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Aging causes perseveration (difficulty to switch between actions) in motor and cognitive tasks, suggesting that the same neural processes could govern these abilities in older adults. To test this, we evaluated the relation between independently measured motor and cognitive perseveration in young (21.4 ± 3.7 y/o) and older participants (76.5 ± 2.9 y/o). Motor perseveration was measured with a locomotor task in which participants had to transition between distinct walking patterns. Cognitive perseveration was measured with a card matching task in which participants had to switch between distinct matching rules. We found that perseveration in the cognitive and motor domains were positively related in older, but not younger individuals, such that participants exhibiting greater perseveration in the motor task also perseverated more in the cognitive task. Additionally, exposure reduces motor perseveration: older adults who had practiced the motor task could transition between walking patterns as proficiently as naïve, young individuals. Our results suggest an overlap in neural processes governing cognitive and motor perseveration with aging and that exposure can counteract the age-related motor perseveration.
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INTRODUCTION

It is important for the motor system to develop context-specific motor memories that benefit future performance. For example, distinct context-specific motor memories for walking on ice verses snow enable people to switch between motor memories according to the situation at hand (Shadmehr and Brashers-krug, 1997; Wolpert et al., 1998). In this example of walking on ice, it is easy to imagine that failure to switch walking patterns, a form of motor perseveration, could lead to falls or inefficient gait. Notably, failure to accommodate new toe clearance (Bunterngchit et al., 2000) or friction demands of the walking surface (Lockhart, 1997; Lockhart et al., 2002) contributes to fall risk in the elderly. Despite the drastic impact on older population's daily living, little is known about neural processes governing the age-related decline of motor switching (i.e., increased motor perseveration). It is also observed that healthy aging induces greater perseveration in cognitive tasks requiring participants to switch strategies (Haaland et al., 1987; Daigneault et al., 1992; Boone et al., 1993; Volkow et al., 1998; Kray and Lindenberger, 2000; Ridderinkhof et al., 2002; Head et al., 2009; Albergaria et al., 2018) or decisions (Eppinger et al., 2011). Pathways in the basal ganglia regulate motor switching in the young nervous system (Brown and Almeida, 2011; Leunissen et al., 2013; Balser et al., 2014). However, prefrontal neural resources, usually involved in cognitive tasks, are recruited for motor switching with healthy aging (Coxon et al., 2010) presumably to compensate for deteriorated basal ganglia function in the elderly (Bäckman et al., 2006; Ota et al., 2006; Walhovd et al., 2011). Thus, neural processes leading to perseveration in motor and cognitive domains might become more unified as we age.

In this study, we tested the possibility that the same underlying mechanisms mediate age-related changes in motor and cognitive perseveration. This is feasible given extensive evidence of a direct associations between motor and cognitive processes in older adults (Bo et al., 2009; Anguera et al., 2011; Langan and Seidler, 2011; Trewartha et al., 2014; Wolpe et al., 2020). Consistently, it has been shown that interventions that reduce motor perseveration also diminish cognitive perseveration in the elderly (Coubard et al., 2011), which suggests that processes underlying motor and cognitive switching are indeed linked in older populations. Interestingly, cognitive switching appears to interfere, rather than favor, motor switching in the context of locomotion (Sombric et al., 2017). More specifically, we found that older individuals proficient at switching actions in response to explicit instructions in a cognitive task, had difficulties at switching between motor patterns that are controlled implicitly, such as timing between steps (Sombric et al., 2017). This finding suggests that cognitive-mediated processes for switching are recruited to transition between motor patterns in older individuals, but that this is only beneficial when said patterns are controlled explicitly.

We tested the hypothesis that cognitive switching processes influence motor switching in older adults. However, this relation is only beneficial in locomotion when switching between spatial motor patterns (i.e., “where” to step), which are more explicitly controlled than temporal motor patterns (i.e., “when” to step). To test this hypothesis, young and older adults adapted their walking pattern on a split-belt treadmill that drives the legs at different speeds. We subsequently measured motor perseveration as either the participant's difficulty to disengage spatial (i.e., explicitly controlled) or temporal (i.e., implicitly controlled) aspects of the split-belt gait pattern when transitioning to walking overground. We also measured cognitive perseveration with a card matching task in which participants had to switch between different matching rules. We anticipated that cognitive perseveration would be associated with motor perseveration of the spatial motor pattern, but not the temporal one. These findings would support the idea that cognitive processes are recruited to compensate for age-related decline in motor switching, but this compensation would only benefit motor aspects controlled explicitly. In a post-hoc analysis we evaluated the effect of repeated exposure to the split-belt task onto motor perseveration in older adults. This was done given the unexpected observation that older individuals, who had previously experienced the split-belt task, exhibited less motor perseveration than naïve, younger participants. Taken together, our findings indicate the extent to which cognitive-mediated switching and practice can help older adults regain motor switching abilities similar to younger individuals.



MATERIALS AND METHODS


Subjects

We assessed motor and cognitive perseveration in a group of young (n = 11, #women = 7, 21.4 ± 3.7 y/o) and older adults (n = 11, #women = 6, 76.5 ± 2.9 y/o). Participants had to meet the following criteria to participate in our study: (1) to have no orthopedic injury or pain interfering with the assessment; (2) to have no fixed or fused hip, knee, or ankle joints, (3) to have no neurological conditions or movement disorders; (4) to have body mass index (BMI) <35; 5) to have no contraindications for performing moderate intensity exercises; (6) to have no apnea or use supplemental oxygen; (7) to use no medication that could affect cognitive or motor functions. Motor perseveration was evaluated with a locomotor task in which participants had to transition between distinct walking environments (i.e., split-belt treadmill with legs moving at different speeds vs. overground walking). Cognitive perseveration was evaluated with a card matching task in which participants had to switch between matching rules (i.e., modified Wisconsin Card Sorting Test). The Institutional Review Board at the University of Pittsburgh approved the experimental protocol and all subjects gave informed consent prior to testing.



General Paradigm

The general protocol consisted of paradigms in the motor and cognitive domains. The motor paradigm enabled us to quantify age-related differences in acquisition of a split-belt motor pattern and switching between said pattern and regular overground walking. The cognitive paradigm consisted of two tests: one aimed to quantify age-related differences in cognitive perseveration and a second one to measure spatial working memory, which is a cognitive ability known to be strongly related to motor learning processes (Bo et al., 2009; Anguera et al., 2011; Langan and Seidler, 2011; Trewartha et al., 2014; Uresti-Cabrera et al., 2015). We evaluated the association between each of these cognitive abilities and motor perseveration to determine if motor switching was specifically associated with cognitive switching or to better cognition in general.


Locomotor Paradigm

All subjects completed the same locomotor paradigm consisting of five epochs: Baseline, Adaptation, Catch, Re-Adaptation, and Post-Adaptation (Figure 1A). The Baseline epoch was used to characterize each subject's baseline gait overground and on the treadmill. In the overground condition, subjects walked back and forth on a walkway (~7 m-long) for 4 min (~100 strides) at a self-selected pace which averaged between 0.90 and 1.10 m/s for older subjects and between 0.77 and 1.09 m/s for younger subjects. In the treadmill condition, subjects walked for 150 strides at 0.75 m/s. The Adaptation epoch consisted of 600-strides of split-belt walking in which the (self-reported) dominant leg walked at 1.00 m/s (i.e., fast leg) and the other leg walked at 0.50 m/s (i.e., slow leg). Subjects walked in this condition for 600 strides to ensure that a steady state behavior was reached in all individuals. All subjects, young and old, took sitting breaks every 150 strides. Each break in the young group lasted about 8 min and 10 s, which was the average duration of the sitting breaks in the old group. We imposed similar break durations between the age groups to determine if age-related differences in forgetting (i.e., decay of the split-belt pattern due to the passage of time) reported in previous studies (Malone and Bastian, 2014; Sombric et al., 2017) were due to group differences in break durations. The Catch epoch consisted of 10 strides of tied walking at 0.75 m/s to measure After-Effects on the treadmill (i.e., context in which subjects acquired the split-belt pattern). The Re-Adaptation epoch consisted of 300 strides of split-belt walking at the same speed as the Adaptation epoch. This was done such that all individuals again reached a steady state pattern in the split-belt condition before walking overground. The Post-Adaptation epoch consisted of 6 min (~150 strides) of walking overground to evaluate each subject's ability to disengage the split-belt walking pattern when transitioning into a different environment. Subjects started on the treadmill and walked back and forth at a self-selected speed on the same walkway as in the Baseline epoch. A stride is defined as the duration from one heel-strike to the subsequent heel-strike with the same leg. Strides were counted on the treadmill in real-time to ensure that the Baseline, Adaptation, and Re-Adaptation epochs contained the same number of strides across individuals walking with different cadences. All subjects wore a safety harness and a handrail was positioned on the front of the treadmill to prevent falls. Additionally, older adults' heart rates were monitored to ensure that their heart rates did not exceed 80% of their maximum heart rate (Max Heart Rate = 220-subject's age (Fox and Haskell, 1970; Fox et al., 1971).
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FIGURE 1. Experimental paradigms and parameter definitions. (A) The split-belt treadmill paradigm used for both age groups is illustrated. Resting breaks, when subjects did not walk, are indicated by dashed lines. These were taken every 150 strides and lasted 8 min and 10 s on average. (B) The left panel is a sample screen for the card matching test to assess cognitive perseveration. The right panel demonstrates the temporal progression of a single trial of the computer-based test to assess spatial working memory accuracy. (C) This schematic adapted from Finley et al. (2015) illustrates Step Length Asymmetry (StepAsym) which can be decomposed into gait aspects that are controlled more explicitly (StepPosition) or implicitly (StepTime).




Cognitive Paradigm

Older adults first underwent cognitive screening to rule out cognitive disability or decline. Specifically, intelligence quotients (IQ) were estimated with The Wechsler Test of Adult Reading (WTAR) to estimate premorbid cognitive ability and The Modified Mini-Mental State (3MS) examination was used to screen for dementia. All participants scored within normal limits for both IQ and general cognitive ability [WTAR range = 89–125; 3MS range = 86–99 (/100)] (Kurella et al., 2005; Strauss et al., 2006; Lin et al., 2013; Li et al., 2016).

Then, two cognitive abilities were assessed in all subjects: cognitive switching and spatial working memory. The assessment of these cognitive abilities allowed us to determine the specificity of a possible association between motor switching and distinct cognitive processes.

Cognitive perseveration was evaluated with a computer-based task inspired by the Wisconsin Card Sorting Test. In brief, participants had to match cards by either count, color, or shape. These three matching rules were given to the participants before the task started. More specifically, four electronic cards were displayed with a specific count (1, 2, 3, or 4 items) of colored (red, blue, green, or yellow) shapes (squares, circles, triangles, or plus signs) on a computer monitor (Figure 1B, left panel). For each trial, a single reference card was displayed at the top of the screen and three test cards were displayed below. Each of the test cards matched the reference card in only one of the three possible matching rules (Figure 1B, left panel; count, shape, or color).

Unlike a traditional Wisconsin Cards Sorting Test, the experimenter demonstrated the matching test and participants had a familiarization period during which they practiced matching cards using each of the matching rules and switching between them. This familiarization was done as in previous work (Stuss et al., 2000) to obtain a more robust assessment of age-related differences in people's ability to switch choices (Nelson, 1976). More specifically, the experimenter first explained the matching game. Then, a baseline matching period was collected for each matching rule to measure subjects' baseline accuracy when the matching rule was not changing. This baseline period was collected for each matching rule and it consisted of two untimed practice trials followed by 64 timed trials (3 s to respond) with a single matching rule. The word “correct” or “incorrect” appeared for 0.5 s after each trial indicating if the match was correct or incorrect. Next, we tested subjects' ability to switch between matching rules based on feedback on their matching accuracy. Subjects were told that there were three possible matching rules and that the matching rule would change unexpectedly throughout the experiment. Specifically, “Sometimes you will be matching by count, sometimes by shape, and sometimes by color. The computer will not tell you which matching rule you should match with. You will have to determine the rule by trial-and-error. If you get a match correct, you should continue to use this matching rule. If you get a match incorrect you should try a different matching rule.” Subjects performed untimed practice trials during which they matched cards under the supervision of the experimenter to familiarize themselves with the task. This ensured that both older and younger adults understood the task; so that any differences in behavior would be due to cognitive constraints, rather than poor understanding of the computer-based test. Following these practice trials, subjects performed the actual test which consisted of a total of 128 matching trials. Subjects had 5 s to respond to each match and feedback on their match (i.e., correct or incorrect) was displayed for 1 s. The rule changed in a predefined order after 3–5 consecutive correct matches.

We also assessed subjects' spatial working memory because this is a measure of cognition that is broadly related to physical fitness (Erickson et al., 2009, 2011), integrity of neural networks associated with motor learning (Hötting et al., 2013; Salmi et al., 2018), and behavioral motor learning outcomes (Bo et al., 2009; Anguera et al., 2011; Langan and Seidler, 2011; Trewartha et al., 2014; Uresti-Cabrera et al., 2015; Christou et al., 2016; Vandevoorde and Orban de Xivry, 2019). Spatial working memory was assessed with a spatial working memory task similar to previous work (e.g., Erickson et al., 2009, 2011, 2012; Weinstein et al., 2012) (Figure 1B, right panel). Each of the 45 trials started with a fixation mark in the middle of the screen for 1 s. Next, 1–3 black dots appear on the screen for 0.5 s, followed by a 3 s hold phase where the fixation mark again appeared. Finally, a single red dot appeared for 2 s and subjects indicated if the red dot was in the same position as one of the previously seen black dots. The results from this task were not recorded in two out of the eleven younger participants due to technical difficulties. Thus, all results from the spatial working memory task consist of the measures on only nine, rather than eleven, young subjects.




Data Collection


Locomotor Task

Kinematic data were collected to characterize subjects' locomotor movements on the treadmill and overground. A motion analysis system (Vicon Motion Systems, Oxford, UK) was used to collect kinematic data at 100 Hz. A quintic spline interpolation was used to fill gaps in the raw kinematic data (Woltring; Vicon Nexus Software, Oxford, UK). Subjects' movements were tracked via passive reflective markers placed bilaterally over the hip (greater trochanter) and ankle (lateral malleoulous) and asymmetrically on the thigh and shank to distinguish the legs. The duration of treadmill trials was defined by real time kinetic detection of heel strikes whereas the duration of overground trials was defined by elapsed time. Heel strikes were identified with raw vertical kinetic data collected from the instrumented treadmill (Bertec, Columbus, OH, United States). Given that force data was only available during treadmill trials, but not overground trials, the greatest forward excursion of the ankle was used to identify heel strikes post-processing so that the same heel strike detection could be used across treadmill and overground walking epochs as had been previously done (e.g., Torres-Oviedo and Bastian, 2010, 2012; Sombric et al., 2017).



Cognitive Task

We used pen and paper versions of the WTAR and 3MS tests, whereas the other cognitive tests were administered with custom code created using the E-Prime Software Suite (Psychology Software Tools, Sharpsburgh, PA, RRID:SCR_009567).




Data Analysis


Locomotor Parameters

Spatial and temporal features of gait were characterized to determine if cognitive processes were distinctly associated with more explicitly controlled spatial motor patterns (i.e., “where” to step) or with more implicitly controlled temporal motor patterns (i.e., “when” to step) (Malone and Bastian, 2010). These locomotor parameters quantify the asymmetries between fast and slow legs' movements on consecutive steps. Step Length Asymmetry (StepAsym) is a robust and clinically relevant measure (e.g., Reisman et al., 2013) conventionally used to characterize gait changes in split-belt adaptation studies (e.g., Reisman et al., 2005). StepAsym is defined as the difference in consecutive step lengths where step lengths are defined as the distance between the ankles at forward leg heel strike (Equation 1). Therefore, zero values indicate that both steps are of the same length, and positive values indicate that the step length of the leg that walks fast during Adaptation is longer and vice versa for negative values.

StepAsym was further decomposed into spatial and temporal asymmetries because subjects exhibit distinct motor perseveration in these two domains (Sombric et al., 2017; Mariscal et al., 2020) (Figure 1C). The decomposition of StepAsym in spatial and temporal parameters is described in detail by Finley and colleagues (Finley et al., 2015). In brief, spatial asymmetry, labeled as StepPosition, was characterized as the difference in the forward position of the legs (Equation 2), where Δα represents the difference in the forward position of the ankles at heel strike relative to the body (averaged position of the hip markers). Temporal asymmetry, labeled as StepTime, was characterized as the difference in the durations of each step (Equation 3), where t represents the time between one heel strike and the following heel strike of the other leg. To be consistent with prior work, StepTime was multiplied by the average step speed to convert to units of distance. StepVelocity (v) is a proxy for the belt speeds computed as the speed of the stance ankle relative to the hips (Equation 4). Finally, all parameters were normalized by Stride Length (SL), or the distance traveled by the ankle between consecutive heel strikes of the same ankle, so that all measures were unitless and therefore comparable across subjects taking different step sizes. These parameters are smoothed with a 5-stride running average for visualization purposes.
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Outcome Measures


Locomotor Outcome Measures

We used the same outcome measures as in our previous work (Sombric et al., 2017) to characterize the acquisition of the split-belt pattern and switching between said split-belt pattern and regular overground gait. These outcome measures were computed for each of the locomotor parameters described above (StepAsym, StepPosition, and StepTime).

The acquisition of the split-belt pattern was characterized with four measures: Steady State, Rate of Adaptation, %Forgetting, and Treadmill After-Effects. Steady State quantified how much subjects adapted each gait parameter in response to the split-belt perturbation. This was measured immediately before switching to walking overground during the Post-Adaptation epoch. Steady State was calculated as the difference between the average of the last 40 strides in the Re-Adaptation epoch and the baseline gait on the treadmill prior to the split-belt perturbation. The Rate of Adaptation was characterized with a time constant (τ). τ indicated the stride number at which subjects had achieved 63.2% of their Steady State value for the data smoothed with a 20-stride running average. Thus, a larger τ indicates slower adaptation than a small τ. In addition, %Forgetting characterized the decay of the split-belt pattern due to the passage of time during resting breaks. Large values of %Forgetting indicated that the split-belt pattern was very susceptible to the passage of time, whereas small values of %Forgetting indicated that this motor memory persisted over the duration of the resting break. %Forgetting was computed as the average change in the value for every gait parameter after (Ii), relative to before (Fi), each of the 3 resting breaks experienced during the Adaptation epoch (Equation 5). This difference was expressed as a percentage of the motor value before the break (Fi).
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Lastly, after-effects on the treadmill were measured to quantify the extent to which participants maintained the split-belt pattern after the split perturbation was removed. These after-effects were measured in the same context in which the split-belt pattern was acquired (i.e., the treadmill). Consistently, After-Effects were quantified during the Catch epoch, when the split condition was briefly removed during the Adaptation period. More specifically, After-Effects were defined as the change in gait parameters during the first three strides of the Catch epoch relative to the Baseline epoch.

Motor perseveration was quantified as the after-effects observed when participants transitioned to walking overground following the Adaptation epoch. Notably, large after-effects overground indicated that subjects could not disengaged the split-belt pattern when walking on a different environment (i.e., poor motor switching performance). These Motor Perseveration Errors were computed as the average of the initial 5 steps Post-Adaptation during overground relative to Baseline overground.



Cognitive Outcome Measures

Two outcome measures were computed to characterize subjects' cognitive perseveration and spatial working memory. Cognitive Perseveration Errors were computed as the total number of matches that were made based on a previous matching rule, as done in published reports (Head et al., 2009; Pieruccini-Faria et al., 2019). Thus, a large value for Cognitive Perseveration Errors indicated that individuals were poor at switching their actions in the cognitive switching task. On the other hand, spatial working memory ability was quantified with a measure of accuracy called Spatial Working Memory Accuracy. More specifically, accuracy was computed as the number of correct responses over the total number of responses in the spatial working memory task, which is consistent with prior work (Voss et al., 2010; Erickson et al., 2011; McAuley et al., 2011; Szabo et al., 2011).




Statistical Analysis


Planned Analysis

Non-parametric statistics were used given the heterogenous nature of the older adults and the persistent violation of normality according to the Kolmogorov-Smirnov test. We used Wilcoxon rank sum tests to identify differences between the outcome measures (e.g., Motor Perseveration Errors, Cognitive Perseveration, etc.) of younger and older adults (p-values and z-values are reported). Bonferroni correction was applied to p-values because of the correlated nature between Motor Perseveration of stepAsym and stepPosition (Pearson correlation p < 0.001, rho = 0.79). StepTime was treated as an independent variable since it was not correlated to the Motor Perseveration of the other two metrics (Pearson correlation between stepTime and stepAsym: p = 0.33, rho = 0.14; and stepTime and stepPosition: p = −0.14, rho = 0.53). Additionally, Wilcoxon test effect sizes (r) were computed for each of these statistics. Spearman's rank correlations were used to determine the extent to which motor switching was related to each of the cognitive outcome measures (i.e., Cognitive Perseveration Errors and Spatial Working Memory Accuracy). This was done to test our hypothesis that motor and cognitive switching are positively related in older adults; and that this relation between motor and cognitive domains is specific to switching and not cognitive performance in general. We performed linear correlations when Spearman's rank correlations had significant rho's. This was done for display purposes and consistency with prior literature (Sombric et al., 2017). We used a significance level of α = 0.05 for all the analyses. All statistical testing was performed in MATLAB (The MathWorks, Inc., Natick, MA, United States, RRID:SCR_001622).



Power Analysis

A power analysis based on our previously published data (Sombric et al., 2017) indicated that n = 11 subjects would be sufficient to identify a correlation between cognitive and motor perseveration in older adults, which is the main hypothesis of our study. Namely, the estimated sample size of n = 11 would identify a one-sample side correlation coefficient of r = 0.71 (Figure 5B) with a power of 0.8.



Post-hoc Analysis

While all younger adults were naïve to split-belt walking, all older adults were experienced at split-belt walking (they had participated in 2–4 split-belt experiments where they walked for 10~15 min with the belts split prior to this study), which we did not expect to influence the motor outcome measures of older adults based on our previous work (Sombric et al., 2017). However, we found that several aspects of the motor performance in older, experienced individuals were better than in the younger, naïve participants. Thus, we considered the possibility that exposure to the split-belt condition affected the motor performance of older subjects. To test this idea, we compared the motor outcome measures of older adults when they were naïve vs. when they had experienced the split-belt task. Specifically, we used a Wilcoxon signed rank test (paired analysis) to compare the motor outcome measures of Naïve, Older Adults (Oldnaïve) vs. Experienced, Older Adults (Oldexperienced) and reported corresponding p-values and Z-values. A Bonferroni correction was applied to all p-values for stepAsym and StepPosition for all outcome measures as was done in the planned analysis. Of note, only eight (n = 8, #women = 4, 75.0 ± 2.4 years old) of the 11 participants were included in this analysis because their initial split-belt experiences matched the protocol used in this study (i.e., all protocols had similar belt speed differences introduced abruptly). Wilcoxon test effect sizes (r) were computed for each of these statistics. Subjects' cognitive tasks were not performed during the initial exposures to the split-belt protocols. Thus, future studies are needed to determine the potential effect of exposure on cognitive outcome measures.





RESULTS


Oldexperienced Adapt as Fast as Youngnaïve During Split-Belt Walking

We found that older adults can adapt just as fast as younger adults. Figure 2A shows the evolution of locomotor parameters during the Adaptation epoch relative to Baseline behavior. Qualitatively, experienced, older adults (Oldexperienced) adapted Step Length Asymmetry (StepAsym) faster compared to when they were naïve (Oldnaïve), but slower than the naïve, younger adults (Youngnaïve). These differences were quantified with the average Rate of Adaptation (τ) illustrated in the top panel of Figure 2B, where it can be seen that there is no effect of exposure (p = 0.14, Z = 1.82, r = 0.64) or age (p = 0.15, Z = 1.77, r = 0.38). Despite similar StepAsym τ, effects of exposure were noted for the spatial control of the limb. Specifically, Oldnaïve adapted their StepPosition (Figure 2A, middle panel) slower than when they were experienced and slower than Youngnaïve, StepTime (Figure 2A, bottom panel). Consistently, the average τ of StepPosition was affected by exposure (Figure 2B, p = 0.016, Z = 2.52, r = 0.89), such that Oldexperienced adapted faster than when they were naïve; and at the same rate as Youngnaïve (p = 0.58, Z = 1.05, r = 0.22). On the other hand, we did not find a significant effect of exposure (p = 0.16, Z = −1.52, r = 0.54) or age (p = 0.094, Z = 1.68, r = 0.36) on the average τ of StepTime. Note that most of the individual τ values for every subject are identified before the first resting break (i.e., τ < 150), therefore the temporal stability of subjects' memories during resting breaks does not influence the τ for most of the participants. In summary, older adults can adjust spatial gait features as quickly as younger adults with practice.
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FIGURE 2. Motor Adaptation. (A) Stride-by-stride timecourses of Baseline and Adaptation for StepAsym, StepPosition, and StepTime are illustrated. Black arrows indicate the resting breaks used to compute %Forgetting. Note the decay in the subjects' adapted state that occurs due to the passage of time during the resting breaks. Dots represent the average of 5 consecutive strides and colored shaded regions indicate the standard error for each group. (B,C) Bar plots indicate the group's average value ± standard errors. Individual subject behavior is indicated with dots. Dots edged and connected with colored lines (n = 8) indicate paired data from the Oldnave and Oldexperienced testing sessions that were used for statistical testing to determine the effect of exposure. Gray dots (n = 11) indicate unpaired data from the Oldexperienced and Youngnave groups that were used for statistical testing to determine the differences (or lack thereof) between experienced, older adults and naïve, younger adults. (B) Rate of Adaptation (τ): Recall that a larger τ means slower adaptation. The spatial Rate of Adaptation was reduced with exposure. In other words, older adults adapted faster when they had previously experienced the split-belt task compared to when they were naïve. The Rate of Adaptation was not different between the Oldexperienced and Youngnave adults. (C) %Forgetting: Recall that large positive values of %Forgetting indicated that subjects' motor states decayed during the resting breaks. Note that there are no age-related differences between groups when the duration of resting breaks was the same between younger and older groups.




Motor Memories Decay With the Passage of Time Similarly Across Age Groups

The split-belt locomotor pattern decayed equally during the resting breaks in younger and older adults. Note in Figure 2A that there are discontinuities in the evolution of the motor adaptation trajectories of all parameters before and after the breaks (shown with arrows) for both older and younger adults. These discontinuities are quantified with %Forgetting illustrated in Figure 2C. Accordingly, we did not find between-group differences in %Forgetting of any gait parameter due to an effect of exposure (StepAsym: pexposure = 1.00, Z = −0.42, r = 0.15; StepPosition: pexposure = 1.00, Z = 0.42, r = 0.15; StepTime: pexposure = 0.31, Z = 1.12, r = 0.40) or age (StepAsym: page = 0.52, Z = 1.12, r = 0.24; StepPosition: page = 0.42, Z = 1.25, r = 0.27; StepTime: page = 0.56, Z = 0.59, r = 0.13). Importantly, we ensured that the resting breaks lasted the same duration in all individuals. Thus, older and younger adults forget similarly motor memories acquired on the split-belt treadmill.



Older and Younger Adults Differently Adapt Spatial and Temporal Gait Features

Older adults counteracted the split-belt perturbation by preferentially adapting temporal, rather than spatial, gait features compared to younger adults. Figure 2A indicates that all groups reached similar Steady States in StepAsym by the end of the Re-Adaptation epoch, but different Steady States in StepPosition (spatial parameter) and StepTime (temporal parameter). These Steady State differences between groups are shown in Figure 3A. There were no differences across groups in the final StepAsym values (pexposure = 1.00, Z = 0.14, r = 0.05, page = 0.86, Z = −0.79, r = 0.17). However, each age group reached similar Steady State StepAsym values with different degrees of spatial and temporal adaptation. Specifically, older adults reached a lower Steady State in StepPosition than younger adults (page = 0.060, Z = −2.17, r = 0.46; Figure 3A middle panel); and these Steady State values were comparable in Oldnave and Oldexperienced testing sessions (pexposure = 1.00, Z = 0.56, r = 0.20). Conversely, older adults reached higher temporal Steady State values than younger adults (page = 0.036, Z = 2.10, r = 0.45; Figure 3A bottom panel); and these Steady State values were similar when older subjects were experienced vs. when they were naive (pexposure = 0.95, Z = 0.14, r = 0.05). In summary, younger and older adults acquired a different stepping pattern on the split-belt treadmill: the younger group exhibited more adaptation of StepPosition and less adaptation of StepTime compared to older adults to reach similar Step Length Asymmetries (StepAsym) during split-belt walking.
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FIGURE 3. Steady State and After-Effects on the Treadmill. (A,B) Bar plots indicate the group mean value ± standard errors. Individual subject behavior is indicated with dots. Dots edged and connected with colored lines (n = 8) indicate paired data from the Oldnave and Oldexperienced testing sessions that were used for statistical testing to determine the effect of exposure. Gray dots (n = 11) indicate unpaired data from the Oldexperienced and Youngnave groups that were used for statistical testing to determine if older adults could behave like naïve, younger adults with exposure. (A) Steady State: While all groups reached similar Step Length Asymmetry by the end of the Adaptation period, the spatial and temporal acquired patterns were different between older and younger subjects. Older adults adapted their StepTime more, whereas younger adults adapted their StepPosition more. (B) After-Effects: Large After-Effect values indicate greater change in the gait pattern acquired on the split-belt treadmill. Consistent with the Adaptation phase, older adults had greater StepTime adaptation effects, whereas younger participants exhibited more StepPosition adaptation.


Consistent with the Steady State results, older adults had smaller spatial and larger temporal After-Effects on the treadmill. Treadmill After-Effects quantified during the Catch epoch are illustrated in Figure 3B. StepAsym and StepPosition After-Effects were both significantly smaller for Oldexperienced than Youngnaïve (StepAsym: page = 0.004, Z = −3.13, r = 0.67; StepPosition, page = 0.002, Z = −3.27, r = 0.70). On the other hand, StepTime After-Effects were somewhat larger for Oldexperienced than Youngnaïve (page = 0.062, Z = 1.87, r = 0.40). Lastly, After-Effects were not different in any of the parameters in Oldexperienced compared to when they were naïve (Oldnaïve). This is shown by the non-significant exposure effect on After-Effects in all parameters (StepAsym: pexposure = 1.00, Z = −0.42, r = 0.15; StepPosition: pexposure = 1.0055, Z = −0.70, r = 0.25; StepTime: pexposure = 0.64, Z = −0.56, r = 0.20). In summary, the same pattern of between-group differences is observed during (Steady State) and after (After-Effects) split-belt walking: younger adults have larger Treadmill After-Effects in StepPosition and smaller After-Effects in StepTime compared to older adults.



Spatial and Temporal Motor Perseveration Are Differently Influenced by Age and Exposure

We found that older adults have more difficulty switching between temporal than spatial motor patterns compared to younger participants. This is shown by the relatively larger Motor Perseveration Errors in older adults compared to young subjects when walking overground in StepTime compared to StepPosition. Figure 4A shows the evolution of StepPosition (spatial parameter) and StepTime (temporal parameter) during overground walking. Note that following Adaptation, participants exhibited asymmetries in StepTime and StepPosition that were different than those during Baseline overground walking, indicating that individuals had difficulties disengaging the spatial and temporal motor patterns that they acquired on the split-belt treadmill when walking overground. This difficulty to switch back to baseline walking patterns was quantified with two perseveration measures: Motor Perseveration Errors (Figure 4B). The %Motor Perseveration measure was computed to consider the group differences during the Adaptation period.


[image: Figure 4]
FIGURE 4. Motor Perseveration During Overground Walking Following Split-Belt Walking. (A) Stride-by-stride timecourses of asymmetries in StepAsym, StepPosition, and StepTime when walking overground during Baseline and Post-Adaptation. Dots represent the average asymmetry values of 5 consecutive strides and colored shaded regions indicate the standard error for each group. (B) Motor Perseveration Errors: Bar plots indicate the group's mean ± standard errors. Individual subject values are indicated with dots. Dots edged and connected with colored lines (n = 8) indicate paired data from the Oldnave and Oldexperienced testing sessions that were used for statistical testing to determine the effect of exposure. Gray dots (n = 11) indicate unpaired data from the Oldexperienced and Youngnave groups that were used for statistical testing to determine if older adults could behave like naïve, younger adults with exposure. Non-zero values indicate that participants cannot disengage the motor pattern acquired on the split-belt treadmill when walking overground. Older adults exhibited greater Motor Perseveration Errors in StepTime than in StepPosition compared to younger adults.


Motor Perseveration Errors in StepAsym were similar across groups. Notably, we did not observe a significant age (page = 0.38, Z = −1.31, r = 0.28) or experience effect (pexposure = 0.16, Z = 1.82, r = 0.64) in the mean Motor Perseveration Errors of StepAsym. For StepPosition (spatial parameter), we found similar results: neither age (page = 0.072, Z = −2.10, r = 0.45) nor experience had a significant effect on Motor Perseveration Errors (pexposure = 1.00, Z = 0.14, r = 0.05) (Figure 4A middle panel). While not significant, younger adults appear to exhibit marginally larger Motor Perseveration Errors than older experienced participants. This is possibly due to the age-related differences in the StepPosition pattern acquired on the split-belt treadmill. On the other hand, we found an exposure effect in the motor perseveration of timing patterns. More specifically, motor perseveration of StepTime patterns were smaller in Oldexperienced than Oldnaïve groups, as indicated by the significant effect of exposure on Motor Perseveration Errors of StepTime (pexpoure = 0.023, Z = 2.24, r = 0.79). Conversely, we did not find a significant age effect on Motor Perseveration Errors of StepTime (page = 0.24, Z = 1.18, r = 0.25).



Cognitive Perseveration Is Associated With Motor Perseveration of Spatial Gait Patterns

We found age-related decline in spatial memory and cognitive switching (i.e., large cognitive perseveration errors), but only the latter was associated with motor perseveration in older individuals. Figure 5 shows the larger cognitive perseveration errors in the Oldexperienced group compared to younger participants in the Youngnaïve group (Figure 5A; p = 0.081, Z = 1.75, r = 0.37) in the modified Wisconsin Card Sorting Task. We also found poorer accuracy in the spatial working memory task of older adults compared to younger adults (p = 0.052, Z = −1.94, r = 0.43; Figure 5B). Note that we could only perform these analyses between Oldexperienced and Youngnaïve groups because cognitive measures where not collected in older individuals when they were naïve to the motor task (Oldnaïve group). Interestingly, the older subjects' difficulty to switch actions in the cognitive task were associated with motor switching in the locomotor task. More specifically, older adults with larger Cognitive Perseveration Errors (i.e., poorer cognitive switching), also exhibited larger spatial Motor Perseveration Errors in the locomotor task (Figure 5C; Spearman's correlation: rho = 0.71, p = 0.014, significant linear correlation: p = 0.003, R2 = 0.64; [image: image]). This association between cognitive and motor perseveration was not observed for StepTime (Spearman's correlation: p = 0.74), which is a gait parameter more implicitly controlled (Malone and Bastian, 2010) and it was also exclusive to older individuals (StepPosition Spearman's correlation: p = 0.25; StepTime Spearman's correlation: p = 0.49 in young adults). Lastly, the relation between performance in the cognitive and motor domains is exclusive to cognitive tasks that assess switching ability, rather than age-related cognitive decline in general. Namely, the accuracy of spatial working memory was not associated with motor perseveration errors of any age group (Figure 5D; Older, StepPosition: Spearman's correlation: p = 0.40; Younger, StepPosition: Spearman's correlation: p = 0.95; Older, StepTime: Spearman's correlation: p = 0.99; Younger, StepTime: Spearman's correlation: p = 0.11). In summary, cognitive and motor perseveration become related with healthy aging for motor aspects that are more explicitly controlled in locomotion, such as “where” to step (StepPosition).


[image: Figure 5]
FIGURE 5. Relationship between Motor and Cognitive Perseveration. (A,B) Box plots indicated age differences in (A) Cognitive Perseveration Errors accrued during the card matching task and (B) Spatial Working Memory Accuracy from the spatial working memory task. The middle, red line indicates the median values for the group, blue edges to the box represent the 25 and 75th percentiles. The whiskers indicate the range of the data excluding outliers, and outliers are shown as red markers. (C,D) Scatter plots indicate the relationship between perseveration errors in motor and cognitive tasks. A linear regression line was displayed when we found significant Spearman's coefficients (C) Perseveration Errors: Larger Cognitive Perseveration Errors (x-axis) indicate more cognitive perseveration. Motor Perseveration Errors (y-axis) that are positive indicate that subjects cannot disengage the split-belt motor pattern upon transitioning to the overground context, whereas negative values indicate that subjects over-correct their movements upon this transition. Note a positive association between cognitive and motor perseveration errors in older (gray circles), but not younger adults (empty black circles). (D) Spatial Working Memory Accuracy: There is no relationship between Spatial Working Memory Accuracy and Motor Perseveration Errors for either older or younger subjects.





DISCUSSION


Summary

We tested the hypothesis that cognitive-mediated processes for switching are recruited to transition between motor patterns in older adults. To this end, young and older adults adapted their walking pattern on a split-belt treadmill and we measured the motor perseveration of spatial patterns (i.e., StepPosition) and timing patterns (i.e., StepTime) during walking transitions from the split-belt treadmill to overground. We also measured cognitive perseveration with a card matching task in which participants had to switch between different matching rules. We found that cognitive perseveration was associated with motor perseveration in older, but not younger adults. We also found this association was significant in the motor perseveration of the spatial motor pattern, but not the temporal one. These results support the idea that cognitive processes are recruited to compensate for age-related decline in motor switching, but this compensation only benefits motor aspects that are usually controlled explicitly. We also observed that younger and older adults differently adapted spatial and temporal patterns on the split-belt treadmill, but forget them equally during resting breaks. Lastly, a post-hoc analysis indicated that many exposures to split-belt walking reduced motor perseveration and increased the rate of adaptation in older individuals compared to when they were naïve to the split-belt task. Taken together, our findings indicate the extent to which cognitive-mediated switching and practice can help older adults regain motor switching abilities similar to those of younger individuals.



Cognitive Processes Compensate for Motor Perseveration in Older Adults

We found that cognitive and motor perseveration are related in older individuals, suggesting a compensation strategy for age-related decline in motor switching. However, this compensation mechanism appears to be only beneficial for motor switching between patterns explicitly controlled, such as StepPosition, but not between patterns more implicitly controlled, such as StepTime. The differences we see in motor perseveration between healthy young and older adults are largely consistent with age-related changes in the basal ganglia. Namely, motor switching is regulated by the basal ganglia (Brown and Almeida, 2011; Leunissen et al., 2013; Balser et al., 2014), but older adults are known to recruit cognitive processes (Coxon et al., 2010; Vandevoorde and Orban de Xivry, 2019) to compensate for age-related decline in the basal ganglia's structure (e.g., striatum volume loss) (Wolpe et al., 2020) and function (Bäckman et al., 2006; Ota et al., 2006; Walhovd et al., 2011). Thus, the degeneration of the basal ganglia with healthy aging may force older adults to recruit cognitive resources to switch between motor patterns. Given that automaticity of gait is reduced with healthy aging (e.g., Guimaraes and Isaacs, 1980), it seems reasonable that cognitive compensation would be effective to improve motor switching. However, the reliance on cognitive switching ability impairs implicit motor switching ability (Inzelberg et al., 2001; Boyd and Winstein, 2004; Sombric et al., 2017), which suggests that cognitive compensation strategies may not always be beneficial to motor performance. We find that the adaptation and perseveration of spatial and temporal motor patterns are differently influenced by aging and exposure and they are also differently influenced by cognitive processes as shown by this work and our previous study (Sombric et al., 2017), adding further evidence of the distinct control of movement in the spatial and temporal domains of locomotion.



Older Adults More Easily Update Temporal, Rather Than Spatial, Gait Patterns

We observed age-specific differences in the adaptation of spatial and temporal gait patterns. Consistent with our previous work (Sombric et al., 2017), we observed that older and younger adults can similarly counteract the split-belt perturbation as indicated by Step Length Asymmetry Steady State. However, unlike our previous work, we observe age-related differences in the extent to which they adapt spatial vs. temporal patterns compared to young adults. These distinct patterns of adaptation between spatial and temporal gait features during split-belt walking are also indicated by the distinct After-Effects in these two domains. Other studies have also reported age-related differences in the Steady State pattern adopted by older adults on the split-belt treadmill (Bruijn et al., 2012; Vandevoorde and Orban de Xivry, 2019; Vervoort et al., 2019). We had possibly not seen this before (Sombric et al., 2017) due to methodological differences. Namely, we used non-parametric statistical analysis, unlike the previous studies (Sombric et al., 2017), because our sample groups were not normally distributed. Also, we used a different approach to compute subject bias, which could have influenced our results. One interpretation for why older adults exhibit more adaptation of timing parameters, rather than spatial ones compared to younger individuals is that older individuals prioritize stability (e.g., Mian et al., 2006), which is more related to timing features (Finley et al., 2013), over efficiency, which is more related to spatial features (Sánchez et al., 2019). Alternatively, older adults might have reduced adaptation of spatial gait features compared to young individuals because these are more explicitly controlled (Matthis et al., 2017) and the adaptation of cognitive constructs of motor tasks decline with healthy aging (Vandevoorde and Orban de Xivry, 2019; Wolpe et al., 2020).



Motor Perseveration in Older Adults Is Reduced With Practice Transitioning Between Motor Patterns

We observe that motor perseveration in older individuals is reduced with practice. We have previously found that naïve, older individuals exhibited greater motor perseveration compared to younger counterparts when transitioning across walking environments (Sombric et al., 2017). This is consistent with other studies showing larger motor perseveration in older adults when switching between trained and untrained situations (e.g., Fernández-Ruiz et al., 2000; Bock and Girgenrath, 2006; Heuer and Hegele, 2008). However, our current results indicate that motor perseveration is reduced in older adults who have experienced transitions between the split-belt gait and regular walking. One interpretation for this observation could be that experiencing multiple gait transitions reinforces neural pathways used for switching in a more automated manner. Therefore, practice transitioning between motor patterns could potentially reduce motor perseveration in older populations. Alternatively, we noticed that older adults exhibited less motor perseveration in motor patterns that were less adapted. Thus, it might also be possible that After-Effects were smaller when transitioning from the treadmill to overground because older individuals have greater resistance to adopting the novel split-belt situation as the “new normal” (Iturralde and Torres-Oviedo, 2019).

In other words, another sign of motor perseveration in older adults might be the resistance to updating movements upon new motor demands. Previous work has shown that older adults are resistant to updating their movements as indicated by the reduced Rates of Adaptation (e.g., Rodrigue et al., 2005; Anguera et al., 2012; Bruijn et al., 2012; Trewartha et al., 2014), lack of savings (Bierbaum et al., 2011), and lower Steady States (e.g., McNay and Willingham, 1998; Seidler, 2006; Hegele and Heuer, 2010, 2013; Langan and Seidler, 2011; Bruijn et al., 2012; Huang and Ahmed, 2014; Wolpe et al., 2020). We considered that forgetting of motor memories could contribute to older adults' resistance to updating movements (Malone and Bastian, 2016; Sombric et al., 2017; Krishnan et al., 2018). However, we believe this is not the case since younger and older subjects exhibit the same extent of forgetting when the duration of resting breaks is the same between age groups. Thus we consider that older adults' resistance to updating movement (i.e., motor perseveration) could indicate a higher reliance on previous experiences (Wolpert et al., 1995) due to the larger age-related uncertainty of sensory signals (Zhang et al., 2008; Goble et al., 2009; Rand et al., 2013; Maheu et al., 2015) and motor noise (Holloszy and Larsson, 1995; Laidlaw et al., 2000; Kallio et al., 2012; Vanden Noven et al., 2014; Wolpe et al., 2016).

Nonetheless repeated exposure to the motor tasks makes older adults less resistant to updating movements. This is indicated not only by the reduced motor perseveration when transitioning between walking environments but also by faster adaptation rates in experienced, older adults compared to naïve, older adults. This is consistent with previous work showing that practice improves the Rate of Adaptation (Bock and Schneider, 2002; Pavol et al., 2004) and reduced motor perseveration (Walter et al., 2019). As a side note, previous exposures did not improve forgetting (Sombric et al., 2017), indicating that this might be mediated by different neural processes than motor perseveration. Alternatively, the lack of exposure effects on %Forgetting could be due to the competing mechanisms of aging and practice. In other words, aging could increase forgetting in older individuals, but repeated exposure to the split-belt task could have reduced this forgetting effect. Future studies should test the effect of exposure within a shorter time scale than our study to disentangle the effect of age-related decline and exposure.



Clinical Implications

Switching between motor patterns is of clinical interest because of its potential impact on fall prevention. Older adults who have difficulty cognitively switching are at a higher risk of falling (Pieruccini-Faria et al., 2019) possibly due to their difficulty transitioning between walking patterns shaped for distinct environmental demands (Lockhart, 1997; Bunterngchit et al., 2000; Lockhart et al., 2002). Our findings are promising because they indicate that older adults can improve age-related deficits in switching between motor patterns with practice despite reduced neural resources. Consistently, previous studies have demonstrated that exposure to different walking environments reduces the probability of falls in older adults (Hornbrook et al., 1994; Tinetti, 1994; Wagner et al., 1994; Tinetti et al., 1996). Our results, taken together with our previous study (Sombric et al., 2017), indicate that cognitive-mediated processes for switching are recruited to transition between motor patterns in older individuals, but that this is only beneficial when said patterns are controlled explicitly. Thus, interventions that train individuals to use cognitive resources to switch motor patterns may effectively improve spatial aspects of locomotion. We speculate that this strategy to recruit cognitive processes for switching motor patterns would be effective since the cognitive and motor processes would have a single common goal: to switch walking patterns. In other words, the cognitive strategy would not compete for resources to execute the motor tasks, as observed in dual-tasks protocols (Woollacott and Shumway-Cooke, 2002; Voelcker-Rehage and Alberts, 2007; Beurskens and Bock, 2011; Wollesen and Voelcker-Rehage, 2014; Beurskens et al., 2016; Leone et al., 2017). In summary, our work highlights the importance of exposure and cognitive compensation to reduce motor perseveration in older individuals, which could be used to decrease fall risk in the elderly.

Of note, an important limitation of our study is that the relation between perseveration in the cognitive and motor domains was identified in older adults who had previously experienced the split-belt task multiple times. It remains unknown if the correlation between motor and cognitive perseveration that we find in expert older adults is maintained in naïve older participants. While this is an interesting question not addressed in our study, we anticipate that this correlation will also be observed in naïve individuals since there is little evidence that either of the correlated variables changes with practice. Namely, we find that motor perseveration of spatial patterns, which is the aspect correlated with cognitive perseveration, is less susceptible to repeated experience of the split-belt protocol. Further, older adults have difficulties reducing their cognitive perseveration with practice (Coubard et al., 2011). Future studies are, however, needed to investigate if practice shapes the relation between motor and cognitive perseveration in older adults.




CONCLUSION

In conclusion, we found that cognitive resources and practice can regulate motor perseveration in older individuals. Our results are novel because we observed an interesting correlation between cognitive and motor perseveration in older individuals, suggesting that processes mediating switching actions might be unified in these two domains as we age. Moreover, we found that older subjects who have practiced switching between different walking patterns can achieve similar motor perseveration and forgetting of context-specific motor memories to those observed in naïve, younger individuals. Importantly, older and younger subjects adapt spatial and temporal aspects of gait differently, which could influence the degree of After-Effects (or motor perseveration) that is observed on and off the treadmill. Taken together, our results are important because they indicate that deficient motor switching in older populations can be improved through practice and cognitive compensation.
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