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It has been proposed that motor adaptation and subsequent savings (or faster
relearning) of an adapted movement pattern are mediated by cognitive processes.
Here, we evaluated the pattern of cognitive-motor interference that emerges when
young and late middle-aged adults perform an executive working memory task during
locomotor adaptation. We also asked if this interferes with savings of a newly learned
walking pattern, as has been suggested by a study of reaching adaptation. We studied
split-belt treadmill adaptation and savings in young (21 £ 2 y/0) and late middle-
aged (56 + 6 y/0) adults with or without a secondary 2-back task during adaptation.
We found that young adults showed similar performance on the 2-back task during
baseline and adaptation, suggesting no effect of the dual-task on cognitive performance;
however, dual-tasking interfered with adaptation over the first few steps. Conversely,
dual-tasking caused a decrement in cognitive performance in late middle-aged adults
with no effect on adaptation. To determine if this effect was specific to adaptation, we
also evaluated dual-task interference in late middle-aged adults that dual-tasked while
walking in a complex environment that did not induce motor adaptation. This group
exhibited less cognitive-motor interference than late middle-aged adults who dual-
tasked during adaptation. Savings was unaffected by dual-tasking in both young and
late middle-aged adults, which may indicate different underlying mechanisms for savings
of reaching and walking. Collectively, our findings reveal an age-dependent effect of
cognitive-motor interference during dual-task locomotor adaptation and no effect of
dual-tasking on savings, regardless of age. Young adults maintain cognitive performance
and show a mild decrement in locomotor adaptation, while late middle-aged adults
adapt locomotion at the expense of cognitive performance.
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Abbreviations: RT, reaction time; CI, confidence interval; SE, standard error; PDE, probability density function.
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INTRODUCTION

Sensorimotor adaptation is a form of motor learning that occurs
in response to a sensory prediction error caused by a sustained,
predictable perturbation in the environment (Martin et al., 1996;
Bastian, 2008; Shadmehr et al., 2010). That is, movements are
adapted or updated over time to reduce the sensory prediction
error and improve performance in the perturbed environment.
Sensorimotor adaptation has traditionally been considered to be
a primarily cerebellum-dependent process (Morton and Bastian,
2004; Tseng et al., 2007) that occurs automatically and implicitly.
However, mounting evidence suggests that frontally mediated
cognitive processes also contribute to sensorimotor adaptation-
based learning (Taylor and Ivry, 2012, 2014).

Largely, evidence for a contribution of cognitive processes to
sensorimotor adaptation comes from studies of upper extremity
movements (for review in Taylor and Ivry, 2014; McDougle et al.,
2016). This body of work demonstrates that, in addition to an
implicit movement recalibration in response to a perturbation
(e.g., a visuomotor rotation of reach angle), participants develop
an explicit strategy to voluntarily adjust or aim their reaching
movements to consciously counteract the perturbation. The
development of these explicit movement strategies is thought to
involve cognitive processes, such as executive control (Taylor and
Thoroughman, 2008) and working memory (Seidler et al., 2010),
which are mediated by structures in the prefrontal cortex (for
review in Taylor and Ivry, 2012, 2014).

Cognitive processes may also contribute to sensorimotor
adaptation during walking. However, given the relatively
automatic nature of walking (it does not often require attention
or an explicit strategy to “aim” our feet), the evidence for this
is less clear. We and others have shown that young adults
exhibit some degree of cognitive-motor interference when they
simultaneously engage in a cognitive task while learning to
walk on split-belt treadmill (Malone and Bastian, 2010; Sawers
et al., 2013; Vervoort et al., 2019; Hinton et al., 2020). Split-
belt treadmill walking is a well-studied locomotor adaptation
paradigm traditionally thought to drive automatic, implicit
adaptation of the walking pattern in response to the sensory
prediction error induced by the right and left treadmill belts
moving at different speeds (i.e., a mechanical perturbation).
The presence of cognitive-motor interference during a dual-task
locomotor adaptation paradigm suggests that neural resources
between the cognitive task and locomotor adaptation are shared
(Pashler and Johnston, 1998).

Interestingly, cognitive processes have also been proposed
to contribute to the phenomenon of savings or faster re-
learning of an upper extremity movement with re-exposure to
the same perturbation (Morehead et al., 2015; Coltman et al,,
2019). For example, Morehead et al. demonstrated that when
participants are re-exposed to the same visuomotor learning
task, they recognize the perturbation and re-engage an explicit
aiming strategy to counteract the perturbation faster (Morehead
et al, 2015). Our previous work has suggested that some
degree of cognitive processing may also contribute to locomotor
savings. Specifically, we have shown that the magnitude of
savings is related to a participant’s ability to explicitly recall

the split-belt perturbation size (Roemmich and Bastian, 2015).
While this highlights a potential role for cognitive processes in
locomotor savings, it is unclear how increasing the cognitive
load during adaptation through a dual-task paradigm influences
savings during walking.

Here we investigated: (1) the cognitive-motor interference
pattern during a dual-task locomotor adaptation paradigm and
(2) the impact of an increased cognitive load during adaptation
on locomotor savings. We first tested these effects in two groups
of neurotypical young adults; one dual-task group that completed
an auditory 2-back task during locomotor adaptation and a
single-task group that only adapted. Based on studies of savings
in upper extremity movements (Morehead et al., 2015; Song
and Bédard, 2015), we hypothesized that dual-tasking during
adaptation would interfere with locomotor savings. However,
given the differences in the neural control of upper and lower
extremity movements, it was possible that we would not find
interference with locomotor savings. Considering the well-
documented effects of aging on motor adaptation (Bock, 2005;
Seidler, 2006; Hardwick and Celnik, 2014; Sombric et al., 2017),
fluid cognition (Harada et al., 2013; Spreng and Turner, 2019;
Buckley and Pascual-Leone, 2020), and dual-tasking capacity
(Smith et al., 2017), we then tested the same conditions in
neurotypical late middle-aged adults. We expected to find a
greater effect on savings in late middle-aged adults.

MATERIALS AND METHODS

Participants

Twenty neurotypical young adults (aged 18-25 years, 13 female)
and thirty neurotypical late middle-aged adults (aged 47-
72 years, 21 female) volunteered to participate in the study.
Specifically, two groups of 10 young participants (YASingle:
21.1 £ 2.6 years; YADual: 209 £ 1.4 years) took part
in Experiment 1, and three groups of 10 late middle-
aged participants (MASingle: 55.0 £+ 5.4 years; MADual:
55.6 & 7.0 years; MADualComplex: 57.7 & 6.9 years) took part in
Experiment 2. All participants were naive to split-belt treadmill
walking, prescreened for neurological disease or dysfunction,
and provided informed written consent before participating.
The protocol was approved by the Johns Hopkins Medicine
Institutional Review Board.

Treadmill Walking

Participants walked on a custom-built split-belt treadmill
(Woodway, Waukesha, WI, United States) that has two belts each
driven by an independently controlled motor. We controlled the
treadmill motors using a custom-written Python program. To
start, participants stood in the middle of the treadmill with one
foot on each belt. A 12-inch-tall partition was placed lengthwise
between the belts to promote safety and prohibit stepping on
both belts simultaneously but did not otherwise interfere with
walking. Participants wore a safety harness suspended from
the ceiling that did not provide body weight support. We
informed the participants when the treadmill was about to start
or stop but not of the speed of the belts. Immediately prior to
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starting the treadmill for all walking blocks, participants held
on to a horizontal handrail with one hand and a computer
mouse (to complete the cognitive task described below) with
the other hand. Participants were instructed to release the rail
and cross their arms as soon as the treadmill started moving (as
depicted in Figure 1A). This was necessary to prevent blocking
of the active marker set used for motion capture. Participants
were also reminded to not look down at their feet or the
treadmill during the experiment. The treadmill was stopped
briefly (<1 min) between each walking block (e.g., baseline,
adaptation, washout, etc.).

Cognitive Task

At multiple time points in the experiment, participants
completed a 2-back task. The 2-back task is a well-established
cognitive task that taxes executive working memory (Kirchner,
1958) and engages multiple areas in the prefrontal cortex (Owen
et al, 2005; Suzuki et al., 2018). It requires participants to
attend to a string of stimuli (e.g., letters of the alphabet) and
respond as quickly as possible when a stimulus is presented
that is the same as the stimulus two positions prior. We chose
to use the 2-back version of the n-back task based on the
original n-back study from Kirchner (1958), which shows that
2-back provides the optimal level of cognitive challenge for
both younger and older adults. Furthermore, pilot testing with
different cognitive loadings (0-, 2-, or 3-back) suggested that
the 2-back version would provide the largest dynamic range in
our metric of interest (error rate), so that we would be able to
capture any change - improvement or decline - in this metric
due to cognitive-motor interference. Auditory letter stimuli were
presented through headphones with an interstimulus interval
of 2.4 s. Participants were instructed to listen to the string of
letters and press the left-click button on a standard computer
mouse (held in their dominant hand) each time they heard
a letter that was the same as the letter that was stated two
letters before it in the letter string (illustrated in Figure 1A).
Hereafter, we will refer to these letters as “press” stimuli, and
to letters different than the letter stated 2 letters before (such
that participants should not press the mouse button) as “do not
press” stimuli.

Unique random letter strings were generated for each testing
block (i.e., standing, baseline, adaptation) for every participant
using a custom written MATLAB code. To ensure that task
difficulty was controlled between participants and testing blocks,
we required that the random letter strings generated contain
four possible press stimuli for each minute of the testing block.
For example, within one minute of auditory 2-back testing,
twenty-five letter stimuli were presented, four of which were
a press stimulus. All participants were told “how quickly you
respond and how accurate you are will be accounted for
in your performance score - this means that an inaccurate
response will count against you.” Regardless of group assignment,
all participants had to perform the 2-back task in standing
and baseline walking. When participants were required to
dual-task (i.e, 2-back + walking), they were instructed to
prioritize performance in the cognitive task; specifically, they
were instructed to “try your best to do as well as you did on the

cognitive task as you did while you were just standing on the
treadmill.”

Experimental Protocols

Experimental protocols for each group are shown in Figure 1B;
note that the paradigm was identical between groups YASingle
and MASingle, and between groups YADual and MADual.
Baseline testing was consistent across all groups in Experiments
1 and 2. Participants initially performed the 2-back task during
standing. Specifically, they were first given a 2-min practice
2-back task to ensure that they understood the instructions and
could clearly hear the letter string. Participants then completed
two standing 5-min 2-back tasks. This was followed by walking
with the belts tied at 0.5 m/s for a total of 9 min. For the
first 2 min of this block, participants walked on the treadmill
without the 2-back task. For the next 5 min, they continued to
walk while simultaneously performing the auditory 2-back task.
Participants were given a 10-s warning before the start of the
2-back task. After completing the 2-back task, they walked for an
additional 2 min.

For YASingle, YADual, MASingle and MADual groups, this
was followed by walking with the belt speeds split in a 3:1
ratio (dominant leg 0.5 m/s and non-dominant leg 1.5 m/s)
during a 10-min adaptation block (Figure 1B). Participants
in the YADual and MADual groups adapted their walking
patterns while simultaneously performing the auditory 2-back
task, while participants in the YASingle and MASingle groups
adapted their walking patterns without an additional cognitive
task. After adaptation, all participants completed four 5-min tied-
belt washout blocks that alternated between 0.5 and 1.5 m/s.
All participants then completed a second adaptation block
without a simultaneous cognitive task at the same belt speed
configuration as the first adaptation block (readaptation; 10 min)
to assess savings.

Because we found evidence of motor-related cognitive
interference in the MADual group, we added another group
to Experiment 2 to determine if the interference was specific
to motor adaptation. The additional group (MADualComplex)
performed the 2-back task while walking on the treadmill in an
environment designed to be challenging and distracting but that
would not induce motor adaptation. Specifically, after baseline,
participants in the MADualComplex group walked for 10 min as
the belt speeds remained tied but changed abruptly and randomly
without warning (Figure 1B). This walking environment is not
thought to induce sensorimotor adaptation because it does not
introduce a predictable perturbation (Herzfeld et al., 2014). To
create this environment, we generated a sequence of random
belt speeds and times of exposure to each speed that were
unique to each participant. The speeds were drawn from a
uniform distribution between 0.5 and 1.5 m/s, and the times
were drawn from a uniform distribution between 1 and 3 s.
The minimum difference between each speed and the subsequent
speed was constrained to be larger than 0.1 m/s to ensure
that the environment would be complex enough. The average
speed over the 10-min block was constrained to be 1 m/s to
match the average speed of the MADual group who underwent
motor adaptation.
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FIGURE 1 | Experimental setup and paradigm. (A) Setup for walking and 2-back tasks. Participants walked on the split-belt treadmill with one belt (dashed arrow)
moving faster than the other belt (solid arrow), and kinematics were recorded using markers positioned as shown (red circles). In the 2-back task, participants heard
a string of letters through headphones, and were tasked to press a mouse button every time a letter was the same as 2 letters before. In the example shown, the
participant should press the button on the second presentation of letter “A.” (B) Protocol for groups in Experiment 1 (YASingle and YADual) and Experiment 2
(MASingle, MADual, MADualComplex). Black lines show treadmill belt speeds throughout the experiment (solid: slow; dashed: fast). Orange blocks indicate phases

when participants performed the 2-back task.
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Data Collection

Motor Data

Kinematic data were collected at 100 Hz using Optotrak
Certus motion capture hardware (Northern Digital, Waterloo,
ON, Canada). Infrared-emitting active markers were placed
bilaterally over the 5th metatarsal head, lateral malleolus,
lateral femoral epicondyle, greater trochanter, iliac crest, and
acromion process (Figure 1A). All participants remained on the
treadmill throughout the duration of the testing session and wore
comfortable walking shoes and form fitting clothing to reduce
marker movement artifact.

Cognitive Data

During the 2-back testing blocks, each button press by the
participants in response to a stimulus presentation was recorded
and categorized as correct or incorrect. We also recorded
the timing of each response relative to the onset of the
stimulus presentation.

Data and Statistical Analysis

Our collection of both motor and cognitive data allowed us
to evaluate different patterns of potential cognitive-motor
interference (Plummer et al., 2013). Specifically, measures of
performance in the motor and cognitive domains allowed
us to determine if simultaneous performance of an adaptive
locomotor learning task and an executive working memory task
led to: (1) no interference (performance does not change in
either domain), (2) mutual interference (performance degrades
in both domains), (3) cognitive-related motor interference
(cognitive performance is stable while motor behavior
is impacted), or (4) motor-related cognitive interference
(motor behavior is unchanged while cognitive performance

deteriorates). Details for the related data and statistical

analyses are below.

Motor Data

For groups that adapted and readapted (YASingle, YADual,
MASingle, and MADual), the primary motor outcome measure
was step length asymmetry: (fast step length - slow step
length)/(fast step length + slow step length). This metric adapts
robustly during split-belt treadmill walking and is a commonly
used behavioral marker for adaptive locomotor learning (e.g.,
Reisman et al., 2005, 2007; Hoogkamer et al., 2015; Roemmich
and Bastian, 2015; Darter et al., 2018; Leech et al., 2018; Rossi
et al., 2019; Mariscal et al., 2020). A value of zero step length
asymmetry indicates stepping with symmetric step lengths. We
calculated step length as the distance between the ankle markers
along the anterior-posterior axis at heel-strike of each leg. Of
note, we did not analyze a motor outcome measure for the group
of late middle-aged adults that experienced random changes in
tied-belt speeds (MADualComplex), as they were not exposed to
split-belts and no motor adaptation was expected to occur.

To assess for cognitive-related motor interference, we
compared step length asymmetry in adaptation, washout, and
readaptation between the Single and Dual groups within
each experiment. Similar to previously published work (e.g.,
Roemmich and Bastian, 2015; Vazquez et al., 2015; Leech
et al., 2018), we characterized initial (strides 1-5), early (strides
6-30), and late (last 30 strides) epochs for both adaptation and
readaptation by calculating the mean step length asymmetry
within each epoch for each individual participant. We also
characterized initial and early epochs of the washout phase using
similar definitions. To compare each time epoch between the
two groups, we performed a bootstrap analysis and computed
confidence intervals (CI) of the difference between Single minus
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Dual group means (Efron and Tibshirani, 1994). Specifically, for
each experiment and each time epoch, the analysis consisted of
the following steps:

(1) we obtained 10,000 bootstrapped samples of 20
participants, with 10 participants resampled with
replacement from each group independently;

(2) for each bootstrapped sample b, we computed the
difference of the means between the Single and
Dual groups, Ap (b) = WSingle (b) — WDual (b) , where
W Single (b) is the mean step length asymmetry (for the time
epoch of interest) of the 10 participants resampled from
the Single group; i pyq (b) is analogous but from the Dual
group (Efron and Tibshirani, 1994);

(3) we computed the 95% CI for the difference of means (i.e.,
with significance level a = 0.05);

(4) if the epoch was significantly different between the
groups (as defined below), we adjusted the CI to account
for multiple comparisons. We specifically corrected
the significance level to a = % % 0.05, where R is the
total number of epochs statistically different between the
groups, and m = 10 is the total number of comparisons
evaluated for the step length asymmetry difference measure
(Benjamini and Yekutieli, 2005).

For each epoch, we interpreted step length asymmetry to be
significantly different between the Single and Dual groups if the
CI did not overlap zero (Efron and Tibshirani, 1994; DiCiccio and
Efron, 1996; Cumming and Finch, 2005).

We finally investigated whether dual-tasking in adaptation
affected savings. A metric of savings was computed for each
participant as the difference in step length asymmetry between
readaptation minus adaptation (similar to Mawase et al,
2014; Morehead et al., 2015; Song and Bédard, 2015) at the
initial (strides 1-5) and early (strides 6-30) time epochs. We
used a bootstrap analysis analogous to that described above
to assess whether savings differed between Single and Dual
groups in each experiment (with m = 2 for the correction for
multiple comparisons).

To ensure a fair comparison of adaptation, readaptation, and
savings between Single and Dual groups in each experiment, we
also evaluated whether the groups were similar in baseline and
end of washout. We compared step length asymmetry between
Single and Dual groups in each experiment in baseline (last
single-task block of 2 min), and late washout (last 30 strides
before readaptation). We performed bootstrap analyses for these
measures that were analogous to that described for adaptation,
washout, and readaptation.

In addition to our primary metric of step length asymmetry,
we also computed double support asymmetry and limb
excursion asymmetry because previous studies of dual-tasking
in locomotor adaptation reported evidence of cognitive-related
motor interference in these metrics (Conradsson et al., 2019;
Vervoort et al, 2019). The analysis for these metrics was
analogous to that carried out for step length asymmetry, and
details are reported in the Supplementary Methods.

In Experiment 1, we found that step length asymmetry
was more negative (i.e., more asymmetric) in dual-tasking
young adults (YADual) compared to single-tasking young adults
(YASingle) in the initial epoch (average of strides 1-5) of
both adaptation and readaptation. While we chose our primary
analysis to be consistent with a large number of walking
adaptation studies (e.g., Reisman et al., 2007; Hoogkamer et al.,
2015; Roemmich and Bastian, 2015; Darter et al., 2018; Leech
et al., 2018; Rossi et al., 2019; Mariscal et al., 2020), binning the
data relies on assumptions about stride selection and it reduces
resolution in the data by averaging across strides within an epoch.
Furthermore, it does not dissect how cognitive-related motor
interference affects the fast versus slow learning components
which are thought to underly locomotor adaptation (Mawase
et al.,, 2013; Roemmich et al., 2016; Rashid et al., 2020), and
these components have been suggested to engage cognitive
resources to different extents, at least in reaching adaptation
(McDougle et al, 2015). To overcome these limitations, we
performed a supplementary analysis where we modeled step
length asymmetry during adaptation and readaptation using
double-exponential functions (similar to Musselman et al., 2011;
Vasudevan et al., 2011; Mawase et al., 2013; Rashid et al., 2020).
This analysis is described in the Supplementary Methods.

Cognitive Data

For groups that performed the 2-back task in both baseline
and adaptation/complex walking (YADual, MADual, and
MADualComplex), we computed metrics for accuracy and speed
to evaluate performance in the task. To assess accuracy with
the task, we quantified error rate with press and do not press
stimuli separately using participants’ binomial response data.
Incorrect omissions to press stimuli and incorrect responses
to do not press stimuli were considered errors and assigned
a value of 1. Correct responses to press stimuli and correct
omissions to do not press stimuli were instead given a value of
0. We fit the binomial data separately for the baseline 2-back
task and the adaptation/complex walking 2-back task, using
logistic regression models of the form: Error ~ Stimulus. We
defined Stimulus as the stimulus number within each phase
(i.e., Stimulus ranged from 0 to 124 in baseline and from 0 to
249 in adaptation). We also calculated reaction time (RT) for
correct press stimuli as the time of response relative to the onset
of stimulus presentation. To fit the RT data, we used a linear
regression model of the form: RT ~ Stimulus, where Stimulus
was defined as above.

We fit the models for the three measures of interest to
each group separately. We used a bootstrapping procedure
similar to that described for the motor analysis: we obtained
10,000 bootstrap samples of 10 participants, resampled with
replacement from a single group, and fit the logistic or linear
model to the error rate or RT of each sample. We then
used the bootstrapped model fits of our measures to assess
whether performance was worse in adaptation/complex walking
as compared to baseline, which would be an indicator of motor-
related cognitive interference. Specifically, for each of our three
metrics (error rate in press stimuli, error rate in do not press
stimuli, and RT), we computed the CI of the difference between
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the start of adaptation (first stimulus) minus the end of baseline
(last stimulus). Adaptation performance was deemed statistically
worse than baseline performance if the bounds of the CI were
greater than zero. For each cognitive metric, we also evaluated
whether the slope of the logistic or linear fit was statistically
different from zero. To do so, we computed the CI of the
coefficient for Stimulus in our model using our bootstrapping
procedure. If the CI did not overlap with zero, this would
suggest that the error rate or RT measures changed significantly
throughout baseline or adaptation. In particular, a significantly
negative slope in adaptation would suggest that error rate or RT
improved throughout adaptation.

We first computed all CIs using a4=0.05 (i.e., 95% CI). We then
adjusted for multiple comparisons using the analysis previously
described for the motor data; for each of the cognitive measures,
we set the total number of comparisons m = 3. For completeness,
we also computed the 95% CI of the intercept of our models.

RESULTS

Experiment 1: Dual-Tasking During
Locomotor Adaptation Leads to
Cognitive-Related Motor Interference
Very Early in Adaptation and
Readaptation in Young Adults, but Does

Not Affect Locomotor Savings

The goals of Experiment 1 were (1) to identify the pattern of
cognitive-motor interference in young adults who performed
a cognitive task while simultaneously learning a new walking
pattern through adaptation and (2) to determine the impact
of dual-tasking during locomotor adaptation on savings of the
newly learned walking pattern. We investigated whether dual-
tasking affected: (1) cognitive task performance, (2) locomotor
adaptation, and/or (3) locomotor savings. All metrics were
evaluated through bootstrapping and are reported as mean [95%
CI] {corrected CI}. Note that the means and CIs reported for the
motor metrics refer to the difference in metric between YASingle
minus YADual group (see section “Materials and Methods”).

We first evaluated the impact of the dual-task locomotor
adaptation paradigm in the cognitive domain (Figure 2). That
is, we assessed whether there was evidence of motor-related
cognitive interference. To do this, we evaluated error rate and
RT on the 2-back task during baseline walking and locomotor
adaptation. Figure 2A shows model fits for error rate in press
stimuli (dark green) and error rate in do not press stimuli (light
green). We found that the differences in error rate between the
end of baseline and the start of adaptation were not statistically
different than zero for either stimulus type (Figure 2B; press:
0.031 [-0.101 0.130], do not press: —0.008 [-0.049 0.022]).
We further evaluated the slope of the error rates and found
that error rates (in response to either stimuli) did not change
significantly over the course of baseline walking or adaptation
(Figure 2C, press baseline: —-0.001 [-0.016 0.013], adaptation:
0.003 [-0.001 0.005], do not press baseline: 0.004 [-0.007 0.011],
adaptation: 0.001 [-0.001 0.003]). Model fits of RT in response

to press stimuli during baseline and adaptation are presented in
Figure 2D. The difference in RT between the start of adaptation
and the end of baseline was not different from zero (Figure 2E,
0.046 [-0.064 0.128]). Participants’ RT did not change during
baseline (Figure 2F; slope estimate for baseline: —0.0011 [-0.0016
-0.0001] {-0.0018 0.0001}) or as the new walking pattern was
being learned during adaptation (slope estimate for adaptation:
0.0005 [-0.0001 0.0009]). Taken together, these results suggest
that 2-back task performance was not affected by locomotor
adaptation - young adults did not exhibit motor-related cognitive
interference. Intercept values for the cognitive performance
model fits can be found in Supplementary Table 1, and the
results reported here (and corrected significance levels) are
summarized in Supplementary Table 2.

We then assessed whether the motor behavior was affected
by dual-tasking during locomotor adaptation (Figure 3)
to determine if YADual exhibited cognitive-related motor
interference. Figures 3A-D show the time course of step length
asymmetry changes throughout the paradigm for the YASingle
and YADual groups. To fairly assess adaptation and readaptation,
we first ensured that both groups walked similarly at baseline
(0.008 [-0.031 0.052]) and washed out to a similar extent (late
washout: 0.005 [-0.010 0.024]).

We then compared adaptation behavior between the groups
(Figure 3E) and found that dual-tasking young adults exhibited
transient cognitive-related motor interference in the rapid step
length asymmetry correction that occurs during the first 5
strides of adaptation (i.e., during the initial epoch). Specifically,
YADual was initially more perturbed than YASingle (initial
adaptation: 0.224 [0.098 0.352] {0.061 0.392}). This difference
quickly dissipated as the stepping behaviors between the groups
were not statistically different during early adaptation (-0.026
[-0.122 0.069]) or late adaptation (-0.011 [-0.051 0.031]) epochs.
Both groups also exhibited similar aftereffects in step length
asymmetry during washout (initial washout: -0.165 [-0.482
0.137], early washout: 0.026 [-0.085 0.128]). When comparing
readaptation behavior between the groups (Figure 3F), we again
found that YADual was initially more perturbed than YASingle
(initial readaptation: 0.148 [0.057 0.233] {0.026 0.257}) but then
walked similarly throughout the rest of readaptation (early
readaptation: 0.013 [-0.029 0.052], late readaptation: -0.023
[-0.059 0.015]). These results (and adjusted confidence levels) are
summarized in Supplementary Table 3. Our secondary analysis
revealed that cognitive-related motor interference affected the
initial magnitude of the fast-learning component of locomotor
adaptation, such that the initial rapid correction in step length
asymmetry was lower in YADual compared to YASingle in
both adaptation and readaptation (Supplementary Figures 1, 2).
Surprisingly, we also found that the rate of this component
was faster in YADual than YASingle in adaptation. Dual-
tasking did not interfere with the slower adaptation component,
which contributes to the ongoing corrections through later
stages of adaptation.

When we compared limb excursion asymmetry between
YASingle and YADual groups, we found that the groups
differed during initial adaptation (Supplementary Table 4).
Limb excursion asymmetry did not differ between the groups at
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any other time epoch in adaptation, washout, or readaptation.
Furthermore, we found that double support asymmetry was not
different between YASingle and YADual groups during any phase
of the paradigm (Supplementary Table 5).

Lastly, we evaluated the impact of dual-tasking during
adaptation (and the related cognitive-related motor interference)
on locomotor savings of step length asymmetry. We measured
savings by calculating the difference between step length
asymmetry during adaptation and readaptation. Figure 4A
displays the probability density functions for this metric during
initial and early epochs for YADual and YASingle. We found
that the performance of a cognitive task during adaptation did
not interfere with locomotor savings — as both groups saved
the new walking pattern similarly (Figure 4B; initial savings: —
0.076 [-0.222 0.064], early savings: 0.039 [-0.046 0.123]). This is
summarized in Supplementary Table 3. Our secondary analysis
that evaluated savings in the fast and slow components of
adaptation confirmed this result (Supplementary Figure 3).
Finally, we found that savings of limb excursion asymmetry and
double support asymmetry were not different between YASingle
and YADual (Supplementary Tables 4, 5).

In conclusion, we found that dual-tasking during locomotor
adaptation in young adults only leads to cognitive-related motor
interference at very early stages of adaptation and readaptation. It
did not lead to motor-related cognitive interference, and did not
interfere with locomotor savings.

Experiment 2: Dual-Tasking During
Locomotor Adaptation Leads to
Motor-Related Cognitive Interference in
Late Middle-Aged Adults, but Does Not

Affect Locomotor Savings

The primary goals of Experiment 2 were similar to those of
Experiment 1, but here we evaluated late middle-aged adults to
test the effects of age-related declines in cognitive processing
(Tisserand et al., 2004; Reuter-Lorenz and Cappell, 2008; Cappell
et al., 2010; Madden et al., 2010; Sala-Llonch et al., 2015) and
the capacity for dual-tasking (Li et al., 2018; Vervoort et al,
2019). Motor and cognitive metrics were evaluated through
bootstrapping and are reported as means [95% CI] {corrected
CI}. As previously described, we report means and Cls of the
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difference in motor metrics between MASingle minus MADual
group (see section “Materials and Methods”).

We first assessed whether the MADual group exhibited motor-
related cognitive interference by evaluating changes in error rate
and RT during the 2-back task between baseline walking and
locomotor adaptation. Figure 5A depicts logistic model fits for
error rate with press stimuli (dark orange) and error rate with do
not press stimuli (yellow). In contrast to the results in Experiment

1, we found that late middle-aged adult participants exhibited
motor-related cognitive interference. They made more errors at
the start of adaptation relative to baseline walking in response to
both types of stimuli (Figure 5B; press: 0.174 [0.040 0.309] {0.028
0.320}, do not press: 0.034 [0.016 0.054] {0.011 0.058}). We found
that the error rate with both stimuli did not change throughout
baseline (Figure 5C; baseline slope estimate for press: —0.002
[-0.011 0.004], do not press: —0.003 [-0.011 0.006]). Interestingly,
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errors with press stimuli during the adaptation block decreased
as the new walking pattern was learned (Figure 5C; adapt slope
estimate: —0.004 [-0.009 -0.001] {-0.0088 -0.0002}) whereas
errors in response to do not press stimuli remained elevated
over the course of motor adaptation (Figure 5C; adapt slope
estimate: —0.001 [-0.004 0.001]). Model fits of RT in response
to press stimuli during baseline and adaptation are presented in
Figure 5D. The difference in RT between the start of adaptation
and the end of baseline was not statistically different from zero
(Figure 5E; -0.110 [-0.169 0.036]) nor were the slope estimates
for baseline or adaptation (Figure 5F; baseline: 0.0012 [-0.0005
0.0022], adaptation: 0.0001 [-0.0003 0.0007]), indicating that
accuracy was more affected by the dual-task. Intercept values for
these cognitive performance fits are provided in Supplementary
Table 1, and the results reported here (and adjusted confidence
levels) are summarized in Supplementary Table 2. In sum, we
found that the increase in error rate with press stimuli during
adaptation was transient, and it decayed as participants adapted.
On the contrary, the increase in error rate with do not press
stimuli was longer-lasting and did not improve with adaptation.

We next aimed to understand the relationship between the
motor-related cognitive interference observed in late middle-
aged adults and cognitive processes that contribute to locomotor
adaptation versus walking in a complex environment. To this
end, we tested another group of late middle-aged adults that
completed the 2-back task while walking on a treadmill as
the speed changed randomly and abruptly (MADualComplex;
Figure 1B). Figure 6A depicts the model fits for error rate
in response to press stimuli (dark purple) and do not press
stimuli (pink) for MADualComplex. We found that the error
rate with press stimuli did not increase during complex walking
relative to baseline (Figure 6B; 0.045 [-0.069 0.168]) and did not
change over time (Figure 6C; slope estimate for baseline: -0.001
[-0.011 0.008], complex walking: 0.001 [-0.003 0.002]). However,
the error rates with do not press stimuli were higher at the
start of complex walking as compared to the end of baseline
(Figure 6B; 0.051 [0.025 0.079] {0.020 0.084}) and remained
elevated (Figure 6C; slope estimate for baseline: -0.005 [-0.012
0.001], complex walking: -0.001 [-0.005 0.001]). Model fits of
RT in response to press stimuli during baseline and complex
walking are presented in Figure 6D. The start of complex walking
did not have an effect on RT relative to the end of baseline
(Figure 6E, -0.043 [-0.135 0.081]). RT estimates were stable
over time during both baseline and complex walking (Figure 6F;
slope estimate for baseline: —0.0002 [-0.0017 0.0010], complex
walking: 0.0001 [-0.0005 0.0006]). Intercept estimates for all
model fits of these cognitive performance estimates are provided
in Supplementary Table 1, and the results reported here (and
adjusted confidence levels) are summarized in Supplementary
Table 2. These results indicate that cognitive processes that
contribute to the control of walking in complex environments
(independent of adaptation) also mediate do not press stimuli
2-back performance whereas those that mediate accurate 2-back
performance with press stimuli specifically overlap with cognitive
processes involved in locomotor adaptation.

Finally, we investigated how the motor behavior of late
middle-aged adults was affected by the cognitive task in MADual
participants relative to MASingle participants to determine if
there was mutual interference in the cognitive and motor
domains. Contrary to our hypothesis, we did not find cognitive-
related motor interference in late middle-aged adults, nor
interference with locomotor savings. Figures 7A-D display step
length asymmetry throughout the experimental paradigm for
both groups. There were no significant differences between the
groups in step length asymmetry during baseline walking (0.0299
[0.0001 0.0597] {-0.0138 0.0707}) and washout (initial washout:
-0.163 [-0.476 0.153]; early washout: 0.000 [-0.089 0.081]; late
washout: -0.011 [-0.029 0.007]). Contrary to our hypothesis and
previous work (Malone and Bastian, 2016), we found that dual-
tasking during adaptation lead to no significant differences in step
length asymmetry in adaptation (Figure 7E; initial adaptation:
0.012 [-0.083 0.103], early adaptation: -0.062 [-0.144 0.016],
late adaptation: -0.011 [-0.071 0.046]), readaptation (Figure 7F;
initial readaptation: 0.037 [-0.057 0.138], early readaptation:
-0.030 [-0.114 0.057], late readaptation: -0.005 [-0.063 0.053]),
or savings (Figure 8; initial savings: 0.025 [-0.103 0.168],
early savings: 0.032 [-0.028 0.098]). These results and adjusted
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confidence levels are summarized in Supplementary Table 3.
Also contrary to previous work (Conradsson et al., 2019;
Vervoort et al, 2019), there were no differences between
MASingle and MADual in double support asymmetry or limb
excursion asymmetry during any phase of the paradigm, or in
savings (Supplementary Tables 4, 5). In summary, contrary to
our hypothesis we found that dual-tasking during locomotor
adaptation in late middle-aged adults did not lead to cognitive-
related motor interference nor interfered with savings, rather it
only interfered with performance in the cognitive task.

DISCUSSION

In this study, we evaluated the pattern of cognitive-motor
interference in young and late middle-aged neurotypical adults
while they performed a cognitive task during split-belt treadmill
adaptation. We also assessed whether a concurrent cognitive task
during adaptation would affect locomotor savings. We found
evidence of cognitive-motor interference in both groups, but

the pattern of cognitive-motor interference during adaptation
differed between young and late middle-aged adults in dual-
task conditions. Young adults in the dual-task group exhibited
cognitive-related motor interference very early in adaptation.
That is, they walked more asymmetrically at the beginning
of adaptation relative to those who adapted without a
cognitive task, while their performance on the cognitive task
during adaptation was unaffected. Despite the cognitive-motor
interference observed, contrary to our hypothesis dual-tasking
during adaptation did not interfere with the savings of a newly
learned walking pattern in young adults. Interestingly, we found
that late middle-aged adults exhibited a different pattern of
cognitive-motor interference; specifically, motor-related cognitive
interference during adaptation. There were no differences in how
the single and dual-task late middle-aged adult groups learned or
saved the new walking pattern, but the early stages of locomotor
adaptation interfered with the participants’ accuracy on the
cognitive task. To evaluate the dependence of this result on the
engagement of cognitive processes during locomotor adaptation
versus the control of walking in a novel, complex environment,
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we tested a third group of late middle-aged adults. This group
performed the 2-back task while walking in an environment
designed to be challenging but not induce adaptation. We found
that this group exhibited less motor-related cognitive interference
than the group that adapted. This suggests that the cognitive
interference observed in late middle-aged adults may be due only
in part to overlapping neural resources between the cognitive task
and locomotor adaptation.

Dual-Tasking During Adaptation Did Not
Interfere With Locomotor Savings in
Either Age Group

Savings of an adapted movement is defined as faster relearning
upon re-exposure to the same perturbation (Martin et al., 1996;
Kojima et al., 2004; Smith et al., 2006). Prior work suggests that
cognitive processes mediate savings of adapted upper extremity
movements (Morehead et al., 2015; Avraham et al., 2021). While
indirect evidence suggests cognitive processes also contribute to
savings of an adapted walking pattern (Roemmich and Bastian,
2015), we did not find that increasing the executive working

memory load through a dual-task paradigm during adaptation
interfered with locomotor savings in young or late middle-
aged adults.

Savings is thought to reflect a person’s ability to recall a motor
memory that was previously formed through motor adaptation
(Lee and Schweighofer, 2009; Huang et al., 2011; Morehead et al.,
2015; Orban De Xivry and Lefévre, 2015; Roemmich and Bastian,
2015) and is captured as the difference in motor behavior between
adaptation and readaptation (Mawase et al., 2014; Morehead
et al., 2015; Song and Bédard, 2015). Though we found that
locomotor savings was unaffected in both age groups, dual-
tasking young adults walked more asymmetrically at the start
of adaptation and readaptation than single-tasking young adults.
These results indicate that dual-tasking during adaptation may
interfere with how young adults adapt and form a locomotor
memory without impacting their ability to save and recall that
memory. This is consistent with previous studies in patient
populations that suggest the neural processes that underlie motor
adaptation and savings may be distinct (Marinelli et al., 2009;
Bédard and Sanes, 2011; Leow et al., 2012). Interestingly, this
concept is also reflected in psychological studies that demonstrate
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FIGURE 7 | Motor adaptation and readaptation in single- and dual-tasking late middle-aged adults. Step length asymmetry time course (mean and shaded SE) for
(A) single-tasking (MASingle, red) and (B) dual-tasking (VADual, orange) late middle-aged adults. (C) PDF of adaptation time epochs: initial (strides 1-5), early (strides
6-30), late (last 30 strides). (D) PDF of the same time epochs in readaptation. (E) PDF of the difference of the means between MASingle and MADual for adaptation
time epochs. (F) PDF of the difference of the means between MASingle and MADual for readaptation time epochs. Lighter shaded areas of PDF plots indicate the
95% CI. PDFs and Cls are obtained through bootstrapping. Motor adaptation and readaptation are not significantly different between MASingle and MADual groups.

the formation and recall of episodic memories are mediated by
distinct neural mechanisms (Fletcher et al., 1995; Roy et al., 2017).
Work in this domain has also shown that dual-tasking impairs the
formation, but not recall, of episodic memories (Craik et al., 1996;
Naveh-Benjamin et al., 2000).

One other study has examined the effect of dual-tasking on
savings of an adapted movement. In Song and Bédard (2015),
different groups of young adults engaged in a reaching adaptation
and readaptation task. One group only adapted, another dual-
tasked during adaptation, and a third group dual-tasked during

both adaptation and readaptation. They found that the group that
dual-tasked during both adaptation and readaptation exhibited
comparable savings to the group that adapted alone. In contrast
to our results, they found that participants who dual-tasked
only during adaptation exhibited less savings than the groups
that adapted alone or dual-tasked in both adaptation and
readaptation. The authors suggest these results indicate savings
was not affected by the increased cognitive load of dual-tasking,
but rather the environmental context cues provided by the
dual-task paradigm during learning. That is, the group that
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single-tasking (MASingle, red) and dual-tasking (MADual, orange) late
middle-aged adults. (B) PDF (and shaded 95% Cl) of the difference of the
means between MASingle and MADual for savings measures. PDFs and Cls
are obtained through bootstrapping. Savings does not differ between
MASingle and MADual groups.

dual-tasked during adaptation (but not readaptation) exhibited
less savings due to adapting and readapting with different
environmental context cues.

This conclusion is supported by previous studies of upper
extremity adaptation and savings that indicate motor memories
are best recalled when environmental context cues are the same
during adaptation and readaptation (Lee and Schweighofer, 2009;
Addou et al., 2011; Hirashima and Nozaki, 2012; Howard et al.,
2013). Yet, here we found that locomotor savings was unaffected
when participants engaged in a dual-task only during adaptation.
A previous study demonstrated that locomotor savings is related
to a participant’s ability to explicitly recall the magnitude of the
treadmill perturbation using solely proprioceptive feedback from
the legs (Roemmich and Bastian, 2015). Together with the result
presented here, this suggests that proprioceptive context cues,
rather than environmental context cues provided by a secondary
cognitive task, may play a larger role in the modulation of
locomotor savings.

Dual-Tasking During Adaptation Led to
Cognitive-Related Motor Interference
Very Early in Adaptation in Young Adults

Though the increased cognitive load from the dual-task
paradigm had no effect on locomotor savings, young adults
did exhibit cognitive-related motor interference affecting step
length asymmetry very early during adaptation. The cognitive-
related motor interference affected the initial magnitude of
the fast-learning component of adaptation, which is thought
to contribute to the initial rapid corrections in movement
errors. This outcome is similar to previous dual-task adaptation
studies that demonstrate varying patterns of cognitive-motor
interference at the beginning of adaptation that dissipates at
later stages of adaptation (Malone and Bastian, 2010; Song and
Bédard, 2015; Vervoort et al., 2019; Hinton et al., 2020). Dual-
task interference early during adaptation is consistent with the
working theory that cognitive processes contribute primarily
to the initial correction in movement errors (Taylor et al,
2014; Neville and Cressman, 2018) and are attributed to the
fast-learning component of motor adaptation (McDougle et al.,
2015). This interference effect may be explained by competition
for shared neural resources between the motor adaptation
and cognitive tasks. Neuroimaging studies have shown that
locomotor adaptation and the n-back tasks both engage several
common brain areas, some of which are traditionally associated
with one domain or the other. These include the cerebellum
(adapt: Hinton et al., 2019, n-back: Satterthwaite et al., 2013),
parietal cortex (adapt: Hinton et al., 2019, n-back: Satterthwaite
et al., 2013; Braun et al, 2015) and cingulate cortex (adapt:
Hinton etal., 2019, n-back: Drobyshevsky et al., 2006; for a review
of n-back neural substrates, see Munro et al., 2018).

Of note, the time course and pattern of cognitive-motor
interference during dual-task locomotor adaptation paradigms in
young adults varies between studies. Variation in the cognitive
tasks across studies may help to explain why some have found
cognitive-motor interference through later stages of adaptation
(Malone and Bastian, 2010; Sawers et al., 2013) than we found
with an auditory 2-back task. Other studies have employed a
visual vigilance task (Sawers et al., 2013) and an audiovisual
mental tracking task (Malone and Bastian, 2010). Importantly,
each of these involves different aspects of cognition or domains
of executive function (e.g., sustained attention, information
processing, delayed recall, executive working memory; Al-Yahya
et al,, 2011; Loaiza et al., 2011; Wilhelm et al., 2013; Bayot et al,,
2018) and likely engages distinct neural networks (Kansaku et al.,
2004; Collette et al., 2005, 2006; Langner and Eickhoff, 2013; Yaple
et al, 2019). The longer-lasting cognitive-motor interference
found with vigilance or mental tracking dual-tasks indicates the
related neural networks may overlap with the processes that
underlie locomotor adaptation more than those engaged with an
executive working memory task. In addition to variations in the
time course, we also found a different pattern of cognitive-motor
interference than some previous studies of dual-tasking during
locomotor adaptation in young adults. Specifically, we found that
that the dual-task led to interference only in the motor domain
while other studies report interference in only the cognitive
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domain (Sawers et al., 2013; Hinton et al., 2020). This may be
because participants in these studies were not given prioritization
instructions (Hinton et al., 2020) or were told to prioritize the
motor task (Sawers et al., 2013), as instructions (or a lack thereof)
are known to affect task prioritization (Yogev-Seligmann et al.,
2010; Jansen et al., 2016).

Dual-Tasking During Locomotor
Adaptation Led to Motor-Related
Cognitive Interference in Late
Middle-Aged Adults

In contrast to young adults, late middle-aged adults exhibited
motor-related cognitive interference when dual-tasking during
locomotor adaptation. Contrary to our hypothesis, late middle-
aged adults did not exhibit cognitive-related motor interference,
suggesting that late middle-aged adults prioritized the motor
task — despite the instructions to prioritize the cognitive task.
There are two reasons why task prioritization may have differed
in late middle-aged versus young adults. First, previous work
shows that the ability to deliberately allocate cognitive resources
to a specific task declines with age (Yogev-Seligmann et al., 2010).
Secondly, studies of dual-tasking during walking demonstrate
that task prioritization is impacted by not only by instructions
(Yogev-Seligmann et al., 2010; Jansen et al., 2016), but also the
estimated hazard posed by the walking conditions (reviewed in
Yogev-Seligmann et al., 2012). Locomotor adaptation challenges
a learner’s stability (Buurke et al, 2018; Darter et al., 2018)
and may be perceived as a hazardous walking condition
by older adults, who are at a higher risk of falling than
younger adults (Tinetti and Williams, 1998; Zijlstra et al., 2007;
Ambrose et al., 2013).

Despite these compelling reasons for motor task prioritization,
previous studies have found dual-task locomotor adaptation
paradigms lead to motor interference in late middle-aged
(Malone and Bastian, 2016) or older adults (Conradsson et al.,
2019; Vervoort et al.,, 2019). This may be because the motor
tasks employed were perceived as less hazardous than the task
we used here (the belt speed differences were smaller and the
average belt speeds were slower), allowing the older participants
to prioritize cognitive over motor performance. However, in
these studies cognitive performance was either not measured
(Malone and Bastian, 2016; Conradsson et al., 2019), or was
evaluated in a group that included both younger and older
participants (Vervoort et al.,, 2019), so a direct comparison to
our results is difficult. While the pattern of cognitive-motor
interference differs across studies, older adults are consistently
found to exhibit more robust (Vervoort et al., 2019) or longer-
lasting (compare Malone and Bastian, 2016; Conradsson et al.,
2019 to Malone and Bastian, 2010; Hinton et al., 2020) dual-task
interference than younger adults. Our data similarly suggest that
dual-task interference in late middle-aged adults extends further
into adaptation than that exhibited by young adults. This may be
explained by aging related declines in the structure and function
of relevant brain areas (e.g., prefrontal cortex, Tisserand et al.,
2004; Raz et al., 2005; Madden et al., 2010; Sala-Llonch et al.,
2015; parietal cortex, Tisserand et al., 2004; Madden et al., 2010;

and cingulate, Tisserand et al., 2004; Sala-Llonch et al., 2015),
which are associated with worsened performance in cognitive
tasks (Tisserand et al., 2004; Madden et al., 2010; Sala-Llonch
et al., 2015) and result in over recruitment of prefrontal cortex
(Reuter-Lorenz and Cappell, 2008; Cappell et al., 2010). However,
it should be noted that some of the aforementioned work was
performed in older adults (Tisserand et al., 2004; Cappell et al.,
2010; Madden et al.,, 2010; Conradsson et al., 2019; Vervoort
et al., 2019), and future work is needed to further dissect neural
underpinnings of the motor-related cognitive interference in late
middle-aged adults (see section “Limitations”).

The results of Experiment 2 also suggest that cognitive-
motor interference during split-belt walking in middle-aged and
older adults, observed by us and others (Malone and Bastian,
2016; Conradsson et al., 2019; Vervoort et al., 2019), is related
to interference with both sensorimotor adaptation processes
and those that control walking in a complex environment.
From previous work, it was unclear if we could entirely
attribute a decrement in cognitive performance during locomotor
adaptation to an interference with sensorimotor adaptation
processes. This is because split-belt walking not only induces
sensorimotor adaptation, but also challenges participants’
stability (Buurke et al., 2018; Darter et al., 2018), which can also
interfere with cognitive task performance (Lindenberger et al.,
20005 Clark, 2015; Li et al., 2018). Here we found that participants
in the MADual group exhibited an increased error rate with both
press and do not press 2-back stimuli at the start of adaptation
(Figure 5B). However, the increased error rate with press stimuli
dissipated as the new walking pattern was learned (Figure 5C;
adapt slope). This suggests that this portion of the motor-related
cognitive interference was related specifically to overlapping
neural resources with locomotor adaptation. Interestingly, the
error rate with the do not press stimuli remained elevated
throughout the adaptation block in the MADual group. We also
found this effect in the MADualComplex group (Figures 6B,C).
Taken together, these results suggest that the lasting interference
with do not press stimuli responses may be due an overlap
with the processes that more generally mediate the control of
walking in a complex environment. A potential explanation for
this portion of the cognitive interference is due to the heightened
level of arousal that can be elicited by walking in environments
that induce postural instability (Sibley et al., 2010) and locomotor
learning (Green et al., 2010; Sibley et al., 2010). In fact, heightened
arousal has been associated with an increased likelihood of
responding to n-back task stimuli without regard for accuracy
(Bottenheft et al., 2021).

While our data do support the idea that there is a shared
neural resource between adaptation and working memory, it is
yet unclear what specific domains of working memory may also
be involved in locomotor adaptation. Working memory involves
different domains of executive function (e.g., performance
monitoring, rule encoding, processing speed, etc., Gajewski et al.,
2018), each of which may correlate with different motor learning
processes (Holland et al., 2019). Previous work has shown that
spatial working memory is related to the rate of adaptation of
upper extremity movements (Anguera et al., 2012; Christou et al.,
2016; Vandevoorde and de Xivry, 2020) and is also linked to
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the use of explicit strategies during these tasks (Vandevoorde
and de Xivry, 2020). While explicit strategies may play a role
in locomotor adaptation driven through visual feedback (French
et al, 2018), it is unlikely that they contribute to locomotor
adaptation driven by a split-belt treadmill used here (Roemmich
et al, 2016). Furthermore, a recent study by Sombric and
Torres-Oviedo found that split-belt adaptation processes may
be more related to cognitive switching ability (a domain of
executive function) than to spatial working memory (Sombric
and Torres-Oviedo, 2021). Yet, more work is needed to clarify the
role of different domains of executive function in sensorimotor
adaptation during walking. This may help identify sources of
interindividual variability with sensorimotor adaptation-based
learning paradigms.

Limitations

While the current study provides new information on the
effect of aging on cognitive-motor interference during locomotor
adaptation, there are a few limitations that should be considered.
First, the average age of the late middle-aged adult participants
tested here was ~55 years. The participants may not have been
old enough to exhibit a robust mutual interference in both
cognitive and motor domains as hypothesized, as aging related
decline in the neural substrates involved in performing the 2-
back task has been found to progress into later years of life (Yaple
et al,, 2019). Second, the sample sizes were relatively small (10
participants per group) and the results should be considered
preliminary. It is possible that participants who enrolled in the
study may not be fully representative of the young and late
middle-aged populations of interest, or that we may not have
had enough power to detect small differences between single-
and dual-tasking groups. Future studies are needed that employ a
wider age range and larger samples sizes.

CONCLUSION

Here, we found that performing an executive working memory
task during locomotor adaptation led to different patterns and
time courses of cognitive-motor interference in young and
late middle-aged adults. However, this did not interfere with
locomotor savings in either age group. This supports existing
evidence that cognitive processes contribute to sensorimotor
adaptation during walking and dual-tasking during adaptation
leads to a competition for shared neural resources. However,
there remains lack of clarity about what cognitive processes
or domains of executive function contribute to learning a new
walking pattern through sensorimotor adaptation. Furthermore,
because we found no effect of dual-task interference on savings,

REFERENCES

Addou, T., Krouchev, N., and Kalaska, J. F. (2011). Colored context cues can
facilitate the ability to learn and to switch between multiple dynamical force
fields. J. Neurophysiol. 106, 163-183. doi: 10.1152/jn.00869.2010

Al-Yahya, E., Dawes, H., Smith, L., Dennis, A., Howells, K., and Cockburn,
J. (2011). Cognitive motor interference while walking: a systematic

our data suggest that the cognitive processes that contribute to
savings of an adapted walking pattern are likely distinct from
those that contribute to learning a novel pattern initially.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: Dryad Digital
Repository: https://doi.org/10.5061/dryad.18931zcxm.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Johns Hopkins Institutional Review Board. The
patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

KL and AB: study design and implementation. KL and CR: data
acquisition and analysis. KL, CR, NS, RR, and AB: interpretation
of the results, writing, and revision. All authors contributed to the
article and approved the submitted version.

FUNDING

This work was supported by NIH K12 HD055929, NIH
R03 HD104217, NIH K01 AGO073467-01, Magistro Family
Foundation Research Grant to KL, NIH grant 5 R37 NS090610
to AB, NIH R21 AGO059184 to RR, NIH R56 NS100528 and
R2INS120274 to NS, and an American Heart Association
predoctoral fellowship to CR.

ACKNOWLEDGMENTS

We thank Eric Kernfeld for discussions on

statistical analysis.

helpful

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnagi.
2021.729284/full#supplementary- material

review and meta-analysis. Neurosci. Biobehav. Rev. 35, 715-728. doi:
10.1016/j.neubiorev.2010.08.008

Ambrose, A. F., Paul, G., and Hausdorff, J. M. (2013). Risk factors for falls among
older adults: a review of the literature. Maturitas 75, 51-61. doi: 10.1016/].
maturitas.2013.02.009

Anguera, J. A., Bernard, J. A, Jaeggi, S. M., Buschkuehl, M., Benson, B. L., Jennett,
S., et al. (2012). The effects of working memory resource depletion and training

Frontiers in Aging Neuroscience | www.frontiersin.org

November 2021 | Volume 13 | Article 729284


https://doi.org/10.5061/dryad.18931zcxm
https://www.frontiersin.org/articles/10.3389/fnagi.2021.729284/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnagi.2021.729284/full#supplementary-material
https://doi.org/10.1152/jn.00869.2010
https://doi.org/10.1016/j.neubiorev.2010.08.008
https://doi.org/10.1016/j.neubiorev.2010.08.008
https://doi.org/10.1016/j.maturitas.2013.02.009
https://doi.org/10.1016/j.maturitas.2013.02.009
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

Rossi et al.

Cognitive-Motor Interference in Locomotor Adaptation

on sensorimotor adaptation. Behav. Brain Res. 228, 107-115. doi: 10.1016/j.bbr.
2011.11.040

Avraham, G., Morehead, J. R., Kim, H. E,, and Ivry, R. B. (2021). Reexposure to
a sensorimotor perturbation produces opposite effects on explicit and implicit
learning processes. PLoS Biol. 19:e3001147. doi: 10.1371/journal.pbio.3001147

Bastian, A. J. (2008). Understanding sensorimotor adaptation and learning
for rehabilitation. Curr. Opin. Neurol. 21, 628-633. doi: 10.1097/WCO.
0b013e328315a293

Bayot, M., Dujardin, K., Tard, C., Defebvre, L., Bonnet, C. T., Allart, E., et al. (2018).
The interaction between cognition and motor control: a theoretical framework
for dual-task interference effects on posture, gait initiation, gait and turning.
Clin. Neurophysiol. 48, 361-375. doi: 10.1016/j.neucli.2018.10.003

Bédard, P., and Sanes, J. N. (2011). Basal ganglia-dependent processes in recalling
learned visual-motor adaptations. Exp. Brain Res. 209, 385-393. doi: 10.1007/
s00221-011-2561-y

Benjamini, Y., and Yekutieli, D. (2005). False discovery rate-adjusted multiple
confidence intervals for selected parameters. J. Am. Stat. Assoc. 100, 71-81.
doi: 10.1198/016214504000001907

Bock, O. (2005). Components of sensorimotor adaptation in young and elderly
subjects. Exp. Brain Res. 160, 259-263. doi: 10.1007/s00221-004-2133-5

Bottenheft, C., Brouwer, A. M., Stuldreher, I., Groen, E., and van Erp, J. (2021).
Cognitive task performance under (combined) conditions of a metabolic and
sensory stressor. Cogn. Tech. Work 23, 805-817. doi: 10.1007/s10111-020-
00653-w

Braun, U,, Schifer, A, Walter, H., Erk, S., Romanczuk-Seiferth, N., Haddad, L., et al.
(2015). Dynamic reconfiguration of frontal brain networks during executive
cognition in humans. Proc. Natl. Acad. Sci. U. S. A. 112, 11678-11683. doi:
10.1073/pnas.1422487112

Buckley, R., and Pascual-Leone, A. (2020). Age-related cognitive decline is
indicative of neuropathology. Ann. Neurol. 87, 813-815. doi: 10.1002/ana.
25733

Buurke, T. J. W., Lamoth, C. J. C., Vervoort, D., Van Der Woude, L. H. V., and
den Otter, R. (2018). Adaptive control of dynamic balance in human gait on a
split-belt treadmill. J. Exp. Biol 221(Pt 13):jeb174896. doi: 10.1242/jeb.174896

Cappell, K. A., Gmeindl, L., and Reuter-Lorenz, P. A. (2010). Age differences in
prefontal recruitment during verbal working memory maintenance depend on
memory load. Cortex 46, 462-473. doi: 10.1016/j.cortex.2009.11.009

Christou, A. I., Miall, R. C., McNab, F., and Galea, ]. M. (2016). Individual
differences in explicit and implicit visuomotor learning and working memory
capacity. Sci. Rep. 6:36633. doi: 10.1038/srep36633

Clark, D. J. (2015). Automaticity of walking: functional significance, mechanisms,
measurement and rehabilitation strategies. Front. Hum. Neurosci. 9:246. doi:
10.3389/fnhum.2015.00246

Collette, F., Hogge, M., Salmon, E., and Van der Linden, M. (2006). Exploration
of the neural substrates of executive functioning by functional neuroimaging.
Neuroscience 139, 209-221. doi: 10.1016/j.neuroscience.2005.05.035

Collette, F., Van Der Linden, M., Laureys, S., Delfiore, G., Degueldre, C., Luxen,
A., et al. (2005). Exploring the unity and diversity of the neural substrates of
executive functioning. Hum. Brain Mapp. 25,409-423. doi: 10.1002/hbm.20118

Coltman, S. K., Cashaback, J. G. A., and Gribble, P. L. (2019). Both fast and slow
learning processes contribute to savings following sensorimotor adaptation.
J. Neurophysiol. 121, 1575-1583. doi: 10.1152/jn.00794.2018

Conradsson, D., Hinton, D. C., and Paquette, C. (2019). The effects of dual-tasking
on temporal gait adaptation and de-adaptation to the split-belt treadmill in
older adults. Exp. Gerontol. 125:110655. doi: 10.1016/j.exger.2019.110655

Craik, F. I. M., Naveh-Benjamin, M., Govoni, R., and Anderson, N. D. (1996).
The effects of divided attention on encoding and retrieval processes in human
memory. J. Exp. Psychol. Gen. 125, 159-180. doi: 10.1037/0096- 3445.125.2.159

Cumming, G., and Finch, S. (2005). Inference by eye: confidence intervals and how
to read pictures of data. Am. Psychol. 60, 170-180. doi: 10.1037/0003-066X.60.
2.170

Darter, B. J., Labrecque, B. A., and Perera, R. A. (2018). Dynamic stability during
split-belt walking and the relationship with step length symmetry. Gait Posture
62, 86-91. doi: 10.1016/j.gaitpost.2018.03.006

DiCiccio, T. J., and Efron, B. (1996). Bootstrap confidence intervals. Stat. Sci. 11,
189-228. doi: 10.1007/978-3-319-01931-4_24

Drobyshevsky, A., Baumann, S. B., and Schneider, W. (2006). A rapid fMRI
task battery for mapping of visual, motor, cognitive, and emotional function.
Neuroimage 31, 732-744. doi: 10.1016/j.neuroimage.2005.12.016

Efron, B., and Tibshirani, R. J. (1994). An Introduction to the Bootstrap.
Washington, DC: Chapman & Halli, doi: 10.1201/978042924
6593

Fletcher, P. C., Frith, C. D., Grasby, P. M., Shallice, T., Frackowiak, R. S. J., and
Dolan, R.J. (1995). Brain systems for encoding and retrieval of auditory - verbal
memory. An in vivo study in humans. Brain 118, 401-416. doi: 10.1093/brain/
118.2.401

French, M. A., Morton, S. M., Charalambous, C. C., and Reisman, D. S. (2018).
A locomotor learning paradigm using distorted visual feedback elicits strategic
learning. J. Neurophysiol. 120, 1923-1931. doi: 10.1152/jn.00252.2018

Gajewski, P. D., Hanisch, E., Falkenstein, M., Thones, S., and Wascher, E. (2018).
What does the n-Back task measure as we get older? Relations between working-
memory measures and other cognitive functions across the lifespan. Front.
Psychol. 9:2208. doi: 10.3389/fpsyg.2018.02208

Green, D. A,, Bunday, K. L., Bowen, J., Carter, T., and Bronstein, A. M. (2010).
What does autonomic arousal tell us about locomotor learning? Neuroscience
170, 42-53. doi: 10.1016/j.neuroscience.2010.06.079

Harada, C. N., Natelson Love, M. C., and Triebel, K. L. (2013). Normal cognitive
aging. Clin. Geriatr. Med. 29, 737-752. doi: 10.1016/j.cger.2013.07.002

Hardwick, R. M., and Celnik, P. A. (2014). Cerebellar direct current stimulation
enhances motor learning inolder adults. Neurobiol. Aging 35, 2217-2221. doi:
10.1016/j.neurobiolaging.2014.03.030

Herzfeld, D. J., Vaswani, P. A, Marko, M. K., and Shadmehr, R. (2014). A
memory of errors in sensorimotor learning. Science 345, 1349-1353. doi: 10.
1126/science.1253138

Hinton, D. C., Conradsson, D., Bouyer, L., and Paquette, C. (2020). Does dual task
placement and duration affect split-belt treadmill adaptation? Gait Posture 75,
115-120. doi: 10.1016/j.gaitpost.2019.10.005

Hinton, D. C., Thiel, A., Soucy, J. P., Bouyer, L., and Paquette, C. (2019).
Adjusting gait step-by-step: brain activation during split-belt treadmill
walking.  Neuroimage 202:116095. doi:  10.1016/j.neuroimage.2019.11
6095

Hirashima, M., and Nozaki, D. (2012). Distinct motor plans form and retrieve
distinct motor memories for physically identical movements. Curr. Biol. 22,
432-436. doi: 10.1016/j.cub.2012.01.042

Holland, P., Codol, O., Oxley, E., Taylor, M., Hamshere, E., Joseph, S., et al.
(2019). Domain-specific working memory, but not dopamine-related genetic
variability, shapes reward-based motor learning. J. Neurosci. 39, 9383-9396.
doi: 10.1523/JNEUROSCI.0583-19.2019

Hoogkamer, W., Bruijn, S. M., Sunaert, S., Swinnen, S. P., Van Calenbergh, F., and
Duysens, J. (2015). Adaptation and aftereffects of split-belt walking in cerebellar
lesion patients. J. Neurophysiol. 114, 1693-1704. doi: 10.1152/jn.00936.2014

Howard, L. S., Wolpert, D. M., and Franklin, D. W. (2013). The effect of contextual
cues on the encoding of motor memories. J. Neurophysiol. 109, 2632-2644.
doi: 10.1152/jn.00773.2012

Huang, V. S., Haith, A., Mazzoni, P., and Krakauer, J. W. (2011). Rethinking
motor learning and savings in adaptation paradigms: model-free memory for
successful actions combines with internal models. Neuron 70, 787-801. doi:
10.1016/j.neuron.2011.04.012

Jansen, R. J., Van Egmond, R., and De Ridder, H. (2016). Task prioritization in
dual-tasking: instructions versus preferences. PLoS One 11:¢0158511. doi: 10.
1371/journal.pone.0158511

Kansaku, K., Hanakawa, T., Wu, T., and Hallett, M. (2004). A shared neural
network for simple reaction time. Neuroimage 22, 904-911. doi: 10.1016/j.
neuroimage.2004.02.006

Kirchner, W. K. (1958). Age differences in short-term retention of rapidly changing
information. J. Exp. Psychol. 55, 352-358.

Kojima, Y., Iwamoto, Y., and Yoshida, K. (2004). Memory of learning facilitates
saccadic adaptation in the monkey. J. Neurosci. 24, 7531-7539. doi: 10.1523/
JNEUROSCI.1741-04.2004

Langner, R., and Eickhoff, S. B. (2013). Sustaining attention to simple tasks: a meta-
analytic review of the neural mechanisms of vigilant attention. Psychol. Bull.
139, 870-900. doi: 10.1037/a0030694

Frontiers in Aging Neuroscience | www.frontiersin.org

November 2021 | Volume 13 | Article 729284


https://doi.org/10.1016/j.bbr.2011.11.040
https://doi.org/10.1016/j.bbr.2011.11.040
https://doi.org/10.1371/journal.pbio.3001147
https://doi.org/10.1097/WCO.0b013e328315a293
https://doi.org/10.1097/WCO.0b013e328315a293
https://doi.org/10.1016/j.neucli.2018.10.003
https://doi.org/10.1007/s00221-011-2561-y
https://doi.org/10.1007/s00221-011-2561-y
https://doi.org/10.1198/016214504000001907
https://doi.org/10.1007/s00221-004-2133-5
https://doi.org/10.1007/s10111-020-00653-w
https://doi.org/10.1007/s10111-020-00653-w
https://doi.org/10.1073/pnas.1422487112
https://doi.org/10.1073/pnas.1422487112
https://doi.org/10.1002/ana.25733
https://doi.org/10.1002/ana.25733
https://doi.org/10.1242/jeb.174896
https://doi.org/10.1016/j.cortex.2009.11.009
https://doi.org/10.1038/srep36633
https://doi.org/10.3389/fnhum.2015.00246
https://doi.org/10.3389/fnhum.2015.00246
https://doi.org/10.1016/j.neuroscience.2005.05.035
https://doi.org/10.1002/hbm.20118
https://doi.org/10.1152/jn.00794.2018
https://doi.org/10.1016/j.exger.2019.110655
https://doi.org/10.1037/0096-3445.125.2.159
https://doi.org/10.1037/0003-066X.60.2.170
https://doi.org/10.1037/0003-066X.60.2.170
https://doi.org/10.1016/j.gaitpost.2018.03.006
https://doi.org/10.1007/978-3-319-01931-4_24
https://doi.org/10.1016/j.neuroimage.2005.12.016
https://doi.org/10.1201/9780429246593
https://doi.org/10.1201/9780429246593
https://doi.org/10.1093/brain/118.2.401
https://doi.org/10.1093/brain/118.2.401
https://doi.org/10.1152/jn.00252.2018
https://doi.org/10.3389/fpsyg.2018.02208
https://doi.org/10.1016/j.neuroscience.2010.06.079
https://doi.org/10.1016/j.cger.2013.07.002
https://doi.org/10.1016/j.neurobiolaging.2014.03.030
https://doi.org/10.1016/j.neurobiolaging.2014.03.030
https://doi.org/10.1126/science.1253138
https://doi.org/10.1126/science.1253138
https://doi.org/10.1016/j.gaitpost.2019.10.005
https://doi.org/10.1016/j.neuroimage.2019.116095
https://doi.org/10.1016/j.neuroimage.2019.116095
https://doi.org/10.1016/j.cub.2012.01.042
https://doi.org/10.1523/JNEUROSCI.0583-19.2019
https://doi.org/10.1152/jn.00936.2014
https://doi.org/10.1152/jn.00773.2012
https://doi.org/10.1016/j.neuron.2011.04.012
https://doi.org/10.1016/j.neuron.2011.04.012
https://doi.org/10.1371/journal.pone.0158511
https://doi.org/10.1371/journal.pone.0158511
https://doi.org/10.1016/j.neuroimage.2004.02.006
https://doi.org/10.1016/j.neuroimage.2004.02.006
https://doi.org/10.1523/JNEUROSCI.1741-04.2004
https://doi.org/10.1523/JNEUROSCI.1741-04.2004
https://doi.org/10.1037/a0030694
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

Rossi et al.

Cognitive-Motor Interference in Locomotor Adaptation

Lee, J. Y., and Schweighofer, N. (2009). Dual adaptation supports a parallel
architecture of motor memory. J. Neurosci. 29, 10396-10404. doi: 10.1523/
JNEUROSCI.1294-09.2009

Leech, K. A,, Day, K. A., Roemmich, R. T., and Bastian, A.J. (2018). Movement and
perception recalibrate differently across multiple days of locomotor learning.
J. Neurophysiol. 120, 2130-2137. doi: 10.1152/jn.00355.2018.-Learning

Leow, L. A,, Loftus, A. M., and Hammond, G. R. (2012). Impaired savings despite
intact initial learning of motor adaptation in Parkinson’s disease. Exp. Brain Res.
218, 295-304. doi: 10.1007/s00221-012-3060-5

Li, K. Z. H., Bherer, L., Mirelman, A., Maidan, I., and Hausdorff, J. M. (2018).
Cognitive involvement in balance, gait and dual-tasking in aging: a focused
review from a neuroscience of aging perspective. Front. Neurol. 9:913. doi:
10.3389/fneur.2018.00913

Lindenberger, U., Marsiske, M., and Baltes, P. B. (2000). Memorizing while
walking: increase in dual-task costs from young adulthood to old age. Psychol.
Aging 15, 417-436. doi: 10.1037/0882-7974.15.3.417

Loaiza, V. M., McCabe, D. P., Youngblood, J. L., Rose, N. S., and Myerson, J.
(2011). The influence of levels of processing on recall from working memory
and delayed recall tasks. J. Exp. Psychol. Learn. Mem. Cogn. 37, 1258-1263.
doi: 10.1037/a0023923

Madden, D. J., Costello, M. C., Dennis, N. A., Davis, S. W, Shepler, A. M., Spaniol,
J., etal. (2010). Adult age differences in functional connectivity during executive
control. Neuroimage 52, 643-657. doi: 10.1016/j.neuroimage.2010.04.249

Malone, L. A, and Bastian, A. J. (2010). Thinking about walking: effects
of conscious correction versus distraction on locomotor adaptation.
J. Neurophysiol. 103, 1954-1962. doi: 10.1152/jn.00832.2009

Malone, L. A., and Bastian, A. J. (2016). Age-related forgetting in locomotor
adaptation. Neurobiol. Learn. Mem. 128, 1-6. doi: 10.1016/j.nlm.2015.11.003

Marinelli, L., Crupi, D., Di Rocco, A., Bove, M., Eidelberg, D., Abbruzzese, G., et al.
(2009). Learning and consolidation of visuo-motor adaptation in Parkinson’s
disease. Park. Relat. Disord. 15, 6-11. doi: 10.1016/j.parkreldis.2008.02.012

Mariscal, D. M., Iturralde, P. A., and Torres-Oviedo, G. (2020). Altering attention
to split-belt walking increases the generalization of motor memories across
walking contexts. J. Neurophysiol. 123, 1838-1848. doi: 10.1152/jn.00509.2019

Martin, T. A., Keating, J. G., Goodkin, H. P., Bastian, A. J., and Thach, W. T. (1996).
Throwing while looking through prisms II. Specificity and storage of multiple
gaze-throw calibrations. Brain 119, 1199-1211. doi: 10.1093/brain/119.4.1183

Mawase, F., Haizler, T., Bar-Haim, S., and Karniel, A. (2013). Kinetic adaptation
during locomotion on a split-belt treadmill. J. Neurophysiol. 109, 2216-2227.
doi: 10.1152/jn.00938.2012

Mawase, F., Shmuelof, L., Bar-Haim, S., and Karniel, A. (2014). Savings in
locomotor adaptation explained by changes in learning parameters following
initial adaptation. J. Neurophysiol. 111, 1444-1454. doi: 10.1152/jn.00734.2013

McDougle, S. D., Bond, K. M., and Taylor, J. A. (2015). Explicit and implicit
processes constitute the fast and slow processes of sensorimotor learning.
J. Neurosci. 35, 9568-9579. doi: 10.1523/[]NEUROSCI.5061-14.2015

McDougle, S. D., Ivry, R. B., and Taylor, J. A. (2016). Taking aim at the cognitive
side of learning in sensorimotor adaptation tasks. Trends Cogn. Sci. 20, 535-544.
doi: 10.1016/j.tics.2016.05.002

Morehead, J. R., Qasim, S. E., Crossley, M. J., and Ivry, R. (2015). Savings upon re-
aiming in visuomotor adaptation. J. Neurosci. 35, 14386-14396. doi: 10.1523/
JNEUROSCI.1046-15.2015

Morton, S. M., and Bastian, A. J. (2004). Prism adaptation during walking
generalizes to reaching and requires the cerebellum. J. Neurophysiol. 92, 2497-
2509. doi: 10.1152/jn.00129.2004

Munro, B. A., Weyandt, L. L., Hall, L. E,, Oster, D. R., Gudmundsdottir, B. G.,
and Kuhar, B. G. (2018). Physiological substrates of executive functioning: a
systematic review of the literature. Atten. Deficit Hyperact. Disord. 10, 1-20.
doi: 10.1007/s12402-017-0226-9

Musselman, K. E., Patrick, S. K., Vasudevan, E. V. L., Bastian, A. J., and Yang, J. F.
(2011). Unique characteristics of motor adaptation during walking in young
children. J. Neurophysiol. 105, 2195-2203. doi: 10.1152/jn.01002.2010

Naveh-Benjamin, M., Craik, F. I. M., Perretta, J. G., and Tonev, S. T. (2000). The
effects of divided attention on encoding and retrieval processes: the resiliency
of retrieval processes. Q. . Exp. Psychol. 53A, 609-625. doi: 10.1080/713755914

Neville, K. M., and Cressman, E. K. (2018). The influence of awareness on explicit
and implicit contributions to visuomotor adaptation over time. Exp. Brain Res.
236, 2047-2059. doi: 10.1007/s00221-018-5282-7

Orban De Xivry, J. J., and Lefévre, P. (2015). Formation of model-free
motor memories during motor adaptation depends on perturbation schedule.
J. Neurophysiol. 113, 2733-2741. doi: 10.1152/jn.00673.2014

Owen, A. M., McMillan, K. M., Laird, A. R.,, and Bullmore, E. (2005).
N-back working memory paradigm: a meta-analysis of normative functional
neuroimaging studies. Hum. Brain Mapp. 25, 46-59. doi: 10.1002/hbm.20131

Pashler, H., and Johnston, J. (1998). “Attentional limitations in dual-task
performance,” in Attention, ed. H. Pashler (Hove: Psychology Press), 155-189.

Plummer, P., Eskes, G., Wallace, S., Giuffrida, C., Fraas, M., Campbell, G., et al.
(2013). Cognitive-motor interference during functional mobility after stroke:
state of the science and implications for future research. Arch. Phys. Med.
Rehabil. 94, 2565-2574. doi: 10.1016/j.apmr.2013.08.002

Rashid, U., Kumari, N., Signal, N., Taylor, D., and Vandal, A. C. (2020). On
nonlinear regression for trends in split-belt treadmill training. Brain Sci. 10:737.
doi: 10.3390/brainscil0100737

Raz, N, Lindenberger, U., Rodrigue, K. M., Kennedy, K. M., Head, D., Williamson,
A., etal. (2005). Regional brain changes in aging healthy adults: general trends,
individual differences and modifiers. Cereb. Cortex 15, 1676-1689. doi: 10.1093/
cercor/bhi044

Reisman, D. S., Block, H.J., and Bastian, A.J. (2005). Interlimb coordination during
locomotion: what can be adapted and stored? J. Neurophysiol. 94, 2403-2415.
doi: 10.1152/jn.00089.2005

Reisman, D. S., Wityk, R., Silver, K., and Bastian, A. J. (2007). Locomotor
adaptation on a split-belt treadmill can improve walking symmetry post-stroke.
Brain 130, 1861-1872. doi: 10.1093/brain/awm035

Reuter-Lorenz, P. A., and Cappell, K. A. (2008). Neurocognitive aging and the
compensation hypothesis. Curr. Dir. Psychol. Sci. 17, 177-182. doi: 10.1111/j.
1467-8721.2008.00570.x

Roemmich, R. T., and Bastian, A. J. (2015). Two ways to save a newly learned motor
pattern. J. Neurophysiol. 113, 3519-3530. doi: 10.1152/jn.00965.2014

Roemmich, R. T., Long, A. W., and Bastian, A. J. (2016). Seeing the errors you feel
enhances locomotor performance but not learning. Curr. Biol. 26, 2707-2716.
doi: 10.1016/j.cub.2016.08.012

Rossi, C., Chau, C. W., Leech, K. A., Statton, M. A., Gonzalez, A. J., and Bastian,
A. J. (2019). The capacity to learn new motor and perceptual calibrations
develops concurrently in childhood. Sci. Rep. 9:9322. doi: 10.1038/s41598-019-
45074-6

Roy, D. S., Kitamura, T., Okuyama, T., Ogawa, S. K., Sun, C., Obata, Y., et al. (2017).
Distinct neural circuits for the formation and retrieval of episodic memories.
Cell 170, 1000-1012. doi: 10.1016/j.cell.2017.07.013

Sala-Llonch, R., Bartrés-Faz, D., and Junqué, C. (2015). Reorganization of brain
networks in aging: a review of functional connectivity studies. Front. Psychol.
6:663. doi: 10.3389/fpsyg.2015.00663

Satterthwaite, T. D., Wolf, D. H., Erus, G., Ruparel, K., Elliott, M. A., Gennatas,
E. D, et al. (2013). Functional maturation of the executive system during
adolescence. J. Neurosci. 33, 16249-16261. doi: 10.1523/JNEUROSCI.2345-13.
2013

Sawers, A., Kelly, V. E., and Hahn, M. E. (2013). Effects of gradual versus sudden
training on the cognitive demand required while learning a novel locomotor
task. J. Mot. Behav. 45, 405-414. doi: 10.1080/00222895.2013.815151

Seidler, R. D. (2006). Differential effects of age on sequence learning and
sensorimotor adaptation. Brain Res. Bull. 70, 337-346. doi: 10.1016/j.
brainresbull.2006.06.008

Seidler, R. D., Bernard, J. A., Burutolu, T. B., Fling, B. W., Gordon, M. T., Gwin,
J. T., etal. (2010). Motor control and aging: links to age-related brain structural,
functional, and biochemical effects. Neurosci. Biobehav. Rev. 34, 721-733. doi:
10.1016/j.neubiorev.2009.10.005

Shadmehr, R., Smith, M. A., and Krakauer, J. W. (2010). Error correction, sensory
prediction, and adaptation in motor control. Annu. Rev. Neurosci. 33, 89-108.
doi: 10.1146/annurev-neuro-060909-153135

Sibley, K. M., Mochizuki, G., Frank, J. S, and Mcllroy, W. E. (2010).
The relationship between physiological arousal and cortical and autonomic
responses to postural instability. Exp. Brain Res. 203, 533-540. doi: 10.1007/
500221-010-2257-8

Smith, E., Cusack, T., Cunningham, C., and Blake, C. (2017). The influence of a
cognitive dual task on the gait parameters of healthy older adults: a systematic
review and meta-analysis. J. Aging Phys. Act. 25, 671-686. doi: 10.1123/japa.
2016-0265

Frontiers in Aging Neuroscience | www.frontiersin.org

November 2021 | Volume 13 | Article 729284


https://doi.org/10.1523/JNEUROSCI.1294-09.2009
https://doi.org/10.1523/JNEUROSCI.1294-09.2009
https://doi.org/10.1152/jn.00355.2018.-Learning
https://doi.org/10.1007/s00221-012-3060-5
https://doi.org/10.3389/fneur.2018.00913
https://doi.org/10.3389/fneur.2018.00913
https://doi.org/10.1037/0882-7974.15.3.417
https://doi.org/10.1037/a0023923
https://doi.org/10.1016/j.neuroimage.2010.04.249
https://doi.org/10.1152/jn.00832.2009
https://doi.org/10.1016/j.nlm.2015.11.003
https://doi.org/10.1016/j.parkreldis.2008.02.012
https://doi.org/10.1152/jn.00509.2019
https://doi.org/10.1093/brain/119.4.1183
https://doi.org/10.1152/jn.00938.2012
https://doi.org/10.1152/jn.00734.2013
https://doi.org/10.1523/JNEUROSCI.5061-14.2015
https://doi.org/10.1016/j.tics.2016.05.002
https://doi.org/10.1523/JNEUROSCI.1046-15.2015
https://doi.org/10.1523/JNEUROSCI.1046-15.2015
https://doi.org/10.1152/jn.00129.2004
https://doi.org/10.1007/s12402-017-0226-9
https://doi.org/10.1152/jn.01002.2010
https://doi.org/10.1080/713755914
https://doi.org/10.1007/s00221-018-5282-7
https://doi.org/10.1152/jn.00673.2014
https://doi.org/10.1002/hbm.20131
https://doi.org/10.1016/j.apmr.2013.08.002
https://doi.org/10.3390/brainsci10100737
https://doi.org/10.1093/cercor/bhi044
https://doi.org/10.1093/cercor/bhi044
https://doi.org/10.1152/jn.00089.2005
https://doi.org/10.1093/brain/awm035
https://doi.org/10.1111/j.1467-8721.2008.00570.x
https://doi.org/10.1111/j.1467-8721.2008.00570.x
https://doi.org/10.1152/jn.00965.2014
https://doi.org/10.1016/j.cub.2016.08.012
https://doi.org/10.1038/s41598-019-45074-6
https://doi.org/10.1038/s41598-019-45074-6
https://doi.org/10.1016/j.cell.2017.07.013
https://doi.org/10.3389/fpsyg.2015.00663
https://doi.org/10.1523/JNEUROSCI.2345-13.2013
https://doi.org/10.1523/JNEUROSCI.2345-13.2013
https://doi.org/10.1080/00222895.2013.815151
https://doi.org/10.1016/j.brainresbull.2006.06.008
https://doi.org/10.1016/j.brainresbull.2006.06.008
https://doi.org/10.1016/j.neubiorev.2009.10.005
https://doi.org/10.1016/j.neubiorev.2009.10.005
https://doi.org/10.1146/annurev-neuro-060909-153135
https://doi.org/10.1007/s00221-010-2257-8
https://doi.org/10.1007/s00221-010-2257-8
https://doi.org/10.1123/japa.2016-0265
https://doi.org/10.1123/japa.2016-0265
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

Rossi et al.

Cognitive-Motor Interference in Locomotor Adaptation

Smith, M. A., Ghazizadeh, A., and Shadmehr, R. (2006). Interacting adaptive
processes with different timescales underlie short-term motor learning. PLoS
Biol. 4:¢179. doi: 10.1371/journal.pbio.0040179

Sombric, C. J., Harker, H. M., Sparto, P. J., and Torres-Oviedo, G. (2017). Explicit
action switching interferes with the context-specificity of motor memories in
older adults. Front. Aging Neurosci. 9:40. doi: 10.3389/fnagi.2017.00040

Sombric, C. J., and Torres-Oviedo, G. (2021). Cognitive and motor perseveration
are associated in older adults. Front. Aging Neurosci. 13:610359. doi: 10.3389/
fnagi.2021.610359

Song, J. H., and Bédard, P.
task contexts for visuomotor
doi: 10.1177/0956797614557868

Spreng, R. N., and Turner, G. R. (2019). The shifting architecture of cognition
and brain function in older adulthood. Perspect. Psychol. Sci. 14, 523-542.
doi: 10.1177/1745691619827511

Suzuki, M., Kawagoe, T., Nishiguchi, S., Abe, N., Otsuka, Y., Nakai, R., et al. (2018).
Neural correlates of working memory maintenance in advanced aging: evidence
from fMRI. Front. Aging Neurosci. 10:358. doi: 10.3389/fnagi.2018.00358

Taylor, J. A., and Ivry, R. B. (2012). The role of strategies in motor learning. Ann.
N. Y. Acad. Sci. 1251, 1-12. doi: 10.1111/§.1749-6632.2011.06430.x

Taylor, J. A, and Ivry, R. B. (2014). Cerebellar and prefrontal cortex contributions
to adaptation, strategies, and reinforcement learning. Prog. Brain Res. 210,
217-253. doi: 10.1016/B978-0-444-63356-9.00009-1

Taylor, J. A., Krakauer, J. W., and Ivry, R. B. (2014). Explicit and implicit
contributions to learning in a sensorimotor adaptation task. J. Neurosci. 34,
3023-3032. doi: 10.1523/JNEUROSCI.3619-13.2014

Taylor, J. A., and Thoroughman, K. A. (2008). Motor adaptation scaled by the
difficulty of a secondary cognitive task. PLoS One 3:2485. doi: 10.1371/journal.
pone.0002485

Tinetti, M. E., and Williams, C. S. (1998). The effect of falls and fall injuries on
functioning in community-dwelling older persons. J. Gerontol. A Biol. Sci. Med.
Sci. 53A, 112-131. doi: 10.1093/gerona/53A.2.M112

Tisserand, D. J., Van Boxtel, M. P. J., Pruessner, J. C., Hofman, P., Evans, A. C.,
and Jolles, J. (2004). A voxel-based morphometric study to determine individual
differences in gray matter density associated with age and cognitive change over
time. Cereb. Cortex 14, 966-973. doi: 10.1093/cercor/bhh057

Tseng, Y. W., Diedrichsen, J., Krakauer, J. W., Shadmehr, R., and Bastian, A. J.
(2007). Sensory prediction errors drive cerebellum-dependent adaptation of
reaching. J. Neurophysiol. 98, 54-62. doi: 10.1152/jn.00266.2007

Vandevoorde, K., and de Xivry, J. J. O. (2020). Why is the explicit component
of motor adaptation limited in elderly adults? J. Neurophysiol. 124, 152-167.
doi: 10.1152/jn.00659.2019

Vasudevan, E. V. L., Torres-Oviedo, G., Morton, S. M., Yang, J. F., and Bastian,
A.J.(2011). Younger is not always better: development of locomotor adaptation
from childhood to adulthood. J. Neurosci. 31, 3055-3065. doi: 10.1523/
JNEUROSCI.5781-10.2011

of dual-
148-158.

benefits
Sci. 26,

(2015). Paradoxical

memory. Psychol.

Vazquez, A., Statton, M. A., Busgang, S. A., and Bastian, A. J. (2015). Split-belt
walking adaptation recalibrates sensorimotor estimates of leg speed but not
position or force. J. Neurophysiol. 114, 3255-3267. doi: 10.1152/jn.00302.2015

Vervoort, D., Rob Den Otter, A., Buurke, T. J. W., Vuillerme, N., Hortobagyi,
T., and Lamoth, C. J. C. (2019). Effects of aging and task prioritization on
split-belt gait adaptation. Front. Aging Neurosci. 11:10. doi: 10.3389/fnagi.2019.0
0010

Wilhelm, O., Hildebrandt, A., and Oberauer, K. (2013). What is working memory
capacity, and how can we measure it? Front. Psychol. 4:433. doi: 10.3389/fpsyg.
2013.00433

Yaple, Z. A., Stevens, W. D., and Arsalidou, M. (2019). Meta-analyses of the n-back
working memory task: fMRI evidence of age-related changes in prefrontal
cortex involvement across the adult lifespan. Neuroimage 196, 16-31. doi: 10.
1016/j.neuroimage.2019.03.074

Yogev-Seligmann, G., Hausdorff, J. M. and Giladi, N. (2012). Do we
always prioritize balance when walking? Towards an integrated model
of task prioritization. Mov. Disord. 27, 765-770. doi: 10.1002/mds.2
4963

Yogev-Seligmann, G., Rotem-Galili, Y., Mirelman, A., Dickstein, R., Giladi,
N., and Hausdorff, J. M. (2010). How does explicit prioritization alter
walking during dual-task performance? Effects of age and sex on gait
speed and variability. Phys. Ther. 90, 177-186. doi: 10.2522/ptj.2009
0043

Zijlstra, G. A. R., van Haastregt, J. C. M., van Eijk, J. T. M., van Rossum, E.,
Stalenhoef, P. A., and Kempen, G. I. J. M. (2007). Prevalence and correlates of
fear of falling, and associated avoidance of activity in the general population of
community-living older people. Age Ageing 36, 304-309. doi: 10.1093/ageing/
afm021

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Rossi, Roemmich, Schweighofer, Bastian and Leech. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org

18

November 2021 | Volume 13 | Article 729284


https://doi.org/10.1371/journal.pbio.0040179
https://doi.org/10.3389/fnagi.2017.00040
https://doi.org/10.3389/fnagi.2021.610359
https://doi.org/10.3389/fnagi.2021.610359
https://doi.org/10.1177/0956797614557868
https://doi.org/10.1177/1745691619827511
https://doi.org/10.3389/fnagi.2018.00358
https://doi.org/10.1111/j.1749-6632.2011.06430.x
https://doi.org/10.1016/B978-0-444-63356-9.00009-1
https://doi.org/10.1523/JNEUROSCI.3619-13.2014
https://doi.org/10.1371/journal.pone.0002485
https://doi.org/10.1371/journal.pone.0002485
https://doi.org/10.1093/gerona/53A.2.M112
https://doi.org/10.1093/cercor/bhh057
https://doi.org/10.1152/jn.00266.2007
https://doi.org/10.1152/jn.00659.2019
https://doi.org/10.1523/JNEUROSCI.5781-10.2011
https://doi.org/10.1523/JNEUROSCI.5781-10.2011
https://doi.org/10.1152/jn.00302.2015
https://doi.org/10.3389/fnagi.2019.00010
https://doi.org/10.3389/fnagi.2019.00010
https://doi.org/10.3389/fpsyg.2013.00433
https://doi.org/10.3389/fpsyg.2013.00433
https://doi.org/10.1016/j.neuroimage.2019.03.074
https://doi.org/10.1016/j.neuroimage.2019.03.074
https://doi.org/10.1002/mds.24963
https://doi.org/10.1002/mds.24963
https://doi.org/10.2522/ptj.20090043
https://doi.org/10.2522/ptj.20090043
https://doi.org/10.1093/ageing/afm021
https://doi.org/10.1093/ageing/afm021
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Younger and Late Middle-Aged Adults Exhibit Different Patterns of Cognitive-Motor Interference During Locomotor Adaptation, With No Disruption of Savings
	Introduction
	Materials and Methods
	Participants
	Treadmill Walking
	Cognitive Task
	Experimental Protocols
	Data Collection
	Motor Data
	Cognitive Data

	Data and Statistical Analysis
	Motor Data
	Cognitive Data


	Results
	Experiment 1: Dual-Tasking During Locomotor Adaptation Leads to Cognitive-Related Motor Interference Very Early in Adaptation and Readaptation in Young Adults, but Does Not Affect Locomotor Savings
	Experiment 2: Dual-Tasking During Locomotor Adaptation Leads to Motor-Related Cognitive Interference in Late Middle-Aged Adults, but Does Not Affect Locomotor Savings

	Discussion
	Dual-Tasking During Adaptation Did Not Interfere With Locomotor Savings in Either Age Group

	Dual-Tasking During Adaptation Led to Cognitive-Related Motor Interference Very Early in Adaptation in Young Adults
	Dual-Tasking During Locomotor Adaptation Led to Motor-Related Cognitive Interference in Late Middle-Aged Adults
	Limitations

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References




