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Abstract 

Introduction: We quantified submaximal torque regulation during low to 

moderate intensity isometric hip flexion contractions in individuals with stroke 

and the associations with leg function. Methods: Ten participants with chronic 

stroke and 10 controls performed isometric hip flexion contractions at 5%, 

10%, 15%, 20%, and 40% of maximal voluntary contraction (MVC) in 

https://doi.org/10.1002/mus.23886
http://epublications.marquette.edu/


NOT THE PUBLISHED VERSION; this is the author’s final, peer-reviewed manuscript. The published version may be 
accessed by following the link in the citation at the bottom of the page. 

Muscle & Nerve, Vol 49, No. 2 (November 2013): pg. 225-232. DOI. This article is © Wiley and permission has been 
granted for this version to appear in e-Publications@Marquette. Wiley does not grant permission for this article to be 
further copied/distributed or hosted elsewhere without the express permission from Wiley. 

2 

 

paretic, nonparetic, and control legs. Results: Participants with stroke had 

larger torque fluctuations (coefficient of variation, CV), for both the paretic 

and nonparetic legs, than controls (P < 0.05) with the largest CV at 5% MVC 

in the paretic leg (P < 0.05). The paretic CV correlated with walking speed 

(r2 = 0.54) and Berg Balance Score (r2 = 0.40). At 5% MVC, there were larger 

torque fluctuations in the contralateral leg during paretic contractions 

compared with the control leg. Conclusions: Impaired low-force regulation of 

paretic leg hip flexion can be functionally relevant and related to control 

versus strength deficits poststroke.  

Abbreviations 

BMI body mass index 

CV coefficient of variation 

MET metabolic equivalent 

MVC maximal voluntary contraction 

RMSE root mean square error  

After a stroke, leg function is often quantified by the ability of 

paretic musculature, such as the hip flexors, to generate maximal 

forces. However, many individuals with stroke struggle chronically with 

motor tasks1-4 that require controlled submaximal force generation. 

For example, regulation of submaximal hip flexion force is important 

for controlled advancement of the leg during swing, body weight 

support during single leg stance, and stabilization of the leg and trunk 

during quiet stance.5 In addition, principles of stroke rehabilitation 

emphasize mastery of task-specific exercises6 that require submaximal 

force generation. Despite the neurophysiological and clinical 

implications, the ability to regulate submaximal forces of the paretic 

leg for locomotion is not well characterized. 

In previous studies of neurologically intact participants, 

submaximal force regulation was examined with metrics such as the 

magnitude, error, and frequency of force fluctuations during 

submaximal contractions, and it can vary with several factors, 

including the muscle, load level, and age.7-12 Notably, in neurologically 

intact older adults, impairments in hip flexion and hip extension torque 

steadiness (i.e., magnitude of the torque fluctuations) and error (i.e., 

offset from target torque) were greater at very low load levels (5% of 

MVC) compared with younger adults.13 Furthermore, low force 

regulation (i.e., < 10% MVC) of the leg muscles was a strong predictor 

of function in older adults.14-16 Analysis of force fluctuation frequency 

with age indicates that sensory processing (visual) can contribute to 

impaired force control in older adults.17 Together, these data suggest 

that, for older adults, activities that require control of relatively lower 
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loads would be more difficult to perform due to impaired force control, 

possibly related to sensory interference rather than weakness. This 

information is relevant to the stroke population, because motor 

impairment is often characterized by baseline strength quantified from 

brief maximal voluntary contractions. Given that many activities of 

daily living require control of submaximal forces by the hip flexors 

(e.g., walking and transfers) impaired submaximal force regulation 

would likely interfere with mobility. Importantly, evidence in 

neurologically intact participants has shown that training interventions 

can improve force control18,19 and provide the potential for new 

therapeutic interventions after stroke that aim to improve force control 

and leg function. 

In general, there is a need for further information regarding 

submaximal force regulation in neurologically involved patient 

populations and their relevance to motor function, especially in leg 

muscles required for locomotion. Previous work that looked specifically 

at force fluctuations during submaximal contractions focused on 

populations with tremor-associated disorders such as Parkinson 

disease, essential tremor, cerebellar disorders, and multiple 

sclerosis.20-25 Much of this work has examined force regulation in the 

upper extremity and relationships with overall function. Little is known 

about the lower extremity in the stroke population. 

After stroke, submaximal force regulation of the lower 

extremities could be altered due to a damaged motor cortex and 

increased activity from subcortical motor centers26-31 that are known to 

innervate larger proximal musculature (higher motoneuron to muscle 

fiber ratio) and could distort descending inputs. Few studies, however, 

have examined submaximal force regulation in the lower extremities 

after stroke. Chow and Stokic (2011) showed knee extensor 

steadiness was less for participants after stroke (greater force 

fluctuations) than controls during brief isometric contractions (20 to 

50% maximum strength), and there was no relationship with the level 

of impairment for clinical assessment of participants with stroke (Fugl 

Meyer or Rivermead Mobility Index).32 The authors attributed the lack 

of association between steadiness and clinical measurements to the 

sample bias (high functioning within a month poststroke). As is seen in 

aging populations, it could be that associations between submaximal 

force regulation and functional relationships are muscle specific. 
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Control of force by other muscle groups of the paretic leg, such as the 

hip flexors, may be more predictive of overall leg function. 

Why is it important to understand submaximal force regulation 

of paretic hip flexors? In the neurologically intact system, evidence 

from animal,33-37 human,38 and neurocomputational models39 

demonstrate the importance of hip muscle function, in particular hip 

flexors and extensors, in neural control of locomotion and postural 

responses.40 After stroke, distal muscles of the ankle are often affected 

profoundly, resulting in permanent bracing.41 This necessarily places 

increased reliance on more proximal muscles, such as hip 

flexors,37,42,43 to advance and stabilize the paretic leg. While deficits in 

hip flexion power during walking44 are associated with impaired 

walking function, there is little known about the regulation of force 

during submaximal contractions for hip flexors. Previous examinations 

of submaximal force generation of the leg after stroke quantified the 

peak magnitude and timing of peak force production at 1 or more 

joints30,45,46 during discrete tasks or global outputs during walking that 

are a result of impaired submaximal force generation (e.g., step 

asymmetry). Given the importance of hip flexors in force generation 

for walking and balance and increased reliance on this muscle group 

after stroke, regulation of hip flexors might be more closely associated 

with measures of function, especially in more impaired individuals. 

The purpose of this study was twofold: (1) to quantify load-level 

dependent differences in hip flexion torque steadiness and error 

between the paretic, nonparetic, and control legs, and (2) to relate 

impairments in submaximal force regulation to clinical measurements 

of function. We hypothesized that torque fluctuations of the paretic leg 

would be: (1) less steady (i.e., larger torque fluctuations) and have 

larger error (greater offset from target torque) at the lowest load level 

compared with the nonparetic and control legs, and (2) negatively 

correlated with clinical measures of self- selected walking speed and 

balance. In addition, we used frequency analysis of torque fluctuations 

to gain insight into possible mechanisms of impairments in paretic 

torque regulation. 
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Materials and Methods 

Participants 

Participants included 10 individuals with a history of stroke 

(cortical strokes > 6 months; 5 men and 5 women; mean age ± SD: 

59 ± 11 years; physical activity level = 17.7 ± 8 Met-h/wk; body mass 

index [BMI]: 24.9 ± 3; see Table 1 for other characteristics) and 10 

neurologically intact age and gender matched controls (59 ± 12 years; 

physical activity level = 18.0 ± 20 Met-h/wk; BMI = 25 ± 3). Metabolic 

equivalent (MET) levels were estimated through a questionnaire.47 Per 

reported history, all participants had suffered a single stroke with 

unilateral sensory and motor deficits. Participants were excluded if 

they reported any untreated cardiovascular or orthopedic conditions, 

decubitis ulcerations, osteoporosis, or had cognitive impairments that 

limited their ability to follow instructions or provide informed consent. 

All participants could ambulate independently on level surfaces without 

an orthosis or assistive device except 1 participant, who ambulated 

with a large base quad cane and articulated orthosis. At the time of 

the study, none of the participants with a history of stroke were taking 

oral antispasticity medications or had received botulinum toxin 

injections in the leg within 3 months of the date of this study. All 

experimental procedures were approved by the Marquette University 

Institutional Review Board. 

Table 1. Characteristics of participants with a history of stroke. 

Participant Age 
(year) 

Gender Side 
affected 

LE Fugl 
Meyer 

Months 
poststroke 

S1 63 M R 28 37 

S2 45 M L 22 72 

S3 62 W L 25 85 

S4 46 M R 22 102 

S5 74 W R 34 19 

S6 60 W L 19 317 

S7 78 W L 21 96 

S8 52 W R 31 225 

S9 57 M R 29 80 

S10 51 M L 24 61 
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Test Apparatus and Experimental Setup 

Participants were assisted into a customized leg robot46,48 

(Kollmorgen, Northampton, Massachusetts). For each trial, force 

transducers (S. Himmelstein and Company, Hoffman Estates, Illinois) 

measured hip flexion and extension torques bilaterally (“test” leg and 

“contralateral” leg). The “test” leg is defined as the leg that generated 

the target hip flexion torque during each trial, whereas the 

contralateral leg was the leg during the same trial not designated to 

generate the target torque. Contralateral leg hip torques were 

quantified to determine potential differences in stabilizing or 

compensatory forces during the protocol. Bilateral knee and ankle 

joints were supported by the leg robot in a neutral position (15–20° 

flexion and 5° of plantar flexion, respectively). Details on positioning of 

the test leg are described below. Custom written LabVIEW software 

(National Instruments, Austin, Texas) was used to time, control, 

present, and collect experimental data. 

Joint torques and hip position data were low-pass filtered (500 

Hz) and sampled (1,000 Hz) using a data acquisition card (National 

Instruments Corp., Austin, Texas) and personal computer. 

A 17-inch monitor (Samsung SyncMaster™ 740N, Samsung 

Electronics America, New Jersey) positioned 1 meter from the 

participant's head provided visual feedback of hip joint torques during 

isometric submaximal hip flexor trials (see Experimental Protocol 

below). A target torque scrolled horizontally in tandem with the 

participant's torque trace at ∼3 cm/s. The torque trace shown on the 

monitor was updated at 10 Hz using the median of a 100 ms window. 

The resolution of the visual gain was held constant at 100 pixels per 

Newton-meter of hip flexion torque, which, based on the size of the 

monitor, maintained a ±5 Nm window about the target torque across 

all trials and participants. 

Experimental Protocol 

Before testing, all participants attended a familiarization session 

to practice hip flexion contractions in the robotic device. First, the test 

leg was positioned at 20° of hip flexion, and the contralateral hip was 
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positioned at 0°. To account for torque contributions from gravitational 

forces (and not produced by the participant), brief baseline 

measurements were made of the weight of the leg and leg brace in the 

testing position. The estimated gravitational torque was removed from 

the recorded torque values, to represent the torques applied by the 

participant.46,48 Next, participants performed at least 3 isometric hip 

flexion maximal voluntary contractions (MVCs) with each leg. 

Contractions were repeated (with a 1 min rest between contractions) 

until 2 consecutive MVCs produced peak values within 5% of the 

highest peak. Participants then performed a series of 10 s isometric 

hip flexion contractions at a specified load level: 5%, 10%, 15%, 20%, 

or 40% of the test leg MVC (see single participant data in Fig. 1). Each 

load condition was repeated 3 times. Trials were randomized by load 

level, leg tested (paretic vs. nonparetic), and repetition of a load level 

(total of 60 trials). Although only data from the control participants' 

dominant legs were analyzed, control participants performed the same 

number of trials as the participants with stroke to control for activity. 

Participants were given approximately 1 min rest between trials. 

 
Figure 1. Single participant data of hip flexion torque traces at the 5% load level. The 

relative magnitude of torque fluctuations (coefficient of variation) and error from the 
target torque (root mean square error) were calculated as performance measures at 
each load. Frequency content of the torque signal (power density spectrum) was also 
analyzed. 

At the beginning of each trial, participants were instructed to 

increase hip flexion until their torque trace was visible on the monitor. 

The 10 s of data collection began when the participant's torque trace 

intersected the target torque trace and the participant demonstrated a 

volitional correction. For all participants, this occurred within 3 s of an 

attempt. Throughout the trial duration, participants received verbal 

encouragement to “stay on the target line as best as possible.” 
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Data Processing 

All joint torque and EMG values were processed using custom 

MATLAB programs (The MathWorks, Inc., Natick, Massachusetts). Hip 

torque data were zero-phase low-pass filtered (100 Hz) using a fourth-

order Butterworth filter (filtfilt function in MATLAB). 

Data Analysis and Statistics 

Analysis of all torque data was performed on the last 10 s of 

each trial. Three of the participants with a history of stroke could not 

maintain the 40% target torque for the full 10 s in a total of 3 trials. 

For these 3 trials, data were analyzed for at least a 5 s portion of the 

trial. Steadiness, or the relative magnitude of the hip flexion torque 

fluctuations, was assessed using the coefficient of variation as a ratio 

(CV = standard deviation of hip flexion torque/mean hip flexion 

torque). CV was calculated for both legs during each trial to quantify 

the steadiness of the test leg and also the contralateral leg. In other 

words, CV was considered a metric of the variability of the torque 

irrespective of overall offset from the target torque. Error of the torque 

(average net offset of hip flexion torque trace from the target torque) 

was quantified by the root mean square error (RMSE). RMSE was used 

as a metric of how accurately the individual could generate the target 

torque value and hence the error from the required torque. The 

equation used to calculate the RMSE of torque was:  

 

The CV and RMSE of torque were averaged for the 3 trials 

associated with each load condition for each leg. In addition to 

reporting the absolute RMSE, we also normalized the RMSE to the 

mean torque for each trial and averaged across the 3 trials associated 

with each load condition for each leg. 

To examine the frequency content of the hip flexion torque 

trace, the originally sampled hip torque data were low-pass filtered 

(20Hz) with a fourth-order Butterworth filter for a power spectral 
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density analysis. The power spectral density of the torque trace was 

estimated using the Welch method (pwelch in MATLAB) with a 

nonoverlapping window of 213 (8192), resulting in a frequency 

resolution of 0.122 Hz. The power spectral density estimates were 

divided into 4 frequency bins (0.1–1 Hz, 1–3 Hz, 3–7 Hz, and 7–15 

Hz), and calculated as a percentage of the total power from 0.1–15 

Hz.49 

Data are reported as mean ± standard deviation. A one-way 

analysis of variance (ANOVA) was used to detect differences between 

the paretic, nonparetic, and control leg baseline hip flexion MVC 

torques. Significance was accepted at P < 0.05. Separate multifactor 

one-way ANOVAs were used to compare test leg type (paretic, 

nonparetic, and control) and load level (5%, 10%, 15%, 20%, and 

40% MVC) for the respective dependent variables of CV, RMSE, and 

normalized RMSE of the torque. A Tukey post hoc analysis was used 

for pairwise comparisons. Significance was accepted at P < 0.05. One-

way ANOVAs were used to detect differences between the paretic, 

nonparetic, and control legs for the CV of the contralateral leg (i.e., 

nontest leg) for the 5% loading condition. A Tukey post hoc analysis 

was used for pairwise comparisons (significance accepted at P < 0.05). 

For the power spectral density analysis of the torque data, separate 

one-way repeated measure ANOVAs were conducted for each of the 4 

frequency bins on the paretic leg data to detect differences in percent 

area of power between load levels (5%, 10%, 15%, 20%, and 40% 

MVC). Tukey post hoc analysis was used for pairwise comparisons 

(significance accepted at P < 0.05). The Pearson product-moment 

correlation coefficient was used to determine associations between 

torque metrics (MVC, CV, RMSE) and clinical measures of function (Ten 

Meter Walk Test and Berg Balance Scale). 

Results 

Maximal Voluntary Hip Flexion Contraction 

Measurements 

Control leg MVC (133 ± 38 Nm) was larger than the nonparetic 

and paretic legs (P ≤ 0.003). For each individual with stroke, the 

paretic hip flexion MVC torque was less than the nonparetic MVC, and 
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the group average of paretic hip flexion MVC was less (73 ± 21 Nm) 

than the nonparetic (88 ± 20 Nm), but it was not statistically 

significant (P = 0.4). 

Relative Magnitude of Torque Fluctuations 

Across all load levels, the CV was largest for the paretic leg 

(0.11 ± 0.03), followed by the nonparetic leg (0.07 ± 0.02), and 

smallest in the control leg (0.03 ± 0.007) (Fig. 2, main effect for leg, 

P < 0.001; post hoc tests: paretic versus control, P < 0.001; paretic 

versus nonparetic, P = 0.045; nonparetic versus controls, P = 0.043). 

There was a significant interaction between load level and leg 

(P < 0.05), whereby the paretic leg had significantly greater CV at the 

5% load level than other loads, but the CV for the nonparetic and 

control legs showed similar values to the higher loads (Fig. 2). 

 
Figure 2. Group means ± standard error of the coefficient of variation (CV) (ratio) for 

the paretic (black), nonparetic (gray), and control (white) legs at each of the load 
level conditions (percent of maximal voluntary contraction [MVC]). As a main effect, 
the magnitude of CV varied as follows: ▪ paretic nonparetic □ control. There was an 
interaction between the leg and load condition where the paretic leg CV was largest at 
the 5% load condition. 

Error of Torque 

There was a main effect of load for the magnitude of mean error 

(RMSE) from the target torque (RMSE, see the Materials and Methods 

section) but no main effect of leg (paretic vs. nonparetic vs. control, 

P > 0.05). The RMSE was significantly larger at the 40% MVC load level 
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(2.9 ± 0.3 Nm, P < 0.05), compared with the error at lower loads, 

including 5% (0.6 ± 0.3 Nm), 10% (0.9 ± 0.3 Nm), 15% (0.7 ± 0.3 

Nm), and 20% (1.0 ± 0.3 Nm). There was no significant difference in 

RMSE among the lower load levels and no interaction effects. When 

the RMSE was normalized to the target torque, there were no main 

effects for leg (P = 0.11), load (P = 0.127), and no interactions (leg × 

load P = 0.869). 

Frequency Content of the Torque Fluctuations 

We compared the frequency content of the paretic leg force 

fluctuations at the 5% load condition with the other load conditions in 

each of the respective frequency bands (Fig. 3). In the lowest 

frequency band, the 5% load had the lowest percent area of power 

compared with the other load levels (Fig. 3; P < 0.05), and no other 

significant differences between other loads were detected by post hoc 

analysis. There were no significant differences between percent area of 

power for the respective load levels for the 1–3 Hz or 3–7 Hz 

frequency bands (P > 0.05). In the 7–15 Hz frequency band, the 

percent area of power was significantly higher for the 5% load than 

the other load levels (P < 0.05), and no other significant differences 

between other load levels were detected by post hoc analysis. 

 
Figure 3. Percent area of frequency power for each load level in each frequency bin. 
Note that at the 5% load level there is less power in the lowest frequency bin and 
more power in the 7–15 Hz bin. 
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Force Fluctuations in the Contralateral Leg 

At the 5% load, the CV of the hip torque of the contralateral 

control leg (i.e., leg not being tested) was smaller compared with the 

paretic and nonparetic contralateral legs (Fig. 4). In other words, when 

the paretic leg was maintaining the 5% load, the contralateral leg (i.e., 

the nonparetic leg) generated larger torque fluctuations compared with 

the contralateral control leg. 

 
Figure 4. Group averages of the coefficient of variation (CV) for the contralateral leg 
at the 5% load level. The control leg had significantly smaller CV as compared to the 
nonparetic and control legs (*P < 0.05). 

MVC and CV Correlations with Clinical Measurements 

Paretic and nonparetic hip flexor MVC torques did not correlate 

significantly with comfortable walking speed (r2 = 0.13, 0.02, 

respectively), Fugl Meyer (r2 = 0.07, 0.02, respectively), and Berg 

Balance Score (r2 = 0.24, 0.08, respectively). Paretic CV of torque for 

the 5% load was correlated negatively with comfortable walking speed 

(Ten Meter Walk Test) and the Berg Balance Scale (Fig. 5; r2 = 0.54 

and 0.4, respectively; P < 0.05). Thus, those participants with stroke 

who had a larger CV of torque, walked more slowly, and had lower 

balance scores. Paretic CV of torque at all other load levels did not 

correlate significantly with measures of Fugl Meyer, Berg Balance 

Score, or comfortable walking speed except for CV at 20% MVC and 

comfortable walking speed (r2 = 0.39; P < 0.05). The CV of torque of 

the nonparetic leg did not vary systematically with walking speed or 

balance (Fig. 5). 
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Figure 5. Associations between the paretic and nonparetic hip flexor CV at the 5% 
load and self-selected walking speed (A) and Berg Balance Score (B). Participants 
with larger torque fluctuations in their paretic leg walked slower and had worse 
balance (P < 0.05). The associations for the nonparetic leg were not significant 
(P > 0.05). 

Discussion 

The novel findings of this study are that for sustained hip flexion 

torques: (1) participants with a history of stroke were less steady 

(greater torque fluctuations, CV) for the paretic and nonparetic leg 

than controls; (2) the greatest deficits in CV for participants with a 

history of stroke occurred for the paretic leg at lowest tested load 

level; and (3) steadiness of the paretic leg at the lowest load level was 

associated negatively with functional measures of self-selected walking 

speed and balance. Diminished hip flexion steadiness of the paretic leg 

at the 5% MVC load was accompanied by higher variation of forces in 

the contralateral leg and a higher frequency component to the torque 

frequency profile. Deficits in force regulation with stroke could not be 

attributed to overall weakness of the paretic hip flexors (i.e., 

magnitude of baseline MVC) because: (1) the magnitudes of the MVC 

were not significantly different between leg groups; (2) the deficits for 

the participants with history of stroke occurred during the very low 

forces; and (3) participants with history of stroke had fewer 

differences in steadiness relative to controls at higher torque levels. 

Furthermore, the mean error from the target torque of the paretic leg, 

although large, was not different from the nonparetic and control legs. 

Consequently, while the loss of steadiness and motor control was 

apparent within participants with history of stroke, their overall 

accuracy (error from torque) was not impaired during an isometric 

contraction (when visual feedback was provided). This suggests that 
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overall regulation of force in this study was not limited by the net 

magnitude of the descending signal (i.e., motoneuron pools were 

receiving enough excitation to achieve a given torque), because the 

participants with history of stroke were able to generate enough 

torque to achieve the target torque. Possible mechanisms are 

discussed below. 

Poststroke, reduced resolution of control of motoneuron pools 

by supraspinal centers could contribute to decreased force regulation 

at the 5% level compared with the higher load levels seen in this 

study. Reduced resolution of control after stroke has been attributed to 

a loss of upper motoneurons innervating agonist spinal motoneuron 

pools and fewer lower motoneurons.50-53 In the aging population, loss 

of lower motoneurons is associated with a compensatory increase in 

motor unit size as muscle fibers from dying motoneurons are 

reinnervated by surviving motoneurons.54 Therefore, due to a loss of 

both upper and lower motoneurons and a subsequent increase in 

motor unit size, error corrections would involve engagement of more 

motoneurons per given input, increasing the difficulty for agonist 

muscles to smoothly graduate small forces and result in greater CV of 

torque at lower loads as seen in this study. 

Previous work in young healthy controls has attributed the 

modulation of low-force contractions to common descending synaptic 

drive.55 However, in aging and neurologically involved populations 

synaptic noise may be influential as well.56 Supraspinal pathways are 

known to actively inhibit spinal pathways and help focus relevant 

synaptic input to motoneurons.57,58 This active filtering of synaptic 

inputs by supraspinal centers is likely impaired poststroke. Paretic 

motoneuron pools therefore would be subject to unfiltered spinal 

inputs or “noise” that could contribute to increased discharge 

variability and manifest as fluctuations with higher frequency content. 

In this study, the greater relative power (%) in the higher frequency 

bin (Fig. 3) at the 5% load compared with other load levels in the 

paretic leg is consistent with the contribution of relatively shorter 

latency spinal pathways to force fluctuations. Although not directly 

tested here, a potential source includes maladaptive synaptic input 

from the contralateral leg (Fig. 4) and is consistent with previous work 

that showed the influence of contralateral inputs following stroke46,59 

and spinal cord injury.60 In summary, the mechanism for loss of 
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steadiness at all load levels in participants with stroke is likely to be 

mediated by higher cortical centers, because both the paretic and 

nonparetic sides were impaired relative to controls. However, the large 

loss of control at the lightest load tested (5%) in the paretic leg 

compared with nonparetic and control legs is likely a combination of 

distorted supraspinal inputs (e.g., indicated with greater coactivation 

and contralateral leg variability) and maladaptive subcortical inputs 

(e.g., higher frequency content of the force fluctuations), which 

contribute to altered paretic hip flexor force regulation at low load 

levels. Future studies are required to examine how remodeling of 

motor unit function, such as changes in discharge rate variability at 

low loads, can impact steadiness of sustained force at low loads in 

people following stroke. 

Clinical Relevance: Relationship Between Paretic Hip 

Force Regulation and Function 

One of the most important and novel findings in this study was 

the associations between the steadiness at low loads and functional 

tasks in the participants with a history of stroke (Fig. 5). Given that 

many activities of daily living require control of submaximal forces by 

hip flexors, impaired submaximal force regulation would likely interfere 

with mobility. Much of the current evidence indicates that low force 

regulation (i.e., < 10% MVC) of the leg muscles is the best predictor of 

function in older adults compared with higher torques.14-16 Thus 

following stroke, the functional relevance of impaired low-force 

regulation may be greater compared with the relationships seen in 

neurologically intact populations. Other factors in participants with 

history of stroke, however, such as the muscles involved or the 

functional measure used may also influence these associations. In the 

leg, for example, Chow and Stokic32 demonstrated impaired force 

regulation of paretic knee extensor muscles but no correlation with 

measures of leg function (2011). Here, we show a negative correlation 

between hip flexor control with walking speed and balance such that 

more functionally impaired participants with stroke were the least 

steady. These significant findings for the hip flexor muscles are 

consistent with previous associations between hip muscle deficits (in 

power and gross coordination) and leg function poststroke.44,46,61,62 

Future studies are needed to understand deficits in force regulation in 
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other muscles critical for walking and balance that are affected 

following stroke, such as the plantar flexors. With regards to treatment 

regimens, given the possible interference of sensory information at low 

loads, our data suggest that attention must be given to the use of 

sensory inputs during training protocols. Future studies are needed to 

address the role of sensory inputs (in particular spinal pathways 

versus visual inputs), force regulation, and leg function poststroke. 

Study Limitations 

There were several limitations to the study. With regard to the 

frequency analysis, we acknowledge that frequency content is not a 

direct measurement of the origins of the force fluctuations and could 

be related to other physiological phenomenon. Furthermore, because 

muscle synergy patterns of activation are often produced during 

volitional movements poststroke that result in out of sagittal plane 

force generation,30,63 quantifying accessory and synergist muscle 

recruitment and multijoint torque will provide valuable information on 

the role of these muscles during steadiness tasks. A final limitation of 

the study is the generalization of results to all time periods of recovery 

poststroke. The rate and magnitude of motor recovery is known to be 

the greatest during the first-year poststroke. However, because 

participants in our study sample were greater than 1-year poststroke, 

effects may be different in acute and subacute populations. Future 

studies are required to understand how submaximal force regulation 

can change between acute, subacute, and chronic phases of motor 

recovery. 
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