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Abstract

Corticospinal drive during walking is reduced in older adults compared with young adults, but it is not clear how this decrease
might compromise one’s ability to adjust stepping, particularly during visuomotor adaptation. We hypothesize that age-related
changes in corticospinal drive could predict differences in older adults’ step length and step time adjustments in response to vis-
ual perturbations compared with younger adults. Healthy young (n = 21; age 18-33 yr) and older adults (n = 20; age 68-80 yr)
were tested with a treadmill task, incorporating visual feedback of the foot position and stepping targets in real-time. During ad-
aptation, the visuomotor gain was reduced on one side, causing the foot cursor and step targets to move slower on that side of
the screen (i.e., split-visuomotor adaptation). Corticospinal drive was quantified by coherence between electromyographic signals
in the beta-gamma frequency band (15-45 Hz). The results showed that 7) older adults adapted to visuomotor perturbations dur-
ing walking, with a similar reduction in error asymmetry compared with younger adults; 2) however, older adults showed reduced
adaptation in step time symmetry, despite demonstrating similar adaptation in step length asymmetry compared with younger
adults; and 3) smaller overall changes in step time asymmetry was associated with reduced corticospinal drive to the tibialis an-
terior in the slow leg during split-visuomotor adaptation. These findings suggest that changes in corticospinal drive may affect
older adults’ control of step timing in response to visual challenges. This could be important for safe navigation when walking in
different environments or dealing with unexpected circumstances.

NEW & NOTEWORTHY Corticospinal input is essential for visually guided walking, especially when the walking pattern must be
modified to accurately step on safe locations. Age-related changes in corticospinal drive are associated with inflexible step time,
which necessitates different locomotor adaptation strategies in older adults.

aging; coherence; electromyography; locomotion; visuomotor

INTRODUCTION limb trajectory (3, 5). Precision in both timing and position-
ing is critical, especially when navigating different environ-
ments or dealing with unpredictable circumstances [e.g.,

crowded areas (6), street crossings (7)].

In normal walking, vision plays an essential role in pro-
viding the central nervous system with external cues for

adjusting our speed, direction, and foot placement (1, 2).
Anticipatory locomotor planning based on visual informa-
tion is dependent on cortical networks including the poste-
rior parietal area, which is important for the integration of
visual and proprioceptive signals to estimate the relative
location of footfall targets with respect to the body (3, 4).
Signals from the motor cortex are integrated into the activ-
ity of spinal locomotor circuits to adapt the timing and
magnitude of muscle activity, providing precise control of
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Older adults have more difficulties walking in complex
environments that require precise visuomotor coordination
and rapid step adjustments, leading to increased fall risks
(8-10). When approaching stepping targets or obstacles,
older adults exhibit delayed stepping adjustments and prefer
more conservative control strategies (e.g., more short steps)
compared with young adults (8, 10-14). In addition, visuo-
motor adaptation may be impaired in older adults (15),
diminishing their ability to update leg movements during

L))

Check for
Updates

www.jn.org

Downloaded from journals.physiology.org/journal/jn at Univ of Florida Acq & Licensing Serials (128.227.001.032) on March 18, 2024.


https://orcid.org/0000-0002-1167-1091
https://orcid.org/0000-0003-4963-9094
mailto:juliachoi@ufl.edu
https://crossmark.crossref.org/dialog/?doi=10.1152/jn.00078.2023&domain=pdf&date_stamp=2023-11-8
http://www.jn.org
https://doi.org/10.1152/jn.00078.2023

(}) NEURAL CORRELATES OF VISUOMOTOR GAIT ADAPTATION IN AGING

visually guided walking. For example, when walking while
wearing prism goggles, older adults demonstrate smaller
overall changes and a slower rate of adaptation in angular
error compared with young adults (16, 17). When visuomotor
adaptation involved precision stepping, older adults per-
formed the movements more slowly but were able to achieve
accuracy levels similar to young adults with practice (18). To
address these issues and enhance fall prevention strategies
for older adults, it is important to understand the neural
mechanisms underpinning both the temporal and spatial
aspects of gait adaptability during visually guided walking
and how these mechanisms change with aging.

Corticospinal drive, which plays an important role in
human locomotor control, has been shown to decline with
increasing age (19-21). In healthy young adults, electromyog-
raphy (EMG) recordings from synergistic muscles demon-
strate coherence within beta (15-30 Hz) and gamma (30-50
Hz) frequencies during normal walking, suggesting a role of
oscillatory inputs in gait (22, 23). This EMG-EMG coherence
is linked to corticomuscular coherence within a similar fre-
quency range (~24-40 Hz), which further suggests that the
EMG coupling is driven by corticospinal activity during
walking (24).

In older adults, reduced corticospinal drive measured
through corticomuscular and intramuscular coherence has
been associated with decreased stepping accuracy during
precision walking (19). Our previous study also demonstrated
that older adults have reduced corticospinal drive compared
with younger adults during split-belt treadmill walking and
that intramuscular coherence was associated with individual
variability in temporal gait adaptation (20, 25). Interestingly,
corticospinal drive was associated with temporal adaptation
but not spatial adaptation (20), which may indicate that these
two processes are independently controlled (26-28). These
findings suggest that age-related changes in corticospinal
drive may necessitate different control strategies for gait
adjustments in older adults in response to visual cues.

The objective of this study was to determine the influ-
ence of age and corticospinal drive on temporal and spatial
gait strategies during visuomotor locomotor adaptation.
Specifically, we examined visuomotor adaptation in a preci-
sion stepping task. When visual perturbations were intro-
duced on one side during a target stepping task (i.e., split-
visuomotor walking adaptation), healthy young adults
gradually adapted both step length and step time symmetry
to reduce error in foot placement (29). We hypothesized
that 1) older adults will show reduced visuomotor adapta-
tion and larger errors compared with younger adults; 2)
change in step length and step time will be less or slower in
older adults compared with young adults; and 3) individual
variability in change in step time during visuomotor walk-
ing adaptation will be associated with the amount of corti-
cospinal drive, based on our previous study in split-belt
walking adaptation (20).

METHODS
Participants

Twenty-one healthy young adults and 20 healthy older
adults participated in this study (Table 1). Inclusion
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Table 1. Participant characteristics

Young (n = 21) Old (n = 20) P Value
Age, yr 23+45 75+4.4 < 0.001
Sex (M:F) 9:12 1:9 0.538
Height, cm 169.4+9.5 171.5+9.0 0.425
Weight, kg 67.8+14.2 76.7+16.0 0.055
BMI, kg/m? 235+3.8 26.0+4.9 0.062
SPPB 12.0+£0.2 1.5+0.9 0.023
SPPB-A 3.4+03 3.0£04 0.001
Overground gait speed, m/s 1.8+0.2 1.5+£0.3 0.003
FSS 29.0+7.8 28.4+13.3 0.863
Godin 113.2+13.3  188.4+156.8 0.085
Waterloo 0.7+0.6 0.8+0.6 0.922
TICS 36.2+17 36.2+2.1 0.988
Treadmill speed, m/s 0.70+0.05 0.70+0.04 0.949

Mean and SD are reported. Independent ¢ tests were used to
determine group differences. To assess sex distribution difference,
a two-tailed Fischer’s exact-test was used. SPPB, short physical
performance battery (max score = 12; higher score = higher physi-
cal function); SPPB-A, advanced short physical performance bat-
tery (max score = 4; higher score = higher physical function).
Overground gait speed was measured from a 6-m walking test
included in SPPB-A. FSS, fatigue severity scale (max score = 63;
higher score = greater fatigue severity); Godin, Godin physical ac-
tivity questionnaire (higher score = more physical activity);
Treadmill speed, treadmill speed based on each participant’s leg
length; TICS, telephone interview for cognitive status (max score =
41; score greater than 32 = nonimpaired cognitive status);
Waterloo, Waterloo footedness questionnaire (2 = strong right
dominance, —2 = strong left dominance).

criteria were no previous history of neurological disorder,
no current major medical conditions (including cognitive),
no current orthopedic injuries, ability to walk without any
walking aids (including ankle-foot orthoses) for at least 10
min, and visual acuity over 20/40. Participants were char-
acterized for physical activity using the Short Physical
Performance Battery (SPPB) and the Advanced SPPB
(SPPB-A) (30), walking speed (6-m walk test included in
SPPB-A), cognitive status using the Telephone Interview
for Cognitive Status (TICS), recent subjective experience of
fatigue using Fatigue Severity Scale, physical activity lev-
els using the Godin Leisure Time Questionnaire, and leg-
dominance using the Waterloo Footedness Questionnaire.
All participants gave informed written consent before the
study in accordance with the protocol approved by the
Institutional Review Board of the University of Florida,
Gainesville, FL (Protocol # 202000764).

Experimental Setup

Participants walked on an instrumented split-belt tread-
mill (Bertec, Columbus, OH) while performing a target step-
ping task projected on a screen in front of the treadmill (Fig.
1A). A Miqus camera system (Qualisys, Gothenburg, Sweden)
was used for real-time tracking of reflective markers placed
on the lower limbs. The screen displayed a dot representing
the current y-position (anterior-posterior axis) of the swing foot
(i.e., reflective marker on the fifth metatarsal) on the treadmill,
where the front of the treadmill is mapped on the top of the
screen. Targets were represented by squares on the display.
Targets for the left foot and right foot appeared on the left and
right side of midline, respectively.

The speed of the treadmill was based on each participant’s
leg length (Table 1), which was measured from the greater
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Figure 1. A: experimental setup. Reflective markers were placed on: 1) anterior superior iliac spine (pelvis), 2) greater trochanter (hip), 3) joint line of the
knee (knee), 4) lateral malleolus (ankle), and 5) fifth metatarsal (toe) bilaterally. Stepping target (red box) and a cursor representing the swing foot (blue
dot) were displayed in real-time on a screen in front of the treadmill. B: visual feedback. During split-visuomotor adaptation, the gain was reduced to 0.9
on the “slow” side and remained at 1.0 on the “fast” side. The text “slow” and “fast” were not visible to the participant. The empty blue circle represents
the actual foot position, relative to the seen location (blue dot). The speed of the target and toe (length of the red and blue arrows, respectively) is slower
on the side with the lower gain. C: split-visuomotor walking adaptation paradigm. Fam, familiarization; no VF, no visual feedback; Pre, baseline condi-

tions; VM, visuomotor.

trochanter to the lateral malleolus for each leg and averaged
between limbs. The average step length (i.e., vertical dis-
tance between stepping targets for the visuomotor task) was
set at two-thirds of the leg length. The speed of the treadmill
was set to 1.33 x step length, i.e., speed (m/s) = step length
(m) x cadence (90 steps/60 s), which feels comfortable for
most participants performing a similar visuomotor walking
task (29, 31). Treadmill speed for both young and older adults
were well below the overground gait speed assessed with a 6-
m walk test during the SPPB-A.

Visuomotor Adaptation Paradigm

Stepping targets were projected on the screen based on
the calculated step lengths and speed of the treadmill.
Participants were instructed to “step accurately in the target
as possible.” When the visuomotor gain was set to 1.0, the
speed at which the targets moved down was the same as the
treadmill speed (equal on both sides). When the visuomotor
gain was set to 0.9, the relationship between the screen and
treadmill space was distorted in a way that screen space was
reduced relative to treadmill space (screen space = treadmill
space x 0.9). As a result, when the visuomotor gain is
decreased, the target speed decreased on the screen, and
the participants needed to alter step timing and/or posi-
tioning to hit the target. A supplementary video of the vis-
ual feedback display is available from https://figshare.com/
s/6¢27edb0fa50f49803aa.

The paradigm consisted of six conditions (Fig. 1C): 1) 5 min
with no visual feedback for familiarization on the treadmill;
2) 5 min with no visual feedback for baseline; 3) 300 steps
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with symmetrical visuomotor gain set at 0.9:0.9 (“pre-slow”);
4) 300 steps with symmetrical visuomotor gain set at 1.0:1.0
(“pre-fast”); 5) 600 steps with split-visuomotor gain for adap-
tation (0.9:1.0); and 6) 600 steps with equal visuomotor gain
(1.0:1.0) for postadaptation. The leg with visuomotor gain =
1.0 during adaptation (referred to as the “fast leg”) and the
leg with visuomotor gain = 0.9 (referred to as the “slow leg”)
were randomized between participants with the same leg
dominancy, as leg dominancy may alter the rate of adapta-
tion (32, 33).

Data Collection

Muscle activity in the proximal and distal ends of the tibi-
alis anterior (TAp and TAd, respectively), medial gastrocne-
mius (MGAS), and soleus (SOL) were collected using surface
EMG (MAA411 Surface preamplifiers with stainless-steel elec-
trodes connected with an MA300 wired amplifier, Motion
Lab System, Baton Rouge, LA). To minimize the risk of cross
talk, the proximal and distal EMG electrodes were placed at
least 10 cm apart from each other (Fig. 2A). Lower limb kine-
matics were recorded at 100 Hz using an 8-camera Miqus
system. Force data from the treadmill and EMG signals were
collected at 1,000 Hz and synchronized with kinematics data
using Qualisys Track Manager 2.14 (Qualisys, Gothenburg,
Sweden).

Kinematic Analysis

Error was calculated as the difference between the loca-
tion of the toe at heel strike to the center of the target. Step
length was calculated as the anterior-posterior distance
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between the toe markers at time of heel strike (e.g., Fast step
length = distance between toe markers at heel strike when
fast leg was the leading leg). Step time was calculated as the
time from heel-strike of the nonreference limb to the subse-
quent heel-strike of the reference limb (e.g., Fast step time =
time between slow leg heel strike and subsequent fast leg
heel strike).

Step length asymmetry and step time asymmetry were
defined as the normalized difference between legs for each
stride (Eq. I). Error is already normalized to leg length, so the
error asymmetry was defined as the difference between
limbs for each stride (fast leg — slow leg).

Fastleg — slowleg
Asymmetry = ——————

(1)

To assess baseline behavior, the first 30 strides were aver-
aged for baseline with no visual feedback, preslow, and pre-
fast conditions. During adaptation and postadaptation,
averaged values were calculated over three different time
epochs: 1) initial (mean of first 5 strides), 2) early adaptation/
postadaptation (mean of strides #6-30), and 3) plateau
(mean of last 30 strides) (34). Overall change in adaptation
and postadaptation was identified as the asymmetry differ-
ence between plateau and initial epochs during split-visuo-
motor adaptation and postadaptation, respectively. Early
change in adaptation and postadaptation was identified as
the asymmetry difference between early and initial epochs
during split-visuomotor adaptation and postadaptation,
respectively.

Fastleg + slowleg

Coherence Analysis

Coherence between EMG pairs (denoted x and y) was char-
acterized based on previously described methods and
MATLAB functions from NeuroSpec (http://www.neurospec.
org). EMG signals were high-pass filtered at 8 Hz, rectified,
and normalized to have unit variance (35). Discrete Fourier
transformation analysis was applied to short sections of the
EMG taken at a fixed offset time to estimate their average
autospectras, fy, and f;,, and cross-spectrum f,. For each
Fourier frequency (1), the resulting coherence value provides
a measure of association of the x and y processes on a scale
from O to 1 (Eq. 2). A coherence value of O signifies no syn-
chrony between the two EMG signals and a coherence value
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Figure 2. Electromyography. A: electrode placement for
EMG measurements. B: example of processed tibialis ante-
rior (TA) and plantarflexor EMG from a representative partici-
pant. To calculate coherence during swing phase, we used
EMG signals from the proximal (black) and distal (gray) mus-
cle belly of the tibialis anterior 0-400 ms (shaded area) after
toe-off (thick black lines). To calculate coherence during
stance phase, we used EMG signals from the medial gastro-
cnemius (black) and soleus (gray) muscle 500-100 ms
(shaded area) before toe-off (thick black line). EMG example
is from the fast leg during the split-visuomotor adaptation.
Lat., lateral.

3.5 4.0

of 1 signifies perfect synchrony between the two EMG
signals.

A
Fu)p ()

Based on our preliminary data and previous studies with
EMG-EMG coherence during walking (20, 25, 36, 37), we
used 0-400 ms after toe-off (during swing phase of gait) to
calculate TAp-TAd coherence and 500-100 ms before toe-off
(during stance phase of gait) to calculate MGAS-SOL (plan-
tarflexor) coherence and MGAS-LGAS (gastrocnemius) co-
herence (Fig. 2B). Coherence was calculated for each leg over
the first 100 strides during each baseline condition and over
the first and last 100 strides of the adaptation and postadap-
tation periods. Coherence and cumulant density plots for
each participant and each condition were visually checked
to verify that there were no signs of cross talk (large and nar-
row central peak in cumulant density and high coherence >
0.5 for more than most frequencies; 38). The natural loga-
rithm of the cumulative sum of coherence was calculated for
the beta-gamma band (15-45 Hz).

|R\y(7\f) ‘2 = (2)

Statistical Analysis

Age group differences in baseline kinematic asymmetry
and overall and early changes in kinematic adaptation were
assessed though independent ¢ tests. To assess potential
baseline differences in performance, we also assessed “fast”
and “slow” limb kinematics for all baseline conditions with a
two-way mixed-measures ANOVA to assess age group
(Young vs. Old), symmetry (Fast vs. Slow leg), and interac-
tion effects. For kinematic changes that showed significant
group differences, we also used an ANCOVA test to test
group differences while controlling for physical function
(SPPB-A).

Two-way mixed-measures ANOVA was performed to
determine the effects of age group (Young vs. Old) and con-
dition (prefast, preslow, early adaptation, late adaptation,
early postadaptation, and late postadaptation; for the fast
leg, preslow condition was omitted as preslow served as
baseline for the slow leg during adaptation only) and interac-
tion effects on each coherence measure. Greenhouse-Geisser
corrections were applied when the assumption of sphericity
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was violated (Mauchly’s test: P < 0.05). Post hoc pairwise
comparisons were conducted with Bonferroni corrections.
Effect sizes for paired comparisons were calculated with
Cohen’s d. Effect sizes were defined as small < 0.499, moder-
ate = 0.500-0.799, and large > 0.800.

The relationship between kinematic adaptation (overall
and early change) and coherence was assessed through a for-
ward stepwise multiple linear regression. Predictors consid-
ered in the model were age groups (1 = Younger adult, 2 =
Older adult) and the beta-gamma coherence from both legs
during early adaptation (6 coherence values were considered
as potential covariates in the model: 1) fast and 2) slow leg
intramuscular tibialis anterior, 3) fast and 4) slow leg inter-
muscular plantarflexor, and 5) fast and 6) slow leg intra-
muscular gastrocnemius coherence). The strength of the
relationships was assessed through root mean square error
(RMSE) and coefficient of determination (+?).

All statistical significance was established with an o
level = 0.05. Statistical analyses were performed using
JASP v0.14.1 (University of Amsterdam, Amsterdam, The
Netherlands).

RESULTS

Participants walked with symmetrical error during base-
line visually guided walking (preslow and prefast). There was
no evidence of age group differences during baseline condi-
tions for target error (Table 2). In the absence of visual feed-
back, older adults walked with shorter step lengths (P =
0.007, d = —0.212) and slower step times (P = 0.006, d =
—0.879), reflecting a more “cautious” gait, compared with
younger adults. However, there was no age-related differ-
ence in error, step lengths, or step times during preslow and
prefast suggesting that both young and older adults demon-
strated comparable precision stepping during baseline con-
ditions with visual cues. See Supplemental Figs. S1 and S2.

Visuomotor Adaptation during Walking

The capacity for visuomotor adaptation was assessed by
the amount of error reduction during adaptation and the
aftereffects size in postadaptation (reflecting the updated
visuomotor calibration). When the visuomotor gains were
split during adaptation, the slow leg undershot while the fast
leg overshot the target, so there was a significant increase in
error asymmetry during initial and early adaptation (Fig. 3A).

Table 2. Age group differences in baseline asymmetry

This error asymmetry was gradually reduced over the
course of adaptation. Early change (Aearly- initial) and
overall change in error asymmetry during adaptation
(Aplateau- initial) were not different between age groups
(Fig. 3, B and C; Table 3; Early A: P = 0.723, d = —-0.112;
Overall A: P=0.987, d = —0.005;).

When the visuomotor gains returned to symmetrical during
postadaptation, the slow leg overshot while the fast leg under-
shot the target, so error symmetry became negative in early
postadaptation (Fig. 4A). This negative aftereffect indicates stor-
age of a new visuomotor calibration, which must be actively
washed out. Both overall and early change in error asymmetry
during postadaptation was greater in young adults compared
with older adults (Fig. 4, B and C; Early A: P = 0.002,
d = 1.055; Overall A: P = 0.037, d = 0.677). This is likely
because younger adults had larger aftereffects compared
with older adults. After controlling for physical function,
overall change in error asymmetry during postadaptation
was not different between groups [F(1,38) = 1.98, P = 0.167];
however, group differences in early change in postadapta-
tion persisted even after controlling for physical function [F
(1,38) = 5.04, P = 0.031]. This suggests that the larger initial
aftereffect during initial postadaptation may be driven by
differences in physical function between age groups, rather
than differences in capacity for visuomotor adaptation.

Step Length Adjustments during Visuomotor
Adaptation

Participants walked with symmetrical step lengths and
step time during baseline with no visual feedback, preslow,
and prefast; there were no evidence of age group differences
during baseline conditions (Table 2). Participants took
increasingly longer step length on their slow leg compared
with the fast leg with split visuomotor gains, so step length
asymmetry became more negative over the course of adapta-
tion (Fig. 3D). Early and overall change in step length asym-
metry during adaptation was not different between age
groups (Fig. 3, E and F; Early A: P = 0.526, d = —0.200;
Overall A: P = 0.562, d = —0.183). In the beginning of posta-
daptation, participants continued walking with a longer step
on the slow leg, but this step length asymmetry was gradu-
ally reduced and returned to symmetrical values by the end
(Fig. 4D). Overall change in step length asymmetry during
postadaptation was not significantly different between
age groups, but early change was greater in young adults

95% Confidence
Interval for Difference
in Group Means

Baseline Condition Asymmetry Variables Young Adults Older Adults P Value Lower Upper Effect Size
No VF Step length 0.01+£0.04 0.02+£0.05 0.445 —0.04 0.02 —-0.241
Step time 0.00+0.02 0.00+0.02 0.925 —-0.01 0.01 —0.030
Preslow Error* —3.62114.51 —2.51£29.85 0.881 —16.28 14.04 —0.048
Step length* —0.01+£0.03 —0.01£0.06 0.894 —0.03 0.03 —0.042
Step time 0.00+0.03 0.00+0.03 0.998 —-0.02 0.02 —0.001
Prefast Error 0.56+20.74 —0.76£18.32 0.831 —11.07 13.70 0.067
Step length 0.00+0.03 0.00+0.03 0.929 —-0.02 0.02 0.028
Step time 0.00+0.03 0.00+0.03 0.655 —0.02 0.01 —0.141

Group differences between young (n = 21) and older adults (n = 20) are analyzed with a Student ¢ test, and effect size is given by
Cohen’s d. *Levene’s test was violated and P value reported is from a Welch test. No VF, no visual feedback.
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Figure 3. Visuomotor adaptation and gait asymmetry during adaptation. A, D, and G: stride-by-stride changes in error asymmetry, step length asymmetry, and
step time asymmetry during adaptation. Shaded areas are standard errors. Initial (I) = Strides #1-5, Early = Strides #6-30, Plateau phase = last 30 strides. Age

group means and standard error bars for overall change = A plateau phase —

initial phase during adaptation (B, E, H) and Early change = A early phase —

initial

phase during adaptation (C, F, /). Black circles = young participants (n = 21); red circles = older participants (n = 20). SL, step length; ST, step time.

compared with older adults (Fig. 4, E and F; Overall A: P =
0.089, d = 0.545; Early A: P = 0.006, d = 0.928). This group
difference in early change step length asymmetry during
postadaptation was still present after controlling for phys-
ical function [F(1,38) = 4.92, P = 0.033].

Reduced Step Time Adjustments during Visuomotor
Adaptation in Older Adults

Younger participants gradually adapted their step time
during split-visuomotor adaptation so that they took lon-
ger step time on their slow leg compared with the fast leg
and reached a plateau of negative step time asymmetry
(Fig. 3G). Early change in step time asymmetry during

J Neurophysiol » doi:10.1152/jn.00078.2023 - www.jn.org

adaptation was not different between age groups, but over-
all change in step time asymmetry was greater (i.e., more
negative; reached a lower plateau) in young adults com-
pared with older adults (I and I; Early A: P = 0.337, d =
—0.304; Overall A: P < 0.001, d = —1.170). This group dif-
ference in overall change in step time adaptation was still
present after controlling for physical function [F(1,38) =
16.10, P < 0.001]. During postadaptation, participants
gradually deadapted to reach a symmetrical step time (Fig.
4G). Early and overall change in step time asymmetry dur-
ing postadaptation was not significantly different between
age groups (Fig. 4, H and I; Early A: P = 0.164, d = 0.444;
Overall A: P=0.093, d = 0.537).
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Table 3. Age group differences in visuomotor adaptation and gait parameters

95% Confidence Interval
for Difference in Group Means

Condition Asymmetry Variables Difference P Value Lower Upper Effect Size

Adaptation Error Early change 0.723 —22.33 15.63 —-0.12

Overall change 0.987 —20.32 20.00 —0.005

Step length Early change 0.526 —0.05 0.02 —0.200

Overall change 0.562 —0.05 0.03 —0.183

Step time Early change 0.337 —0.04 0.01 —0.304

Overall change <0.001 —0.08 —0.03 —-1.170

Postadaptation Error Early change 0.002 13.86 55.30 1.055

Overall change 0.037 1.51 4414 0.677

Step length Early change* 0.006 0.02 on 0.928

Overall change* 0.089 —0.01 0.08 0.545

Step time Early change 0.164 —0.01 0.04 0.444

Overall change 0.093 —0.00 0.05 0.537

Group differences between young (n = 21) and older adults (n = 20) are analyzed with a Student ¢ test, and effect size is given by Cohen’s d.
*Levene’s test was violated and P value reported is from a Welch test. Bolded P values are statistically significant differences (P < 0.05).

To investigate what component of step time asymmetry ad-
aptation was different between age groups, we examined step
time for each leg separately (Fig. 5). Overall change in step time
in both the fast and slow leg was different between groups;
young adults adjusted to take faster steps on the fast leg and
slower steps on the slow leg compared with older adults (Fast
leg: P = 0.002, d = —1.028; Slow leg: P < 0.001, d = 1.178). These
group differences were present after controlling for physical
function [Fast leg: F(1,38) = 13.15, P < 0.001; Slow leg: F(1,38) =
15.53, P < 0.001]. As shown by the stride-by-stride plots and
effect size, there were greater differences in the slow leg than
the fast leg. This may suggest that older adults have more resist-
ance to adapting to take longer steps.

Older Adults Demonstrate Reduced EMG-EMG
Coherence

For all EMG-EMG coherence, older adults demonstrated
lower coherence compared with younger adults (Table 4).
Beta-gamma-band tibialis anterior coherence in the fast leg
during swing phase was different between conditions, but
condition x group interaction effect was not significant [Fig.
64, Condition: F(4, 156) = 5.20, P < 0.001; Condition x
group: F(4, 156) = 1.95, P = 0.105]. Post hoc between-condi-
tions comparisons showed that coherence increased during
early adaptation, and it was significantly higher compared
with late postadaptation. Coherence during late postadapta-
tion was also lower compared with baseline prefast.

Beta-gamma tibialis anterior coherence in the slow leg
during swing phase was different between conditions, but
condition x group interaction effect was not significant [Fig.
6B, Condition: F(5, 195) = 4.36, P < 0.001; Condition x
group: F(5, 195) = 1.57, P = 0.171]. Post hoc between-condi-
tions comparisons showed that coherence increased during
early adaptation and it was significantly higher compared
with late postadaptation. Coherence during late postadapta-
tion was also lower compared with baseline preslow.

Fast leg beta-gamma plantarflexor (MGAS-SOL) coherence
during stance phase was different not between conditions, and
condition x group interaction effect was not significant [Fig.
6C, Condition: F(4, 156) = 1.39, P = 0.240; Condition x group: F
(4,156) = 0.56, P = 0.696]. Slow leg plantarflexor coherence was
different between conditions, but condition x group interaction

1514

effect was not significant [Fig. 6D, Condition: F(3.40, 132.72) =
5.18, P = 0.001; Condition x group: F(3.40, 132.72) = 0.74, P =
0.544]. Post hoc between-conditions comparisons showed that
coherence increased during adaptation compared with baseline
prefast and preslow, and coherence during early adaptation
was higher compared with late postadaptation.

Fast leg beta-gamma gastrocnemius (MGAS-LGAS) coher-
ence during stance phase was not different between condi-
tions, and condition x group interaction effect was not
significant [Fig. 6F, Condition: F(3.05, 118.85) = 0.56, P =
0.645; Condition x group: F(3.05, 118.85) = 1.41, P = 0.244].
Slow leg gastrocnemius coherence was different between
conditions, but condition x group interaction effect was not
significant [Fig. 6F, Condition: F(2.91, 113.29) = 2.94, P =
0.038; Condition x group: F(2.91, 113.29) = 0.87, P = 0.457].
Post hoc between-conditions comparisons showed that co-
herence was lower during late adaptation compared with
baseline prefast.

EMG-EMG Coherence Associated with Step Time
Adaptation

A significant regression model was found for the overall
change in step time asymmetry during adaptation [F(1, 39) =
17.60, P < 0.001; r* = 0.311, RMSE = 0.045]. Higher slow leg
intramuscular tibialis anterior beta-gamma coherence dur-
ing the first 100 strides of adaptation significantly predicted
larger overall change (i.e., more negative overall change) in
step time asymmetry adaptation, and there was no group
interaction effect, suggesting that the association between
corticospinal drive and step time adaptation is consistent in
young and older adults (Fig. 7; Unstandardized p = —0.040,
Standardized B = —0.558, P < 0.001).

DISCUSSION

In this study, we examined how age-related changes in cor-
ticospinal drive impact visuomotor adaptation and gait
adaptability during walking in healthy older adults. Our find-
ings suggest that older adults exhibit the capacity for error
reduction similar to that of younger adults and the ability to
store new visuomotor calibrations during precision walking.
However, older adults displayed smaller changes in step
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timing during visuomotor adaptation compared with young
adults. This reduction in overall change in step time asym-
metry was associated with the level of corticospinal drive to
the tibialis anterior in the slow leg in young and older adults.
Our results indicate that age-related changes in corticospinal
drive may specifically alter timing control strategies and tem-
poral gait adjustments in response to visual cues.

Adapting and Storing Visuomotor Calibrations in Walking

Visuomotor adaptation is an error-based learning process
that involves the recalibration of sensorimotor mappings to
maintain movement accuracy (39, 40). Both healthy young
and older adults have the capacity to adapt leg movements in

J Neurophysiol » doi:10.1152/jn.00078.2023 - www.jn.org

Strides #1-5, Early =
bars for overall change during postadaptation (B, E, H) and early change during postadaptation (C, F, /). Overall change = A plateau phase —

Strides #6-30, Plateau = last 30 strides. Age group means and standard error
initial phase; Early

initial phase; black circles = young participants (n = 21); red circles = older participants (n = 20). SL, step length; ST, step time.

response to visual perturbations (16-18, 41, 42). However, pre-
vious studies have suggested that aging may impair this abil-
ity, leading to slower or small overall error reduction during
walking in older adults (16-18, 42). In this study, older adults
demonstrated a reduction in foot placement error symmetry
that was comparable to younger adults during split-visuomo-
tor adaptation. Another study similarly indicated that when
visuomotor adaptation involved precision stepping, older
adults achieved error reduction levels comparable to young
adults (41). Together, these studies suggest that the capacity
for visuomotor adaptation in older adults is “normal” (i.e.,
comparable to that of younger adults), but could also vary
depending on the precision demands of the walking task. Our
study further showed that aging did not affect the ability to
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retain new visuomotor calibration in walking, as aftereffects
in foot placement errors were observed in older adults. These
results are consistent with previous studies demonstrating
similar aftereffects in young and older adults following visuo-
motor adaptation (41, 43, 44).

Spatial and Temporal Control of Gait Adaptation with Aging

To reduce foot placement error during the visuomotor adap-
tation, participants can adjust their step timing and step

Table 4. Main effect of age group on coherence

Coherence Leg P Value Cohen’s d
Tibialis anterior (TAp-TAd) Fast leg <0.001 1.588
Slow leg <0.001 1771
Plantarflexor (MGAS-SOL) Fast leg <0.001 1.164
Slow leg 0.012 0.741
Gastrocnemius (MGAS-LGAS) Fast leg <0.001 1.458
Slow leg <0.001 1.400

P value is from the main effect of age groups [between young

(n = 21) and older adults (n = 20)] in the mixed-measures ANOVA.
Effect size is given by Cohen’s d. LGAS, lateral gastrocnemius;
MGAS, medial gastrocnemius; SOL, soleus; TAd, distal tibialis an-
terior; TAp, proximal tibialis anterior. Bolded P values are statisti-
cally significant differences (P < 0.05).
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Stride # during adaptation p<0.001,d=1178

positioning to minimize error. The initial error arises from a
split-visuomotor gain, making the slow foot appear to under-
shoot the target. The slow target also moves slower, such that
the distance to the fast target looks shorter, leading participants
to overshoot on the fast leg. By extending step time on the slow
leg, participants can wait for the slow target to get closer to
reduce error on the slow leg. Participants can also shift the
slow limb further forward to minimize the undershoot. Both
the timing and positioning strategies would contribute to
change step length asymmetry (26). See Supplemental Fig. S3
for detailed kinematics in a typical young adult.

We showed that older adults had reduced overall change in
step time in both fast and slow limbs during split-visuomotor
adaptation compared with younger adults. Notably, the dif-
ference between age groups was larger in the slow limb com-
pared with the fast limb, suggesting that older adults may
have resisted extending their step times. Despite these timing
differences, older participants took increasingly longer step
lengths on their slow leg compared with the fast leg, and their
overall change in step length asymmetry was similar to that
of young adults. This suggests that older adults may be relying
more on a positioning strategy to achieve similar step length
symmetry and error reduction. See Supplemental Fig. S4 for
kinematics from a typical older adult.
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Figure 6. Natural logarithm of cumulative beta-gamma EMG-EMG coherence between the proximal and distal tibialis anterior (A and B), the medial gas-
trocnemius and soleus (C and D), and the medial and lateral gastrocnemius (E and F) in the fast (A, C, E) and slow leg (B, D, F). Black = young (n = 21);
red = old (n = 20); X = group means; error bars = standard deviation. Gray shaded areas represent adaptation (adaptation 1 = first 100 strides, adapta-
tion 2 = last 100 strides). Brackets indicate between-condition comparisons where P < 0.05. All comparisons were corrected for multiple comparisons
using the Bonferroni method. GS, gastrocnemius; PF, plantarflexors; TA, tibialis anterior.

Previous studies have suggested the independent control
of temporal and spatial aspects of walking adaptation (28,
45, 46). Our results suggest that aging may impact temporal
adaptation more compared with spatial adaptation during
visuomotor walking adaptation. The differential influence of
aging on step time versus step length adaptation could be
related to the additional cost of asymmetric step time in
walking (46, 47). Walking with asymmetric step times is
associated with greater additional metabolic costs com-
pared with walking with asymmetric step lengths (46, 47).
Although we did not examine metabolic cost, previous
studies have shown that older adults have higher meta-
bolic costs during walking compared with younger adults
(48). Therefore, older adults may prioritize maintaining

J Neurophysiol » doi:10.1152/jn.00078.2023 - www.jn.org

symmetrical step times to decrease metabolic expenditure
during split-visuomotor walking adaptation. Note that
participants of this study were instructed to “step accu-
rately in the target as possible” without specific guidance
on step timing. Therefore, the reduced step time asymme-
try in older adults may reflect a more economically effi-
cient strategy compared with younger adults.

Corticospinal Drive and Its Role in Walking Adaptation
in Older Adult

Corticospinal drive to leg muscles quantified by beta-
gamma coherence was lower in older adults compared with
younger adults during walking. This is in agreement with
previous studies that examined EMG-EMG coherence in
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older and younger adults during normal and visually guided
walking (19, 49) and during split-belt treadmill adaptation
(20). These studies suggest that age-related changes in corti-
cospinal drive may alter walking function in older adults.

Specifically, slow leg tibialis anterior beta-gamma coher-
ence was identified as a significant predictor of the overall
change in step time asymmetry during split-visuomotor
locomotor adaptation. There were no associations between
corticospinal drive and step length asymmetry changes nor
error asymmetry changes during split-visuomotor adapta-
tion. Previous studies on split-belt locomotor adaptation
also showed an association between corticospinal drive and
double support asymmetry but not step length asymmetry
(20, 25). The relationship between corticospinal drive with
temporal but not spatial gait parameters during multiple
forms of locomotor adaptation may suggest that corticospi-
nal drive plays a specific role in controlling the timing of
gait kinematics.

Note that neither the plantarflexors nor the gastrocnemius
coherence during stance was associated with kinematic adap-
tation during split-visuomotor locomotor adaptation. The lack
of relationships between the corticospinal drive to posterior
lower leg muscles active during stance suggests that in this
task, corticospinal drive may be more important for corrections
during swing phase to make appropriate timing adjustments.

Previous studies in people with hemispherectomy indi-
cated that large cerebral lesions do not abolish one’s ability to
adapt spatial variables, but they demonstrated impaired tem-
poral adaptation in walking (50). This may be due to separate
neural mechanisms controlling locomotor cycle timing and
cycle pattern (51). In cats, it has been shown that both the
motor cortex and the red nucleus have access to circuits con-
trolling the cycle pattern, but only the motor cortex has access
to circuits controlling cycle timing (52, 53). The distinct neural
mechanisms implies that temporal adjustments may depend
more on corticospinal drive to be executed effectively.

It is also documented that older adults overactivate the pre-
frontal cortex when performing motor and cognitive tasks
(54). Functional near-infrared spectroscopy studies have
revealed a positive correlation between stride-time variability
and activation in the primary motor cortex (55). The relation-
ship between increased cortical activity and decreased cortico-
spinal drive however is not well understood. One hypothesis is
that cortical networks may be compensating for the reduced
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corticospinal drive (56). Further studies using multimodal
brain and muscle recordings would be needed to understand
their integrated role in gait adaptation with age.

Limitations

There is a challenge in the interpretation of aging out-
comes as there are many covariates. Here, we recruited an
older sample for our aging cohort (i.e., not middle-aged older
adults), as there are fewer studies with older adult cohorts
with a group age average >70 yr old (for review see Ref. 57).
To facilitate the interpretation and to serve as a reference for
future studies, we have included functional assessments that
characterized physical and mental status.

Another challenge in the interpretation of kinematics out-
comes is the lack of a universal method for quantifying the
time course of changes that occur during adaptation. Some
studies have quantified the rate by exponential models, or
the number of strides to achieve a certain threshold, usually
defined by a plateau * individual variability (58, 59). In this
study, we used difference measures to quantify the overall
(A plateau - initial) versus early (A early - initial) changes in
kinematic parameters (20), to capture different phases of ad-
aptation and deadaptation.

Our study did not include direct measures of corticomuscu-
lar coherence (e.g., EEG-EMG) in parallel with measurements
of intramuscular coherence. There may be other neural influ-
ence that alters the EMG-EMG coherence, and it would be op-
timistic to state that the coherence measure quantifies
corticospinal drive exclusively. In addition, cross talk between
EMG signals can contaminate coherence. To minimize the
risk of cross talk between EMG signals, the proximal and dis-
tal EMG electrodes were placed at the furthest points in the
muscle belly (at least 10 cm apart from each other), and coher-
ence and cumulant density plots were visually examined (38).
Based on previous studies (60, 61), the changes in beta-
gamma EMG-EMG coherence reported in our study are likely
to be largely resultant from the changes in corticospinal activ-
ity originating from the motor cortex.

Conclusions

This study provides new insights into the influence of age-
related changes in corticospinal drive on visuomotor adapta-
tion and gait adaptability. While older adults can adapt walk-
ing patterns to visual perturbations, the underlying neural
and gait strategies differ with increased age. We found an age-
related reduction in corticospinal drive that is associated with
inflexible gait timing. These findings contribute to the litera-
ture on how aging affects motor learning and highlight a spe-
cific role of corticospinal drive during visuomotor walking
adaptation, with potential implications for gait rehabilitation.

DATA AVAILABILITY

Data will be made available upon reasonable request.

SUPPLEMENTAL DATA

Supplemental Video: dx.doi.org/10.6084/m9.figshare.22070123.

Supplemental Fig. S1: dx.doi.org/10.6084/m9.figshare.24412594.
Supplemental Fig. S2: dx.doi.org/10.6084/m9.figshare.24412696.
Supplemental Fig. S3: dx.doi.org/10.6084/m9.figshare.24412705.
Supplemental Fig. S4: dx.doi.org/10.6084/m9 .figshare.24412702.

J Neurophysiol » doi:10.1152/jn.00078.2023 - www.jn.org

Downloaded from journals.physiology.org/journal/jn at Univ of Florida Acq & Licensing Serials (128 227.001.032) on March 18, 2024.


http://dx.doi.org/10.6084/m9.figshare.22070123
http://dx.doi.org/10.6084/m9.figshare.24412594
http://dx.doi.org/10.6084/m9.figshare.24412696
http://dx.doi.org/10.6084/m9.figshare.24412705
http://dx.doi.org/10.6084/m9.figshare.24412702
http://www.jn.org

(}) NEURAL CORRELATES OF VISUOMOTOR GAIT ADAPTATION IN AGING

GRANTS

This research was supported by the American Society of

Biomechanics (to S. D. Sato) and the National Science Foundation
#2001222 (to J. T. Choi).

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by

the authors.

AUTHOR CONTRIBUTIONS
S.D.S. and J.T.C. conceived and designed research; S.D.S. per-

formed experiments; S.D.S. analyzed data; S.D.S. and J.T.C. inter-
preted results of experiments; S.D.S. prepared figures; S.D.S.
drafted manuscript; S.D.S. and J.T.C. edited and revised manu-
script; S.D.S. and J.T.C. approved final version of manuscript.

REFERENCES

Patla AE, Niechwiej E, Racco V, Goodale MA. Understanding the
contribution of binocular vision to the control of adaptive locomo-
tion. Exp Brain Res 142: 551-561, 2002. doi:10.1007/s00221-001-
0948-x.

Patla AE. How is human gait controlled by vision? Ecological
Psychology 10: 287-302, 1998. d0i:10.1207/s15326969ec0103&4_7.
Drew T, Marigold DS. Taking the next step: cortical contributions to
the control of locomotion. Curr Opin Neurobiol 33: 25-33, 2015.
doi:10.1016/j.conb.2015.01.011.

Marigold DS, Drew T. Posterior parietal cortex estimates the rela-
tionship between object and body location during locomotion. eLife
6:e28143, 2017. doi:10.7554/eLife.28143.

Drew T, Kalaska J, Krouchev N. Muscle synergies during locomo-
tion in the cat: a model for motor cortex control. J Physiol 586:
1239-1245, 2008. doi:10.1113/jphysiol.2007.146605.

Zukowski LA, lyiglin G, Giuliani CA, Plummer P. Effect of the
environment on gait and gaze behavior in older adult fallers com-
pared to older adult non-fallers. PLoS One 15: e0230479, 2020.
doi:10.1371/journal.pone.0230479.

Dommes A, Cavallo V, Oxley J. Functional declines as predictors of
risky street-crossing decisions in older pedestrians. Accid Anal Prev
59:135-143, 2013. doi:10.1016/j.aap.2013.05.017.

Young WR, Hollands MA. Evidence for age-related decline in visuo-
motor function and reactive stepping adjustments. Gait Posture 36:
477-481, 2012. doi:10.1016/j.gaitpost.2012.04.009.

Black AA, Kimlin JA, Wood JM. Stepping accuracy and visuomotor
control among older adults: effect of target contrast and refractive
blur. Ophthalmic Physiol Opt 34: 470-478, 2014. doi:10.1111/
opo.12141.

Weerdesteyn V, Nienhuis B, Duysens J. Advancing age progres-
sively affects obstacle avoidance skills in the elderly. Hum Mov Sci
24: 865-880, 2005. doi:10.1016/j.humov.2005.10.013.

Selgrade BP, Childs ME, Franz JR. Effects of aging and target
location on reaction time and accuracy of lateral precision step-
ping during walking. J Biomech 104: 109710, 2020. doi:10.1016/j.
jbiomech.2020.109710.

Zhang YJ, Smeets JBJ, Brenner E, Verschueren S, Duysens J.
Effects of ageing on responses to stepping-target displacements
during walking. Eur J Appl Physiol 121: 127-140, 2021. doi:10.1007/
s00421-020-04504-4.

Chen H-C, Ashton-Miller JA, Alexander NB, Schultz AB. Age effects
on strategies used to avoid obstacles. Gait & Posture 2: 139-146,
1994. doi:10.1016/0966-6362(94)90001-9.

Weerdesteyn V, Nienhuis B, Mulder T, Duysens J. Older women
strongly prefer stride lengthening to shortening in avoiding
obstacles. Exp Brain Res 161: 39-46, 2005. doi:10.1007/s00221-
004-2043-6.

Anguera JA, Reuter-Lorenz PA, Willingham DT, Seidler RD. Failure
to engage spatial working memory contributes to age-related
declines in visuomotor learning. J Cogn Neurosci 23: 11-25, 2011.
doi:10.1162/jocn.2010.21451.

J Neurophysiol « doi:10.1152/jn.00078.2023 - www.jn.org

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Nemanich ST, Earhart GM. How do age and nature of the motor
task influence visuomotor adaptation? Gait Posture 42: 564-568,
2015. doi:10.1016/j.gaitpost.2015.09.001.

Huitema RB, Brouwer WH, Mulder T, Dekker R, Hof AL, Postema
K. Effect of ageing on the ability to adapt to a visual distortion dur-
ing walking. Gait Posture 21: 440-446, 2005. doi:10.1016/j.
gaitpost.2004.05.007.

Tseng SC, Stanhope SJ, Morton SM. Visuomotor adaptation of vol-
untary step initiation in older adults. Gait Posture 31: 180-184, 2010.
doi:10.1016/j.gaitpost.2009.10.001.

Spedden ME, Choi JT, Nielsen JB, Geertsen SS. Corticospinal
control of normal and visually guided gait in healthy older and
younger adults. Neurobiol Aging 78: 29-41, 2019. doi:10.1016/].
neurobiolaging.2019.02.005.

Sato SD, Choi JT. Corticospinal drive is associated with temporal
walking adaptation in both healthy young and older adults. Front
Aging Neurosci14: 920475, 2022. doi:10.3389/fnagi.2022.920475.
Dos Santos PCR, Lamoth CJC, Barbieri FA, Zijdewind I, Gobbi LTB,
Hortobagyi T. Age-specific modulation of intermuscular beta coher-
ence during gait before and after experimentally induced fatigue.
Sci Rep 10: 15854, 2020. doi:10.1038/541598-020-72839-1.

Hansen NL, Hansen S, Christensen LO, Petersen NT, Nielsen JB.
Synchronization of lower limb motor unit activity during walking in
human subjects. J Neurophysiol 86: 1266—1276, 2001. doi:10.1152/
jn.2001.86.3.1266.

Halliday DM, Conway BA, Christensen LO, Hansen NL, Petersen
NP, Nielsen JB. Functional coupling of motor units is modulated dur-
ing walking in human subjects. J Neurophysiol 89: 960-968, 2003.
doi:10.1152/jn.00844.2002.

Petersen TH, Willerslev-Olsen M, Conway BA, Nielsen JB. The
motor cortex drives the muscles during walking in human subjects. J
Physiol 590: 2443-2452, 2012. doi:10.1113/jphysiol.2012.227397.
Sato S, Choi JT. Increased intramuscular coherence is associated
with temporal gait symmetry during split-belt locomotor adaptation.
J Neurophysiol 122: 1097-1109, 2019. doi:10.1152/jn.00865.2018.
Finley JM, Long A, Bastian AJ, Torres-Oviedo G. Spatial and tempo-
ral control contribute to step length asymmetry during split-belt ad-
aptation and hemiparetic gait. Neurorehabil Neural Repair 29: 786—
795, 2015. doi:10.1177/1545968314567149.

Gonzalez-Rubio M, Velasquez NF, Torres-Oviedo G. Explicit control
of step timing during split-belt walking reveals interdependent reca-
libration of movements in space and time. Front Hum Neurosci 13:
207, 2019. doi:10.3389/fnhum.2019.00207.

Malone LA, Bastian AJ, Torres-Oviedo G. How does the motor sys-
tem correct for errors in time and space during locomotor adapta-
tion? J Neurophysiol 108: 672—683, 2012. doi:10.1152/jn.00391.2011.
Sato S, Cui A, Choi JT. Visuomotor errors drive step length and
step time adaptation during ‘virtual’ split-belt walking: the effects
of reinforcement feedback. Exp Brain Res 240: 511-523, 2022.
doi:10.1007/s00221-021-06275-6.

Simonsick EM, Newman AB, Nevitt MC, Kritchevsky SB, Ferrucci
L, Guralnik JM, Harris T, Health A; Health ABC Study Group.
Measuring higher level physical function in well-functioning older
adults: expanding familiar approaches in the Health ABC study. J
Gerontol A Biol Sci Med Sci 56: M644—-M649, 2001. doi:10.1093/
gerona/56.10.m644.

Choi JT, Jensen P, Nielsen JB. Locomotor sequence learning in vis-
ually guided walking. J Neurophysiol 115: 2014-2020, 2016.
doi:10.1152/jn.00938.2015.

Kong PW, Candelaria NG, Smith D. Comparison of longitudinal bio-
mechanical adaptation to shoe degradation between the dominant
and non-dominant legs during running. Hum Mov Sci 30: 606—-613,
20M. doi:10.1016/j.humov.2010.10.008.

Bulea TC, Stanley CJ, Damiano DL. Part 2: adaptation of gait kine-
matics in unilateral cerebral palsy demonstrates preserved inde-
pendent neural control of each limb. Front Hum Neurosci 11: 50,
2017. doi:10.3389/fnhum.2017.00050.

Leech KA, Roemmich RT. Independent voluntary correction and
savings in locomotor learning. J Exp Biol 221: jeb181826, 2018.
doi:10.1242/jeb.181826.

Halliday DM, Rosenberg JR, Amjad AM, Breeze P, Conway BA,
Farmer SF. A framework for the analysis of mixed time series/point
process data—theory and application to the study of physiological
tremor, single motor unit discharges and electromyograms. Prog

1519

Downloaded from journals.physiology.org/journal/jn at Univ of Florida Acq & Licensing Serials (128 227.001.032) on March 18, 2024.


https://doi.org/10.1007/s00221-001-0948-x
https://doi.org/10.1007/s00221-001-0948-x
https://doi.org/10.1207/s15326969eco103&4_7
https://doi.org/10.1016/j.conb.2015.01.011
https://doi.org/10.7554/eLife.28143
https://doi.org/10.1113/jphysiol.2007.146605
https://doi.org/10.1371/journal.pone.0230479
https://doi.org/10.1016/j.aap.2013.05.017
https://doi.org/10.1016/j.gaitpost.2012.04.009
https://doi.org/10.1111/opo.12141
https://doi.org/10.1111/opo.12141
https://doi.org/10.1016/j.humov.2005.10.013
https://doi.org/10.1016/j.jbiomech.2020.109710
https://doi.org/10.1016/j.jbiomech.2020.109710
https://doi.org/10.1007/s00421-020-04504-4
https://doi.org/10.1007/s00421-020-04504-4
https://doi.org/10.1016/0966-6362(94)90001-9
https://doi.org/10.1007/s00221-004-2043-6
https://doi.org/10.1007/s00221-004-2043-6
https://doi.org/10.1162/jocn.2010.21451
https://doi.org/10.1016/j.gaitpost.2015.09.001
https://doi.org/10.1016/j.gaitpost.2004.05.007
https://doi.org/10.1016/j.gaitpost.2004.05.007
https://doi.org/10.1016/j.gaitpost.2009.10.001
https://doi.org/10.1016/j.neurobiolaging.2019.02.005
https://doi.org/10.1016/j.neurobiolaging.2019.02.005
https://doi.org/10.3389/fnagi.2022.920475
https://doi.org/10.1038/s41598-020-72839-1
https://doi.org/10.1152/jn.2001.86.3.1266
https://doi.org/10.1152/jn.2001.86.3.1266
https://doi.org/10.1152/jn.00844.2002
https://doi.org/10.1113/jphysiol.2012.227397
https://doi.org/10.1152/jn.00865.2018
https://doi.org/10.1177/1545968314567149
https://doi.org/10.3389/fnhum.2019.00207
https://doi.org/10.1152/jn.00391.2011
https://doi.org/10.1007/s00221-021-06275-6
https://doi.org/10.1093/gerona/56.10.m644
https://doi.org/10.1093/gerona/56.10.m644
https://doi.org/10.1152/jn.00938.2015
https://doi.org/10.1016/j.humov.2010.10.008
https://doi.org/10.3389/fnhum.2017.00050
https://doi.org/10.1242/jeb.181826
http://www.jn.org

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

1520

(}) NEURAL CORRELATES OF VISUOMOTOR GAIT ADAPTATION IN AGING

Biophys Mol Biol 64: 237-278, 1995. doi:10.1016/s0079-6107(96)
00009-0.

Jensen P, Frisk R, Spedden ME, Geertsen SS, Bouyer LJ,
Halliday DM, Nielsen JB. Using corticomuscular and intermuscu-
lar coherence to assess cortical contribution to ankle plantar
flexor activity during gait. J Mot Behav 51: 668-680, 2019.
doi:10.1080/00222895.2018.1563762.

Kitatani R, Maeda A, Umehara J, Yamada S. Different modulation
of oscillatory common neural drives to ankle muscles during abrupt
and gradual gait adaptations. Exp Brain Res 240: 871-886, 2022.
doi:10.1007/s00221-021-06294-3.

Hansen NL, Conway BA, Halliday DM, Hansen S, Pyndt HS,
Biering-Sorensen F, Nielsen JB. Reduction of common synaptic
drive to ankle dorsiflexor motoneurons during walking in patients
with spinal cord lesion. J Neurophysiol 94: 934-942, 2005.
doi:10.1152/jn.00082.2005.

Alexander MS, Flodin BW, Marigold DS. Prism adaptation and gen-
eralization during visually guided locomotor tasks. J Neurophysiol
106: 860-871, 2011. doi:10.1152/jn.01040.2010.

Morton SM, Bastian AJ. Prism adaptation during walking general-
izes to reaching and requires the cerebellum. J Neurophysiol 92:
2497-2509, 2004. doi:10.1152/jn.00129.2004.

Bakkum A, Gunn SM, Marigold DS. How aging affects visuomotor
adaptation and retention in a precision walking paradigm. Sci Rep 11:
789, 2021. doi:10.1038/541598-020-80916-8.

van Hedel HJ, Dietz V. The influence of age on learning a locomotor
task. Clin Neurophysiol 115: 2134-2143, 2004. doi:10.1016/j.clinph.
2004.03.029.

Heuer H, Hegele M. Adaptation to visuomotor rotations in younger
and older adults. Psychol Aging 23: 190-202, 2008. doi:10.1037/
0882-7974.23.1.190.

Buch ER, Young S, Contreras-Vidal JL. Visuomotor adaptation in
normal aging. Learn Mem 10: 55—-63, 2003. doi:10.1101/Im.50303.
Gregory DL, Sup FC 4th, Choi JT. Contributions of spatial and tem-
poral control of step length symmetry in the transfer of locomotor
adaptation from a motorized to a non-motorized split-belt treadmill.
R Soc Open Sci 8: 202084, 2021. doi:10.1098/rs0s.202084.

Stenum J, Choi JT. Step time asymmetry but not step length asym-
metry is adapted to optimize energy cost of split-belt treadmill walk-
ing. J Physiol 598: 4063-4078, 2020. doi:10.1113/jp279195.

Stenum J, Choi JT. Disentangling the energetic costs of step time
asymmetry and step length asymmetry in human walking. J Exp Biol
224:jeb242258, 2021. doi:10.1242/jeb.242258.

Aboutorabi A, Arazpour M, Bahramizadeh M, Hutchins SW,
Fadayevatan R. The effect of aging on gait parameters in able-bod-
ied older subjects: a literature review. Aging Clin Exp Res 28: 393—
405, 2016. doi:10.1007/s40520-015-0420-6.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Gennaro F, de Bruin ED. A pilot study assessing reliability and age-
related differences in corticomuscular and intramuscular coherence
in ankle dorsiflexors during walking. Physiol Rep 8: e14378, 2020.
doi:10.14814/phy2.14378.

Choi JT, Vining EP, Reisman DS, Bastian AJ. Walking flexibility after
hemispherectomy: split-belt treadmill adaptation and feedback con-
trol. Brain 132: 722-733, 2009. doi:10.1093/brain/awn333.

McCrea DA, Rybak IA. Organization of mammalian locomotor
rhythm and pattern generation. Brain Res Rev 57: 134-146, 2008.
doi:10.1016/j.brainresrev.2007.08.006.

Bretzner F, Drew T. Contribution of the motor cortex to the structure
and the timing of hindlimb locomotion in the cat: a microstimulation
study. J Neurophysiol 94: 657-672, 2005. doi:10.1152/jn.01245.
2004.

Rho MJ, Lavoie S, Drew T. Effects of red nucleus microstimulation
on the locomotor pattern and timing in the intact cat: a comparison
with the motor cortex. J Neurophysiol 81: 2297-2315, 1999.
doi:10.1152/jn.1999.81.5.2297.

Cabeza R, Anderson ND, Locantore JK, McIntosh AR. Aging grace-
fully: compensatory brain activity in high-performing older adults.
Neuroimage 17:1394-1402, 2002. doi:10.1006/nimg.2002.1280.
Groff BR, Antonellis P, Schmid KK, Knarr BA, Stergiou N. Stride-
time variability is related to sensorimotor cortical activation during
forward and backward walking. Neurosci Lett 692: 150-158, 2019.
doi:10.1016/j.neulet.2018.10.022.

Reuter-Lorenz PA, Cappell KA. Neurocognitive aging and the com-
pensation hypothesis. Curr Dir Psychol Sci 17: 177-182, 2008.
doi:10.1111/j.1467-8721.2008.00570 x.

Sato S, Choi JT. Neural control of human locomotor adaptation: les-
sons about changes with aging. Neuroscientist 28: 469-484, 2022.
doi:10.1177/10738584211013723.

Cherry-Allen KM, Statton MA, Celnik PA, Bastian AJ. A dual-learn-
ing paradigm simultaneously improves multiple features of gait post-
stroke. Neurorehabil Neural Repair 32: 810-820, 2018. doi:10.1177/
1545968318792623.

Statton MA, Toliver A, Bastian AJ. A dual-learning paradigm can
simultaneously train multiple characteristics of walking. J Neurophysiol
115: 2692-2700, 2016. doi:10.1152/jn.00090.2016.

Grosse P, Cassidy MJ, Brown P. EEG-EMG, MEG-EMG and EMG-
EMG frequency analysis: physiological principles and clinical appli-
cations. Clin Neurophysiol 113: 1523-1531, 2002. doi:10.1016/51388-
2457(02)00223-7.

Charalambous CC, Hadjipapas A. Is there frequency-specificity in
the motor control of walking? The putative differential role of alpha
and beta oscillations. Front Syst Neurosci 16: 922841, 2022.
doi:10.3389/fnsys.2022.922841.

J Neurophysiol « doi:10.1152/jn.00078.2023 - www.jn.org
Downloaded from journals.physiology.org/journal/jn at Univ of Florida Acq & Licensing Serials (128 227.001.032) on March 18, 2024.


https://doi.org/10.1016/s0079-6107(96)00009-0
https://doi.org/10.1016/s0079-6107(96)00009-0
https://doi.org/10.1080/00222895.2018.1563762
https://doi.org/10.1007/s00221-021-06294-3
https://doi.org/10.1152/jn.00082.2005
https://doi.org/10.1152/jn.01040.2010
https://doi.org/10.1152/jn.00129.2004
https://doi.org/10.1038/s41598-020-80916-8
https://doi.org/10.1016/j.clinph.2004.03.029
https://doi.org/10.1016/j.clinph.2004.03.029
https://doi.org/10.1037/0882-7974.23.1.190
https://doi.org/10.1037/0882-7974.23.1.190
https://doi.org/10.1101/lm.50303
https://doi.org/10.1098/rsos.202084
https://doi.org/10.1113/jp279195
https://doi.org/10.1242/jeb.242258
https://doi.org/10.1007/s40520-015-0420-6
https://doi.org/10.14814/phy2.14378
https://doi.org/10.1093/brain/awn333
https://doi.org/10.1016/j.brainresrev.2007.08.006
https://doi.org/10.1152/jn.01245.2004
https://doi.org/10.1152/jn.01245.2004
https://doi.org/10.1152/jn.1999.81.5.2297
https://doi.org/10.1006/nimg.2002.1280
https://doi.org/10.1016/j.neulet.2018.10.022
https://doi.org/10.1111/j.1467-8721.2008.00570.x
https://doi.org/10.1177/10738584211013723
https://doi.org/10.1177/1545968318792623
https://doi.org/10.1177/1545968318792623
https://doi.org/10.1152/jn.00090.2016
https://doi.org/10.1016/s1388-2457(02)00223-7
https://doi.org/10.1016/s1388-2457(02)00223-7
https://doi.org/10.3389/fnsys.2022.922841
http://www.jn.org

	bkmk_bookmark_1
	bkmk_bookmark_2
	bkmk_bookmark_3
	bkmk_bookmark_4
	bkmk_bookmark_5
	bkmk_bookmark_6
	bkmk_bookmark_7
	bkmk_bookmark_8
	bkmk_bookmark_9
	bkmk_bookmark_10

	bkmk_bookmark_11
	bkmk_bookmark_12
	bkmk_bookmark_13
	bkmk_bookmark_14
	bkmk_bookmark_15
	bkmk_bookmark_16

	bkmk_bookmark_17
	bkmk_bookmark_18
	bkmk_bookmark_19
	bkmk_bookmark_20
	bkmk_bookmark_21
	bkmk_bookmark_22

	bkmk_bookmark_23
	bkmk_bookmark_24
	bkmk_bookmark_25
	bkmk_bookmark_26
	bkmk_bookmark_27
	bkmk_bookmark_28


