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Background: The two primary motor impairments that hinder function after stroke are declines in strength and motor control. The impact of motor impairments on functional capacity may vary with the severity of stroke motor impairments. In this study, we focus on high-functioning stroke individuals who experience mild to moderate motor impairments and often resume prior activities or return to work. These tasks require the ability to move independently, placing high demands on their functional mobility. Therefore, the purpose of this study was to quantify impairments in strength and motor control and their contribution to functional mobility in high-functioning stroke.

Methods: Twenty-one high-functioning stroke individuals (Fugl Meyer Lower Extremity Score = 28.67 ± 4.85; Functional Activity Index = 28.47 ± 7.04) and 21 age-matched healthy controls participated in this study. To examine motor impairments in strength and motor control, participants performed the following tasks with the paretic ankle (1) maximum voluntary contractions (MVC) and (2) visuomotor tracking of a sinusoidal trajectory. Strength was quantified as the maximum force produced during ankle plantarflexion and dorsiflexion. Motor control was quantified as (a) the accuracy and (b) variability of ankle movement during the visuomotor tracking task. For functional mobility, participants performed (1) overground walking for 7 meters and (2) simulated driving task. Functional mobility was determined by walking speed, stride length variability, and braking reaction time.

Results: Compared with the controls, the stroke group showed decreased plantarflexion strength, decreased accuracy, and increased variability of ankle movement. In addition, the stroke group demonstrated decreased walking speed, increased stride length variability, and increased braking reaction time. The multiple-linear regression model revealed that motor accuracy was a significant predictor of the walking speed and braking reaction time. Further, motor variability was a significant predictor of stride length variability. Finally, the dorsiflexion or plantarflexion strength did not predict walking speed, stride length variability or braking reaction time.

Conclusions: The impairments in motor control but not strength predict functional deficits in walking and driving in high-functioning stroke individuals. Therefore, rehabilitation interventions assessing and improving motor control will potentially enhance functional outcomes in high-functioning stroke survivors.
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INTRODUCTION

The two primary motor impairments that hinder function after stroke are declines in strength and motor control (1–3). The decline in strength manifests as muscle weakness such that individuals with stroke experience difficulty in generating maximal forces with the paretic limb (4, 5). The decline in motor control manifests as an impaired ability to produce precise and steady motor output with the paretic limb (6, 7). Decrease in strength and motor control have independently been shown to contribute to impaired function in stroke (8, 9).

The decline in paretic leg strength is associated with deterioration in lower-limb function. For example, decreased paretic knee strength is related to increased postural sway (10). Similarly, reduced paretic knee extensor strength is linked to slower self-selected walking speed and impaired stair-climbing ability (11, 12). Despite extensive research on the association between strength and motor function in stroke survivors, the evidence regarding role of impaired motor control on functional capacity is sparse, especially for the lower-limb (13, 14). A study on the upper-limb motor control demonstrated that increased variability and reduced accuracy for finger forces was related to poor functional outcome during grasp and release in stroke (15). The influence of strength and motor control on functional capacity potentially varies with the severity of stroke motor impairments. Buchner et. al. argued that functional status of older individuals is critical for determining the potential for improvement in motor function after strength training (16). Therefore, an important but unaddressed question in the stroke literature is whether the contribution of strength and motor control to functional capacity depends on the severity of stroke motor impairments.

In the current study, we focus on high-functioning stroke individuals with mild to moderately severe motor impairments. A compelling reason to study high-functioning stroke is that a large proportion of individuals experience mild-moderate motor impairments (17, 18). Others with initially severe motor impairments experience spontaneous motor recovery and convert to less severe motor impairment (19, 20). Individuals with mild or moderate motor impairments are considered high-functioning and typically resume prior activities, return to work and often live on their own (21, 22). These tasks require the ability to move independently, placing high demands on functional mobility (e.g., walking and driving). Therefore, a key focus of the current study is to examine the extent to which the impairments in strength and motor control influence functional mobility in high-functioning stroke individuals.

We investigate two key forms of functional mobility in high-functioning stroke individuals: overground walking and driving. Overground walking facilitates the study of natural walking pattern. We quantify overground walking function with walking speed and stride length variability. Walking speed is frequently used as a rehabilitation outcome and an indicator of functional independence post-stroke (23–25). Stride length variability is linked to the loss of balance and increased risk of falls in older adults (26–28). We study driving in a simulated environment. Simulated driving provides a good approximation of on-road driving function in a safe and controlled laboratory environment (29). We quantify driving function with braking reaction time. Extensive data from driving research suggests that braking reaction time is a strong predictor of crash risk and the overall driving ability (30, 31). Together, walking speed, stride length variability, and braking reaction time will provide insight into key elements of functional mobility in high-functioning stroke survivors.

The purpose of the current study was to quantify impairments in strength and motor control and their contribution to overground walking and simulated driving in high-functioning stroke individuals. Specifically, we examined isometric ankle strength, and motor control i.e., accuracy and variability of ankle position in dorsiflexion-plantarflexion. We applied stringent clinical criteria based on activity level and severity of motor impairments to select individuals with high-functioning status. We hypothesized that compared with matched healthy controls, high-functioning stroke individuals will demonstrate impaired strength and motor control that will contribute to deficits in overground walking and driving function.

METHODS

Participants

Twenty-one high-functioning stroke individuals (65.04 ± 13.72 years) and 21 healthy age-matched controls (68.59 ± 8.53 years) participated in the study. The participant characteristics for both the groups are presented in Table 1. The inclusion criteria for high-functioning stroke participants were: (1) diagnosed with a unilateral cerebrovascular accident at least 9 months prior to testing, (2) a minimum of 15 degrees of ankle dorsiflexion and 5 degrees of active plantarflexion, without assistance, (3) ability to walk 3 min without assistance, (4) ability to grasp the steering wheel, (5) ability to understand and follow a three step command, and (6) meet high-functioning status.


Table 1. Participant characteristics.
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To qualify as high-functioning, individuals with stroke met at least one of the two distinct criteria including (a) mild to moderate lower extremity motor impairment i.e., Fugl-Meyer Lower-extremity Assessment score (FMA) >16/32 (32) or (b) moderate activity level i.e., Frenchay Activity Index (FAI) >16/45 (33, 34). Exclusion criteria for all participants were the presence of any other neurological or musculoskeletal deficits, visual neglect, uncorrected vision, or hearing impairments, pain, and predisposition to motion sickness in simulated driving environment. Prior to participation, all individuals read and signed an informed consent approved by the University of Florida's Institutional Review Board.

Experimental Procedures

The experimental session lasted ~3 h. During the session, each participant performed clinical evaluations and four experimental tasks that included: (i) maximum voluntary contractions (MVC) of ankle dorsiflexion and plantarflexion,(ii) visuomotor tracking task with isolated ankle movements, (iii) overground walking, and (iv) driving in a simulated environment.

Clinical Evaluations

For the stroke group, the degree of motor impairments in leg and foot was assessed using the lower extremity subsection of Fugl-Meyer Motor Assessment (35). FMA is most widely used measure of motor impairment in stroke that examines volitional control of limbs. For all participants, the activity level was determined by Frenchay Activity Index (36). FAI assesses a broad range of activities associated with everyday life such as doing laundry, shopping, engagement in social occasions, and gainful work.

Maximum Voluntary Contraction

Experimental set-up

The participants were seated comfortably in an upright position with hip joint at ~90° flexion, the knee at ~90° flexion, and the ankle in a neutral position. In line with clinical recommendations (37, 38) and previous work (39–41) examining ankle strength in stroke, we chose the seated position for MVC measurement. Specific instructions were given to exert force at the ankle without engaging or moving the hip, knee, or the trunk while maintaining a stable posture until trial completion. The experimenter monitored the posture of the participant to limit extraneous force production and ensure compliance with the instructions.

Task

The maximal isometric force was measured during ankle plantarflexion and dorsiflexion. Participants were instructed to exert maximum force for 3 s. The stroke group used the paretic leg and the control group used the non-dominant leg to perform MVC task. The participants completed three to five MVC trials or until three MVC trials were within 5% of each other. To minimize fatigue we provided a rest period of 60 s between trials. The MVC task order for the ankle plantarflexion and dorsiflexion was randomized between participants.

Visuomotor Tracking Task

Experimental set-up

The participants were seated comfortably in an upright position in front of a 32-inch monitor (Sync Master™ 275t+, Samsung Electronics America, NJ, USA) located 1.25 m away at the eye level. The monitor provided the visual feedback of the movements produced by the ankle. Participants affirmed that they could clearly see the visual display. The hip joint was flexed to ~90° with 10° abduction, the knee was flexed to ~90°, and the ankle was in a neutral position. The stroke group used the paretic ankle and the control group used the non-dominant ankle to perform the visuomotor tracking task. The foot rested on a custom device with an adjustable foot plate and was secured by straps over the metatarsals to ensure a secure position and simultaneous movement between the device and the foot. The axis of rotation of the custom device was positioned in line with the axis of rotation of the ankle. Figure 1A shows a schematic representation of the experimental set-up.
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FIGURE 1. (A) Motor control. Left: Participants tracked a trajectory on the computer with ankle dorsiflexion and plantarflexion movements. Right: The computer feedback provided to the participants of tracking a sinusoidal target (red line; at 0.3 Hz through a 20° range of motion) with the ankle movement (blue line). (B) Overground walking. Left: Participants were instrumented with six inertial movement sensors on their wrist (2), ankle (2), sternum, and lumbar spine (Recreated with permission from APDM Mobility Lab Inc., Portland, Oregon, USA). Participants were instructed to walk at their natural and comfortable pace for 7 m overground. We measured the walking speed and stride-length variability (C) Driving in a simulator Left: The participants were instructed to drive on a winding road for 3 min. At random times during the driving course, an unexpected STOP stimulus was presented. Participants were asked to respond as fast as possible by pressing the brake pedal. Right: Visual feedback of the driving scenario with the sudden stop stimulus.



Task

The participants tracked a sinusoidal target at a frequency of 0.3 Hz using isolated ankle joint movement. The targeted movement ranged from 5° ankle plantarflexion to 15° ankle dorsiflexion. The participants were instructed to track the sinusoidal target (red line) as accurately as possible by moving their ankle up and down. The participants received visual feedback of their performance (blue line) (Figure 1A). Each trial lasted ~ 35 s. We provided a rest period of 30 s between consecutive trials to minimize fatigue. Participants performed 3 practice and 5 test trials (i.e., 8 total trials). One stroke participant failed to complete the visuomotor tracking task and was excluded from the analysis.

Overground Walking

Experimental set-up and task

We placed a total of six wearable sensors (APDM Mobility Lab Inc., Portland, Oregon, USA) on the wrists, ankles, sternum, and lumbar spine of the participants to examine the kinematics of overground walking. Participants were instructed to walk a 7 m distance at their natural and comfortable pace. Three trials were performed with a 90 s rest period between trials. Figure 1B shows the schematic representation of a participant with the wearable sensors.

Simulator Driving Task

Experimental set-up

Participants were seated in an upright position in a professional driving simulator seat (AplusB software, Myrtle Beach, South Carolina, 7 USA), with a steering wheel, a gas pedal, and a brake pedal. The driving environment was presented on three 24-inch computer monitors located side by side at eye level. The simulated driving environment included driving a compact car on a winding road with oncoming traffic on a clear sunny day. Figure 1C shows the schematic representation of participant's foot position and simulator driving environment.

Task

Participants were instructed to drive at 30 km/h in the center of the lane for 3 min. At random times during the driving course, an unexpected STOP stimulus was presented. The participants were instructed to respond as quickly as possible to the STOP stimulus by releasing the gas pedal and pressing the brake pedal. A total of 10 STOP stimuli were presented within a 3 min driving period. A short 20 s trial of driving familiarization preceded the test trial. The stroke group used the paretic leg and the control group used the dominant leg to perform the simulated driving task. Two stroke participants failed to complete the simulated driving task and were excluded from the analysis.
Data Measurement and Analysis

Ankle Force Measurement

The MVC was measured using a force transducer (Model 41BN, Honeywell, Morristown, NJ, USA) located parallel to the force direction on a customized foot device. The force signals were band-pass filtered from 0.03 to 20 Hz, amplified by a gain factor of 50 (Bridge-8 world precision instrument Inc., FL, USA), sampled at 1000 Hz (NI-DAQ card, Model USB6210, National Instruments, Austin, TX, USA), and stored on a research workstation for offline analysis. Strength: We quantified strength with the MVC of ankle dorsiflexion and plantarflexion. We defined the MVC as the highest MVC obtained among the three trials.

Ankle Position Measurement

The ankle position during the visuomotor tracking task was measured using a low-friction potentiometer (SP22G-5K, Mouser Electronics, Mansfield, TX, USA) located directly lateral to the fibular malleolus. The position signals were sampled at 1000 Hz (NI-DAQ card, Model USB6210, National Instruments, Austin, TX, USA) and saved for offline analysis. A custom routine written in Matlab® (Math Works™ Inc., Natick, Massachusetts, USA) controlled the visual presentation of each trial. Motor Control: We quantified motor control with the accuracy and variability of ankle movements averaged across 3 trials. The first 10 s and final 5 s of position data were eliminated from all analyses to account for initial position adjustments and early movement cessation caused by the anticipation of trial completion. Data were analyzed offline using a custom-written program in Matlab® (Math Works™ Inc., Natick, Massachusetts, USA).

Accuracy

The accuracy of ankle position was measured by root mean squared error (RMSE) that quantifies the distance between the target and participant's position. The RMSE was calculated as
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Variability

The variability of ankle position was quantified by standard deviation (SD) of ankle position within each trial. The movement signal was band-pass filtered between 0.2 and 0.4 Hz to remove the task-related frequency (sinusoidal target at 0.3 Hz). We quantified movement variability with the SD of the detrended position signal.

Overground Walking Measurement

Position and acceleration data from the movement monitors were used to detect gait events. The data were validated at the end of each trial and stored for offline analysis. Walking Speed: We computed the overground walking speed with the average speed across 3 trials. Stride length variability: We quantified the overground walking ability with stride length variability averaged across 3 trials. The magnitude of stride length variability over a single walking trial was determined as the coefficient of variation of the stride length (coefficient of variation = standard deviation of stride length/mean stride length × 100) averaged across both legs.

Simulator Driving Measurements

AplusB software was used to determine the braking reaction times. Braking Reaction Time: We measured braking reaction times as the time between presentation of STOP stimulus and application of brake pedal. Application of brake pedal was marked by a 10% change in brake pedal position from neutral position. We averaged the braking reaction time across 10 trials.

Statistical Analysis

We compared the stroke and control groups using the independent t-test on the following measures: (i) strength (MVC for plantarflexion and dorsiflexion), (ii) motor control (RMSE and SD of ankle movement), (iii) overground walking speed, (iv) stride length variability, and (v) braking reaction time. To determine the relationship between strength, motor control, overground walking, and driving function, we used the Pearson's bivariate correlations.

To determine the contribution of strength and motor control to walking and driving function, we used a backward, multiple-linear regression model. The regression analysis included MVC plantarflexion, MVC dorsiflexion, RMSE, and SD of ankle position as the predictor (independent) variables. We ran separate regression models to predict walking speed, stride length variability, and braking reaction time (criterion/dependent, variables). The squared multiple correlation coefficient (R2) and the adjusted squared multiple correlation coefficient (adjusted R2) determined the goodness-of-fit of the model. R2 indicates the robustness of the linear combination of the variables predicting the criterion variables. The adjusted R2 accounts for R2's overestimate of the percentage of the variance in the criterion variable that can be explained by the linear combination of the predictor variables, especially when the sample size is small and the number of predictors is large. In addition, we chose a model with the least number of predictors that demonstrated a significant adjusted R2. Statistical analyses were conducted with alpha level was set at 0.05 using the IBM SPSS Statistics 24.0 statistical package.

RESULTS

Clinical Evaluations

The mean lower-extremity FMA score was 27.61 ± 4.85 (range 16–34) for the stroke group. The FAI score was 28.47 ± 7.04 (range 16–38) for the stroke group and 31.57 ± 4.66 (range 21–42) for the control group. No significant difference was found between the stroke and control group (|t40| = −1.51; p > 0.05) on the FAI score Thus, the FMA and FAI scores confirmed the stroke group to be high-functioning.

Strength

The high-functioning stroke group had decreased plantarflexion strength as compared with the controls (|t40| = −2.58; p < 0.05; Figure 2A). The plantarflexion MVC was 150.50 ± 30.52 N for the stroke group and 182.69 ± 46.94 N for the control group. There was no significant difference between the groups for dorsiflexion strength (|t40| = −0.47; p > 0.05; Figure 2B). The dorsiflexion MVC was 143.64 ± 67.50 N for the stroke group and 153.77 ± 70.12 N for the control group.
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FIGURE 2. Strength and motor control in high-functioning stroke. Strength was quantified by MVC for plantarflexion (A) and dorsiflexion (B). The high-functioning stroke group had significantly lower plantarflexion MVC than the control group. The dorsiflexion strength was not significantly different between groups. Motor control was quantified by accuracy (C) and variability (D) of ankle movement. The high-functioning stroke group had significantly greater RMSE and SD than the control group. Overall, high-functioning stroke participants demonstrated impaired strength (plantarflexion) and motor control compared with the healthy controls. *p < 0.05; **p < 0.01.



Motor Control

On the visuomotor tracking task, the high-functioning stroke group had significantly greater RMSE of ankle position (|t39| = −3.52; p < 0.01; Figure 2C) compared with the control group. The high-functioning stroke group had significantly greater SD of ankle position (|t39| = −1.77; p < 0.05; Figure 2D) compared with the control group.

Functional Mobility

On the overground walking task, the high-functioning stroke group had significantly reduced walking speed (|t40| = −3.24; p < 0.01; Figure 3A) and increased stride length variability than the control group (|t40| = −2.22; p < 0.05; Figure 3B). During simulated driving, the high-functioning stroke group demonstrated significantly increased braking reaction time compared with the control group (|t39| = −2.04; p < 0.05; Figure 3C).
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FIGURE 3. Functional mobility in high-functioning stroke. Functional mobility during overground walking was quantified with walking speed, and (A) stride length variability (B). Functional mobility during simulator driving was quantified with braking reaction time (C). The high-functioning stroke group had significantly reduced walking speed, increased stride length variability and increased braking reaction time than the control group. Overall, high-functioning stroke participants demonstrated deficits in functional mobility compared with the healthy controls. *p < 0.05; **p < 0.01.



Relation Between Strength, Motor Control, Walking, and Driving Function in High-Functioning Stroke

Table 2 shows the correlations between strength, motor control and walking and simulated driving. Motor control measures were significantly correlated with walking speed, stride-length variability and braking reaction time. Specifically, the RMSE was negatively correlated with walking speed (r = −0.78, p < 0.001), positively correlated with stride length variability (r = 0.45, p < 0.05) and braking reaction time (r = 0.47, p < 0.05). The standard deviation was negatively correlated with the walking speed (r = −0.69, p < 0.01), positively correlated with stride length variability (r = 0.58, p < 0.05) and braking reaction time (r = 0.45, p < 0.05). There was no significant correlation between plantarflexion or dorsiflexion strength and walking speed, stride length variability, or braking reaction time (p > 0.05). Further, no significant correlations were found between strength and motor control. Specifically, plantarflexion strength was not correlated to RMSE (r = −0.45, p = 0.85) and SD (r = −0.22, p = 0.35). Similarly, dorsiflexion strength was not correlated to RMSE (r = −0.38, p = 0.09) and SD (r = −0.35, p = 0.13).


Table 2. Pearson's Bivariate Correlations (r) of strength and motor control measures with walking and driving in stroke.
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Contribution of Strength and Motor Control to Overground Walking and Driving in High-Functioning Stroke

To determine the contribution of strength and motor control to overground walking and driving in high-functioning stroke participants, we ran backward multiple-linear regression models. The walking speed was predicted by RMSE of ankle position (R2 = 0.61, adjusted R2 = 0.59; p < 0.001; Figure 4A). The stride length variability was predicted by SD of ankle position (R2 = 0.33, adjusted R2 = 0.29; p < 0.01; Figure 4B). The braking reaction time was predicted by RMSE of ankle position (R2 = 0.22, adjusted R2 = 0.18; p < 0.05; Figure 4C). These regression models indicated that impaired motor control is a predictor of impaired walking and driving performance in high-functioning stroke individuals.
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FIGURE 4. A multiple-linear regression was conducted to predict the overground walking speed, stride length variability, and braking reaction time (criterion variables) from the strength (MVC plantarflexion and MVC dorsiflexion) and motor control (accuracy and variability of ankle position) of each participant (predictor variables). (A) Prediction of walking speed. The motor accuracy was a significant predictor (R2 = 0.61, p < 0.01) of walking speed in high-functioning stroke group. (B) Prediction of stride length variability. The motor variability was a significant predictor (R2 = 0.33, p < 0.01) of stride length variability in high-functioning stroke group. (C) Prediction of braking reaction time. The motor accuracy was a significant predictor (R2 = 0.22. p < 0.05) of braking reaction time in high-functioning stroke group.



DISCUSSION

The purpose of this study was to quantify impairments in strength and motor control and determine their contribution to overground walking and driving in high-functioning stroke individuals. Our findings suggest that high-functioning stroke individuals exhibit reduced plantarflexion strength, reduced motor accuracy, and increased motor variability relative to healthy controls. Further, high-functioning stroke individuals demonstrate reduced walking speed, increased stride length variability, and increased braking reaction time compared with healthy controls. The functional deficits in walking and driving were predicted by impairments in motor control (accuracy or variability), but not by strength. Thus, for the first time in the stroke literature we provide evidence that impaired motor control is a significant contributor to functional deficits in high-functioning stroke.

Motor Control and Strength Deficits in High-Functioning Stroke

High-functioning stroke individuals demonstrated significant decline in ankle motor control. While declines in ankle strength following stroke have been documented extensively, the evidence regarding decline in accuracy and variability of ankle motor control is not well-established (42–44). Few previous studies showed accuracy index during ankle tracking task was impaired in individuals with stroke (13, 41). In our study, high-functioning stroke individuals show decreased motor accuracy (52% more RMSE) and increased motor variability (23% more SD) compared with healthy controls. Decline in motor control has been demonstrated in upper-limb for stroke individuals and is reported to be independent of motor weakness (3, 8, 45). Further, motor control deficits have been studied generally across individuals with varying degree of motor impairments (14, 46). Here, we provide evidence that stroke survivors with a mild to moderate degree of motor impairments demonstrate large and robust differences in accuracy and variability of ankle motor control compared to healthy controls.

High-functioning stroke individuals demonstrate reduced plantarflexion strength (17% less) but no significant differences in dorsiflexion strength compared with healthy controls. Decline in plantarflexion strength is consistent with previous reports of stroke-related weakness in plantarflexors, a key muscle group for forward propulsion during overground walking (40, 47). However, no significant decline in dorsiflexion strength was noted. One reason for this finding could be that the relative decline (paretic compared to non-paretic side) in dorsiflexion strength is presumably less than the relative decline in plantarflexion strength (39). Adams et al., reported that the average degree of weakness was greater for ankle plantarflexors than ankle dorsiflexors. Another possibility is that perhaps the recovery of dorsiflexion strength happens earlier or to greater extent than the recovery of plantarflexion strength. The current findings motivate future investigations to understand whether the relative decline and rate of recovery differs across dorsiflexors and plantarflexors. While these propositions need to be investigated, our findings suggest that high-functioning stroke individuals exhibit declines in plantarflexion but not dorsiflexion strength. Together, these results suggest that ankle strength showed relatively small decline while ankle motor control was significantly impaired in high-functioning stroke individuals.

A recent study showed that strength recovers at a faster rate than motor control in individuals with stroke (48). Our findings extend this work by showing that high-functioning stroke individuals on the upper end of the stroke recovery continuum demonstrate significant deficits in motor control but relatively small strength deficits. These results are important because impaired motor control may contribute to functional deficits in high-functioning stroke individuals and lead to overall reduction in quality of life.

Functional Deficits in High-Functioning Stroke

Independent walking is a critical recovery goal for high-functioning stroke individuals who often resume pre-stroke activities of daily living such as working and social engagements. Walking speed is a primary determinant of functional ability and social participation (49, 50). In our study, individuals with high-functioning stroke demonstrate reductions in overground walking speed compared to healthy controls. Reduced walking speed indicates incomplete recovery of functional mobility (23, 51). Furthermore, we found that high-functioning stroke individuals demonstrate increased stride length variability as compared with the controls. Increased gait variability is related to poor dynamic balance and highlights the motor system's dysfunction in adapting gait parameters to environmental requirements (52–54). Consequently, increased walking variability may predispose high-functioning stroke individuals to greater risk of falls.

Another important functional task for maintaining independence after stroke is driving. In this study, we examined driving ability in a simulated driving environment by quantifying braking reaction time. Often, safe driving requires the ability to respond to unpredictable events or objects (such as sudden lane change by another car or a child crossing the road) (55). Consequently, braking reaction time is known to be predictor of crash-risk and overall driving ability (56, 57). Our results show that braking reaction time is increased in high-functioning stroke individuals. Our previous work suggests that slower response during reactive driving is linked to increased variability in the motor output and impairs driving function in older adults (58). Increased braking reaction time could result in slower response to dynamically changing traffic conditions and increase the chances for driving accidents in high-functioning stroke individuals. Further, braking reaction time also involves visual and cognitive abilities (59). While all participants in our study reported a 20/20 vision and were able to follow a three-step command, we did not systematically test how specific aspects of visual and cognitive function such as attention, processing speed and decision-making influence braking response time. Future studies are recommended to examine the specific contribution of visual, cognitive, and motor function to braking response after stroke. In summary, high-functioning stroke individuals demonstrate substantial deficits in functional mobility in both overground walking and driving ability.

Declines in Motor Control Impair Functional Capacity in High-Functioning Stroke

The most interesting finding in this study is that functional deficits in high-functioning stroke are predicted by declines in motor control, but not strength. Our results suggest that motor accuracy is a significant predictor of walking speed and motor variability is a significant predictor of stride length variability. The visuomotor tracking task required participants to accurately and consistently match a sinusoidal target with ankle movements. Perhaps, the inability to accurately and steadily control ankle movement reflects a general inability to modulate the spatio-temporal dynamics of the lower limb resulting in impaired overground walking. Interestingly, we found that overground walking performance was not related to strength deficits in high-functioning stroke individuals. Conventionally, strength is considered to be an indicator of recovery and is correlated to functional capacity in individuals with stroke (60). For example, previous studies have shown that reduced plantarflexion strength limits walking speed in stroke (40, 61). However, previous studies did not apply a stringent criterion to identify and select a specific subgroup of stroke individuals with high-functioning status and allowed the use of assistive devices for some participants during walking. Presumably, with the considerable recovery of ankle strength in high-functioning stroke individuals, strength no longer remained a primary limiting factor in regulation of overground walking speed.

The simulated driving task required the ability to respond as fast as possible to the STOP stimulus while driving in a simulated environment. Our results suggest that the motor accuracy of ankle position predicted the braking reaction time. Stroke-related decrease in motor accuracy may interfere with the ability to react fast, and decrease the speed of response while driving. Another noteworthy point is that driving function after stroke has not be examined in the context of motor impairments before. While, numerous studies have demonstrated that impaired driving in stroke relates to cognitive deficits, the contribution of motor impairments to driving deficits in stroke is largely undetermined (62, 63). Our findings extend previous work by demonstrating that impaired motor control is associated with diminished driving function in high-functioning stroke individuals. Further, ankle strength did not contribute to the braking task perhaps because the driving task did not require individuals to exert maximal force with the ankle, rather to exert submaximal ankle forces to control the gas and the brake pedals.

Together, these findings suggest that following substantial recovery of strength, any further improvement in functional capacity are more reliant on motor control than strength. These findings are in line with two sets of evidence: (1) A recent study that tracked 54 stroke patients over the first year showed that once strength recovers to above 60%, strength and motor control follow separate trajectory of improvement (48). (2) Functional deficits in older adults with minimal weakness were linked to reductions in motor variability but not strength (64, 65). Thus, strength and motor control appear to be independent after a certain strength recovery threshold is met. Further, we found no association between strength and motor control measures. Perhaps, a more complex, non-linear relationship may link force variability and strength (66). However, the independence of strength and motor control in high-functioning stroke individuals in the current study argues that impaired motor control but not strength is a significant contributor to deficits in functional mobility in high-functioning stroke individuals. Currently, strength training interventions have been extensively tested to improve functional capacity after stroke (67, 68). Given the contribution of motor control to functional capacity, training protocols that improve accuracy and variability may augment the recovery of function, especially in high-functioning stroke individuals.

Considerations

Currently, in the stroke literature, there is no clear definition to distinguish stroke individuals as high or low functioning. Few studies have used the Fugl-Meyer Assessment to classify stroke individuals into severe, moderate, and mild motor impairment categories (69). FMA may be insufficient to gauge a stroke individual's involvement in activities of daily living. Consequently, we determined motor impairment level alone to be inadequate for providing insights into functional status of an individual. In the current study, we identified high-functioning stroke individuals with two distinct criteria-FAI to measure activity level and participation and FMA to determine impairments of body function. Future studies should test the validity of this approach in distinguishing stroke survivors on functional status. Further, we did not compare high-functioning stroke individuals with low-functioning individuals. As stroke individuals regain partial motor abilities, the functional goals escalate progressively. Increased functional independence poses new challenges on the motor system that may require motor capabilities beyond adequate strength alone. Further research is required to determine the contribution of strength and motor control to functional capacity in stroke individuals with varying degrees of functional status.

Another issue concerns visuomotor tracking approach for understanding the contribution of motor control to walking, Visuomotor tracking provides a simple approach for tapping into neuromuscular system's ability to integrate and modulate motor output for performing functional mobility tasks. Specifically, the visuomotor tracking involves three functional domains (a) attentional resources (70, 71), (b) visual processing to transform the information about target position into movement planning (72), and (c) motor ability to produce steady and accurate movements (8, 73). Similarly, walking requires the complex integration of cognitive, visual, and motor functions (74, 75). Therefore, visumotor-tracking provides a model task for understanding the neuromotor control of movement involved in walking. While this approach has been used to study posture and gait in individuals with Parkinson's disease (76), future research is needed to test the validity of this approach in stroke. In addition, the participant positioning for strength and motor control measurements corresponded better with simulated driving than the walking task. Futures studies should examine these measures in upright positions to understand the contributions of strength and motor control to walking. Finally, whether current findings from simulated driving environment extend to on-road driving after stroke needs to be tested.

CONCLUSION

We provide novel evidence that declines in motor control and not strength impair functional capacity in high-functioning stroke survivors. We demonstrated that although high-functioning stroke individuals show substantial recovery of strength, they continue to show impairments in motor control and functional mobility. Most importantly, functional deficits in walking and driving were related to decline in motor control but not strength. Rehabilitation interventions assessing and improving motor control will potentially enhance functional outcomes in high-functioning stroke survivors.
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