern from the original 

time series: 

XXX globalresidual
−=        [4] 

Figure 1 represents a filtered and time normalized set of EMG patterns for one 

muscle (panel A), and the corresponding global (panel B) and residual (panel C) 

patterns. 

Finally, to obtain an estimate of the stride to stride gain and residual variability, the 

standard deviations between theN strides were calculated for each of the 150 

datapoints in the time normalized gait cycle, and subsequently averaged over the 

gait cycle. For example, the gain variability, representing the stride to stride 
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variations in the amplitude of activity within one common pattern, was calculated 

as follows 

: 
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where xglobaltn  represents the t-th datapoint of the global pattern during the n-th 

stride, and X global
t

 represents the grand mean of the global pattern at datapoint t. 

The residual variability, reflecting random amplitude variations and phase shifts 

present in the dataset, was calculated in a similar fashion. The gain variability and 

the residual pattern variability were calculated for each of the 4 muscles in both 

legs, and during each of the 4 assessments. 

  

 

 

 

 

 

 

 
Figure 1. Time normalized, amplitude normalized, and filtered EMG data for 17 strides (panel 
A), the corresponding global patterns (panel B), and the corresponding residual patterns (panel 
C). 

 

Statistical analysis 

For the EMG data obtained at the time of the first assessment, differences between 

patients and controls in gain variability and residual variability (the between factor 

GROUP) were tested for all muscles simultaneously using multivariate analysis of 

variance (MANOVA). In case of a significant effect of the factor GROUP, 

subsequent univariate analysis was performed for each of the muscles individually. 

In the latter case, Bonferoni corrections were applied to maintain the familywise 

error rate at 5%.  

Within the patient group, time related trends in gain variability and residual 

variability were tested by means of repeated measures ANOVA’s for each of the 

eight muscles studied. In order to assess the time related changes in EMG pattern 

variability, linear contrasts were used. Time related changes in RMI scores, FAC 
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scores, and maximum walking speed (within subjects factor TIME) were tested 

non-parametrically by means of the Friedman test for related samples. 
 
Results 

The mean time post stroke at the first assessment was 35 days (sd=7.7), 44 days 

(sd=7.0) at the second assessment, 60 days (sd=8.01) at the third assessment, and 

90 days (sd=9.4) at the fourth assessment. The mean walking speed in the patient 

group at the time of the first assessment was 0.35 (±0.21) ms-1, and ranged from 

0.11 to 1.06 ms-1.  

 

Functional recovery of gait ability 

Results for clinical measures of mobility, ambulatory independence and maximum 

walking speed were as follows: . the mean RMI score increased from 2.89 (sd=2.89) 

at the time of the first assessment to 9.57 (sd=3.5) during the final assessment, 

indicating that the general mobility of patients improved over time (Chi2 (df=3)= 

11.16; p<.05). In addition , patients showed improved  levels of ambulatory 

independence. The mean FAC score was 2.64 (sd=0.93) during the first assessment 

and increased to 3.64 (sd=1.01) at the time of the fourth assessment (Chi2 

(df=3)=12.01; p<.05). Finally, the mean maximum walking speed that could be 

maintained on the treadmill for a period of 40 seconds increased over time, from 

0.37 ms-1 (sd=.31) at the first assessment to 0.87 ms-1 (sd=0.41) during the final 

assessment (Chi2=40.01; p<.001).  

 

Gain variability of muscle activity during the first assessment 

The mean and SDs  of the gain variability are  shown in figure 2. In the paretic BF, 

the mean gain variability was .077 (sd=.20) which was significantly larger than in 

the control group (.051, sd=.014; F(1,27)=16.66, p<.001). Although a similar trend 

was observed for the paretic RF (.074, sd=.22) vs. .059 (sd=.023) in controls), this 

difference did not reach statistical significance (F(1,27)=4.00, p=0.056). For the TA 

and GM of the paretic leg, no group differences in gain variability were found 

during the first assessment. 

On the nonparetic side, the gain variability of the BF pattern (.072, sd=.017) 

was significantly higher than in control subjects (.051, sd=.014; F(1,27)=21.46, 

p<.001). For the other muscles of the nonparetic leg, no significant differences in 

gain variability were found. 
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Figure 2. Mean (+SD) gain variability  for all 4 assessments in patients, and for controls (†= 
significant difference between first assessment in patients and controls (p<.05); * = significant 
linear change over time (p<.05)) 

 

Residual variability of muscle activity during the first assessment 

The mean (+ sd’s) for the residual variability are shown in figure 3. In the paretic 

leg of patients, significantly higher levels of residual variability were found in BF 

(.054 (sd=.017) vs .034 (sd=.009) in controls; F(1,27)=16.84, p<.001). Similarly, the 

mean residual variability of RF patterns was larger in the paretic leg of patients 

(.052, sd=.015) than it was in controls (.042, sd=.013), although this difference did 

not reach significance (p=.090). No significant differences in residual variability 

were found for the paretic TA and GM. 

In the nonparetic leg, variability of the residual pattern was larger in BF (.051, sd= 

.011) compared to control values (F(1,27)=13.37, p=.001). Again, a similar trend 

was observed for the nonparetic RF (.049 (sd=.022) vs  .042 (sd=013) in controls) 

but this differences only bordered on statistical significance (F(1,27)=4.08; p=.053). 

For the TA and GM of the nonparetic leg, no significant differences in residual 

variability were found during the first assessment. 
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Figure 3. Mean (+SD) residual variability for all 4 assessments in patients, and for controls (†= 
significant difference between first assessment in patients and controls (p<.05)) 

 

Changes in gain variability and residual variability over the course of gait recovery 

Figures 2 and 3 show the mean (+sd’s) gain variability and residual variability, 

respectively, for the paretic and nonparetic BF, RF, TA, and GM, for all 4 

assessments. Analysis of time related changes in EMG pattern variability by means 

of linear contrasts showed that the amount of gain variability in the paretic BF 

decreased significantly over the course of gait recovery (F(1,13)= 9.87; p=.008). 

Figure 4 shows the residual and global BF patterns of the paretic leg for one single 

patient. Note that the amount of gain variabilty decreases over the course of 

recovery, whereas the level of residual variability remains stable over time. In the 

nonparetic BF, as well as for the other muscles studied, no statistically significant 

changes in the level of gain or residual pattern variability were found over time. 

 

Discussion   

In an earlier study we examined the gross temporal patterning of muscle activity 

using the same dataset, and found that the stance phase activity of BF in both legs 
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Figure 4. Global (left column) and residual (right column) patterns for all 4 assessments, for one 
typical patient. For this patient, the gain variability decreases over time, whereas the residual 
variability remains stable over the course of gait recovery.  

 

was significantly prolonged in patients (den Otter et al., in press). This abnormality 

represents a rather common feature of gait related muscle activity in hemiparetic 

stroke and confirms work by others (Hirschberg and Nathanson, 1952; Peat et al., 

1976; Knutson & Richards. 1979; Shiavi et al., 1987). However, this phenomenon is 

not uniquely related to stroke and similar findings have been reported for spinal 

cord injured persons (Leroux et al., 1999), patients with diabetic neuropathy (Kwon 

et al., 2003), and in stepping infants (Okamoto et al. 2003),suggesting that 

prolonged activity of hamstring muscles represents a more general neuromuscular 

strategy that can be used to provide additional support during the stance phase.  

The results of the present study show that patterns of BF activity in stroke 

are more ‘contaminated’ with random fluctuations in amplitude and random phase 

shifts, and that these patterns are also characterized by an abnormally high stride to 

stride variability in their amplitude. The present results therefore suggest that newly 

formed patterns of BF activity after stroke are characterized by a relatively low 

consistency in timing and shape, and high variability in the regulation of 

neuromuscular gain over strides. The observation that abnormally high levels of 

gain and residual variability were also found on the nonparetic side confirms results 

from other studies, showing that both function and performance on the so called 
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‘unaffected’ side are substantially different from that observed in healthy persons 

(Watkins et al., 1984; Debaere et al., 2001; den Otter et al., 2005).  

We hypothesized that the recovery of gait function after stroke is associated 

with a reduction in the stride to stride variability of neuromuscular pattern 

production. Indeed, in the paretic BF, a significant reduction in gain variability was 

found over the course of recovery. The results of the present study confirm that 

the stride to stride variability contained in electromyographical, kinematic or 

spatiotemporal patterns may provide valuable information on the control of gait 

(Hwang et al. 2003; Owings and Grabiner, 2004; Lamoth et al. 2004, Bilney et al. 

2005), and suggest that this variable is sensitive to recovery or deterioration of gait 

ability in patient groups or elderly. 

In two recent studies (Buurke, 2005; den Otter et al. in press) it was found 

that the gross temporal patterning of gait related muscle activity does not change 

over the course of functional gait recovery during the subacute phase of stroke, 

even if the initial patterns display aberrant temporal features. Together with the 

present results, this suggests that the gross temporal patterning of muscle activity 

during gait is established early after stroke, and that further recovery related 

changes in neuromuscular patterning is related to increased consistency in the 

production of these patterns rather than to the formation of new patterns. One 

may argue that the emergence of new patterns is a short term result of the altered 

action dynamics after stroke, whereas the stabilization of these newly acquired 

patterns evolves over a longer period of time. Indeed, evidence from studies on 

bimanual coordination patterns provide for the idea that pattern formation and 

pattern stabilization may follow different time courses (Lee et al., 1995; Wenderoth 

and Bock, 2001). 

The finding that recovery during the subacute phase of stroke may be related to the 

stabilization  rather than the formation of patterns has several clinical implications. 

First, if the formation of co-ordinative patterns is a rather immediate process, 

clinical efforts to correct or normalize co-ordinative abnormalities will probably  

have limited effects. Clinical attempts to correct abnormal gait co-ordination 

patterns should, in this view,  be restricted to the early phases of rehabilitation 

when, under the influence of physiological recovery (e.g. of muscle force output 

and selective muscle control), the constraints imposed upon gait control  are still 

subject to substantial change. In fact, during these early phases, premature 

development of compensatory patterns may impede the emergence of more 

optimal co-ordinative preferences. Second, because the automatization of gait 
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patterns will profit from  task specific efferent and afferent information, and 

because the speed of pattern stabilization is likely to be a function of repetition 

frequency, functional recovery will be facilitated through intensive and task specific 

gait training (see van Peppen et al. (2004) for a review).  

 

Conclusion 

In this study, we examined whether patterns of gait related muscle activity in post 

stroke hemiparesis are associated with abnormally high levels of stride to stride 

variability, and whether this variability changes over the course of gait recovery. It 

was found that significantly higher levels of (gain and residual) stride to stride 

variability were apparent in the patterns of BF activity in both legs, and that the 

levels of gain variability in the paretic BF decreased significantly over the course of 

functional gait recovery. These findings suggest that recovery of gait ability in the 

post acute phase of stroke may be associated with a more consistent production of 

neuromuscular patterns during gait, rather than the development of new co-

ordinative patterns. This conclusion has clear implications for goal setting in stroke 

rehabilitation programmes, particularly after the phase of physiological recovery. 
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