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The literature has established that the capability of visuomotor adaptation

decreases with aging. However, the underlying mechanisms of this decline are

yet to be fully understood. The current study addressed this issue by examining

how aging a�ected visuomotor adaptation in a continuous manual tracking

task with delayed visual feedback. To distinguish separate contributions of the

declined capability of motor anticipation and deterioration of motor execution

to this age-related decline, we recorded and analyzed participants’ manual

tracking performances and their eye movements during tracking. Twenty-nine

older people and twenty-three young adults (control group) participated in this

experiment. The results showed that the age-related decline of visuomotor

adaptation was strongly linked to degraded performance in predictive pursuit

eye movement, indicating that declined capability motor anticipation with aging

had critical influences on the age-related decline of visuomotor adaptation.

Additionally, deterioration of motor execution, measured by random error after

controlling for the lag between target and cursor, was found to have an

independent contribution to the decline of visuomotor adaptation. Taking these

findings together, we see a picture that the age-related decline of visuomotor

adaptation is a joint e�ect of the declined capability of motor anticipation and

the deterioration of motor execution with aging.
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Introduction

The capacity of the sensorimotor system for adapting to environmental changes is

essential for the interaction between individuals and the world. But this fundamental

function appears to decline with aging. Several empirical studies have shown that older

people, compared to younger ones, have poorer performances of adaptation to perturbed

visual input during visuomotor control in both ballistic reaching tasks (Buch et al., 2003;

Bock, 2005; Bock and Girgenrath, 2006; Seidler, 2006; Heuer and Hegele, 2008; Vandevoorde

and de Xivry, 2019; Wolpe et al., 2020; Li et al., 2021) and online tracking tasks (Bock and

Schneider, 2002; Teulings et al., 2002). However, it is still unclear what mechanisms in the
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visuomotor loop underlie the aging effect on visuomotor

adaptation. The present study aims to address this question by

comparing older and young people’s eye–hand coordination in a

manual tracking task with delayed visual feedback.

Declines in older people’s motor control can be broadly

classified into two types based on their behavioral and neural

features and neural basis: declines in the capability of motor

anticipation and deterioration of motor execution. Motor

anticipation refers to the ability to predict the course/trajectory

of dynamic visual events and corresponding behavioral responses

(Kandel et al., 2000). This process involves adapting the mapping

between the stimulus and one’s internal dynamic representation

of ongoing events and is related to a broad neural network

including the premotor cortex, basal ganglia, anterior cingulate,

posterior medial parietal area, superior parietal-occipital cortex,

and middle intraparietal sulcus (Adam et al., 2003; Glover, 2004

for review; Glover et al., 2012). This process becomes less precise

as people age, leading to difficulties in anticipating coming action

accurately (Diersch et al., 2016). Moreover, the capability of

motor anticipation is tightly related to general cognitive functions

(Varghese et al., 2016; Svoboda and Li, 2018; Chen et al., 2022),

which also decline with the increase in age (Salthouse, 1996; Raz,

2000; Park et al., 2003). Our previous study (Li et al., 2021) found

that the decline in age-related visuomotor adaptation was mediated

by cognitive decline with aging, suggesting a potential relationship

between aging effects on the decline of visuomotor adaptation and

impairment of motor anticipation. This possibility was further

examined in the present study.

Another possible cause for the aging effect onmotor adaptation

is the deterioration of motor execution. Motor execution is usually

defined as the online control processes from the initiation of the

response to the completion of the movement. This course needs

humans to integrate outside and internal information to monitor

and calibrate the movements online (Woodworth, 1899; Elliott

et al., 2001; Glover, 2004; Liu et al., 2008). This process is mainly

related to the primary motor cortex, cerebellum, supramarginal

gyrus, and superior parietal lobule (Glover et al., 2012). In most

cases, motor movements become slower and less accurate with

aging. Movement times of older adults were longer than young

adults by 26–69%, even for simple reaching movements (Stelmach

et al., 1988; Amrhein et al., 1991; Pohl et al., 1996; Walker et al.,

1997). Exceptionally, older performers sometimes attempt to do

something as quickly as young people, but with lower accuracy.

For example, multiple studies have shown that times of ballistic

shots during visuomotor adaptation show no difference between

older and young adults, but the accuracy of rapid hitting is lower

for older adults (Huang et al., 2018; Li et al., 2021). In these cases,

the slowness with aging was possibly a learned adaptive strategy to

cope with declined motor execution function (Lamb et al., 2016).

Since visuomotor adaptation was generally measured bymovement

accuracy and/or movement delay in most studies (e.g., Bock and

Schneider, 2002; Teulings et al., 2002; Buch et al., 2003; Bock, 2005;

Bock and Girgenrath, 2006; Seidler, 2006; Heuer and Hegele, 2008;

Vandevoorde and de Xivry, 2019; Wolpe et al., 2020; Li et al., 2021),

it is also possible that the observed aging effect of visuomotor

adaptation is a consequence of deteriorated motor execution of

older people.

However, it is difficult to determine from the existing literature

which mechanism, declined capability of motor anticipation or

deterioration of motor execution, is responsible for the decline

of visuomotor adaptation with aging. A major line of evidence

for declined visuomotor adaptation with aging is from ballistic

reaching tasks with visual perturbation. This type of motor task

requires individuals to move a cursor in an out-and-back trajectory,

hitting the target and then returning to the center. Motor errors

caused by perturbation are incrementally reduced across trials,

indicating performers’ adaptation to visual perturbations. Multiple

studies (Buch et al., 2003; Bock, 2005; Bock and Girgenrath, 2006;

Seidler, 2006; Heuer and Hegele, 2008; Vandevoorde and de Xivry,

2019; Wolpe et al., 2020; Li et al., 2021) have shown that older

people have poorer adaptation to visual perturbation than young

people. But it is difficult to use results from these tasks to distinguish

the mechanisms of the decline of adaptation because of the ballistic

movements in these tasks. On each trial, people only perform one

shot which is the result of both motor anticipation and motor

execution at a single moment, making it difficult to distinguish

their separate contributions to visuomotor adaptation. Regarding

such difficulty, the present study turned from ballistic reaching

to manual tracking as an alternative approach to investigating the

mechanisms of the aging effect on visuomotor adaptation.

Manual tracking, another type of motor task, requires people

to control a moving object (e.g., cursor) in the center of a

dynamic target and calibrate errors between the target and cursor

(Jagacinski, 1977; Foulkes and Miall, 2000; Miall and Jackson,

2006). In these tasks, visuomotor adaptation was examined by

measuring how performers coped with perturbation of delaying the

cursor feedback, which often occurs in teleoperations in practice

(Gerisch et al., 2013; Alvarez-Aguirre et al., 2014; Khasawneh

et al., 2019). To deal with such perturbation, young people tend

to advance the position of the cursor to reduce the viewed target–

cursor displacement. Older people also use similar strategies of

advancing the target position, but to a substantially reduced

extent, indicating declined visuomotor adaptation of older people

(Jagacinski et al., 1993; Bock and Schneider, 2001; Teulings

et al., 2002; see also in Bock and Schneider, 2002). In contrast

to ballistic movements where motor anticipation and execution

are hardly distinguished through one-shot movement, control

of manual tracking is a real-time task, in which performers

need to continuously make online adjustments in response

to the target motion and this real-time nature allows for

distinguishing those mechanisms by observing the continuous

changes of different behavioral indicators. Regarding the current

study, we attempted to analyze the eye movements and lag-

corrected random error of visuomotor control, respectively, of

the individual performer during manual tracking. Different from

previous studies using ballistic reaching tasks, the introduction of

manual tracking with delayed feedback in the current study would

help to separately measure the contributions of declined motor

anticipation and deterioration ofmotor execution to the age-related

decline of visuomotor adaptation, thus further investigating and

distinguishing potential underlying mechanisms of the aging effect

on visuomotor adaptation.

In addition, we introduced the method of eye movement

tracking in the current study to evaluate individuals’ motor
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anticipation, as mentioned above. Previous literature has

demonstrated that eye movements are tightly related to anticipated

motion trajectory. For example, gaze movements usually precede

movements of the cursor or arm during visuomotor control

(Campbell and Wurtz, 1978; Koken and Erkelens, 1992; Kandel

et al., 2000; Elliott et al., 2001; Liu et al., 2008; Huang and Hwang,

2012; Niehorster et al., 2015; Danion and Flanagan, 2018). Studies

on smooth pursuit eye movements have indicated that such

preceding eye movements reflect people’s prediction of the future

trajectory of the moving object (Kettner et al., 1997; Barnes, 2008;

Kowler et al., 2019), and help to enhance motion prediction in

manual interception (Bennett et al., 2010; Spering et al., 2011; see

review in Fooken et al., 2021). Even monkeys’ eye movements

indicate a short-term prediction of future motions of the target

in a tracking task (Kettner et al., 1997). Studies using reaching

tasks (Ariff et al., 2002; Rand and Rentsch, 2016; Brouwer et al.,

2018) have also found similar preceding eye movements before

hand movement, which reflects individual participants’ cognitive

strategies and motor planning adjustment during visuomotor

adaptation. All these findings consistently indicate that eye

movements leak information about motor anticipation. On the

other hand, multiple studies have shown that the execution of

eye movements per se is not substantially affected by aging (Bock

et al., 2014; Huang et al., 2017). Based on both lines of evidence,

we chose to use anticipatory preceding eye movements to index

the individual differences, especially the age-related differences, of

motor anticipation during manual tracking in the current study.

In addition to analyzing anticipatory preceding eyemovements,

we also compared the random errors of the tracking performances

between older people and young adults, after controlling for the

lag between the target and the cursor. We hypothesized that

this difference represented the potential aging effect on motor

execution, for most of the aging effect on motor anticipation was

expected to be excluded when the lag between the target and the

cursor was corrected. However, please note that the increase in

this random error still might be due to multiple factors, including

a worse correction to visual feedback, worse movement selection,

and worse simple movement execution. We further discussed these

possibilities in the Discussion section.

In short, we conducted a manual tracking task with a 200-

ms visual feedback delay for both older and young adults in the

current study. During the task, we recorded both the manual

trajectory and the eye movements, using the latter as an index

of motor anticipation (measured by gaze-target lag). We also

calculated the remaining motor error after accounting for the

target-cursor lag effect, as a measure of motor execution. As a brief

preview of the results, we found that older people had significantly

worse adaptation to perturbations (i.e., visual feedback delay), and,

interestingly, old people’s performances in visuomotor adaptation

had a considerable correlation (r = −0.744) with their gaze-target

lags, indicating the importance ofmotor anticipation in visuomotor

adaptation and the impact of aging on it. However, even after

controlling for the differences in the baseline performances and

motor anticipation between the two groups, older participants

still showed worse performances in the adaptation phase than

young people, indicating that the age-related decline in visuomotor

adaptation was also partially caused by declined motor execution of

older people.

Methods

Participants

Fifty-six participants in total volunteered for the current study.

Data from one young participant and three older participants

were excluded before analysis because the recording of their eye

movement was too noisy and missing in some trials. Twenty-

nine healthy older participants (range: 60–73 years, mean: 65.97

years, SD: 3.8 years, 13 women) with twenty-three healthy young

participants (range: 19–27 years, mean: 22.93 years, SD: 1.97 years,

11 women), as a control group, were finally included for data

analysis. A χ
2 test showed that the sex ratio of neither group was

significantly different from 1:1 (older people: p = 0.576; younger

adults: p= 0.835). The handedness of the participants was checked

with Edinburgh Handedness Inventory (Oldfield, 1971) to ensure

that all the participants were right-handed. Visual acuity was

measured for all the participants to confirm normal or corrected-

to-normal vision. No participant had a history of neurological

diseases, psychiatric disorders, or musculoskeletal dysfunctions.

Each participant was paid 80 RMB for their participation. The

study was approved by and conformed to the standards of the

Human Research Ethics Committee for Non-Clinical Faculties at

East China Normal University.

Apparatus

Figure 1 illustrates the experimental setup. The participant was

seated comfortably in a dim room facing an LED monitor (ASUS

VG278, 1920×1080 pixels, 27 inches, 60Hz) positioned in the

frontal plane 50 cm from the participant’s eyes. Head movements

were restrained by a chin rest, ensuring that the eyes were directed

toward the center of the screen. A board was positioned under the

participant’s chin to keep the hand out of sight. The participant

controlled the cursor (a 1◦×1◦ red dot) on the screen using a

digitizer with the right hand. The scales of the hand movement and

the cursor movement were physically matched. The digitizer was

restrained on a slider so that the participant could only move the

digitizer leftward or rightward and not lift it. The movements of

the left eye were recorded at a sampling rate of 1,000Hz using the

remote mode of Eyelink Portable Duo eye movement tracker (SR

Research, Mississauga, ON, Canada). We chose to track only one

eye to keep a higher sampling rate (i.e., 1,000Hz) for better analysis

of pursuit. The left eye was chosen because our laboratory setting

has the infrared camera of the tracker better aligned to the left eye

than to the right eye.

Hand movement trajectories were sampled at a rate of 40Hz

using a digitizer and a tablet (152 × 95mm, Wacom, Intuos). The

experiment was programmed in MATLAB with the Psychtoolbox

package (Brainard, 1997; Pelli, 1997; Kleiner et al., 2007).

Task and procedure

Each participant performed a manual-tracking task adapted

from Rohde et al. (2014). On each trial, the participant controlled
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FIGURE 1

The illustration of the experiment setting.

a red cursor point (diameter: 1◦ of visual angle) using the

digitizer to track a white target circle (diameter: 1.4◦ of visual

angle) on a gray background. The participant was required to

keep the cursor stay inside of the target circle during the whole

trial. The target moved horizontally across the screen along an

unpredictable trajectory which was constructed by the addition of

five nonharmonic sine waves with frequencies of 0.09, 0.165, 0.195,

0.375, and 0.495Hz and amplitudes of 20, 50, 20, 100, and 20 pixels,

with phases randomly determined for each trial. The maximum

shift of trajectory was limited to 12.9◦ of visual angle (i.e., 387

pixels) along the x-axis; the trajectory would be re-generated if the

maximum shift surpassed the limit. The target trajectory was shown

in the background at the beginning of each trial and moved from

top to bottom, while it was kept visible for motor planning and

visual feedback during the manual tracking (see Figure 2). We also

uploaded a video clip that records the procedure of a sample trial

(available at https://osf.io/tq8ye/q8ye/).

For the first 500ms of each trial, both the cursor (blue) and the

target (white) were presented and kept stationary in the center of

the screen, with the cursor upon the target. Then, the target started

to move and the cursor turned from blue to red, as a signal for

the start of the tracking procedure. After the tracking procedure,

which lasted 59,500ms, the participant moved the digitizer back

to the start position (i.e., the center of the screen). The next

trial would not start until the participant placed the cursor into

the start region. The hand and eye movement trajectories were

tracked and recorded online by the digitizer and Eyelink Portable

Duo, respectively, throughout the whole tracking procedure of

each trial.

Each participant first completed four practice trials without

perturbation, each of which lasted 42 s, and then started the formal

experiment. In the formal experiment, the participant sequentially

received 4 baseline trials, 12 perturbation adaptation trials, and 3

post-test trials, each of which lasted 60 s. In the baseline and the

post-test phases, the red cursor veridically reflected the trajectory

of the digitizer. In the perturbation phase, the movement trajectory

of the cursor was delayed by 200ms. All the participants reported

that the delay was noticeable after the experiment. This delay was

sufficiently small to trigger a delay adaptation (Cunningham et al.,

2001; Rohde et al., 2014).

Data analysis

The hand movement trajectory and the eye movement were

recorded online at a sampling rate of 40Hz and 1,000Hz,

respectively. We first excluded the beginning 2 s of each formal trial

from analysis to avoid the effects of the initial transient response

(Bock, 2005; Li et al., 2005, 2006, 2011; Niehorster et al., 2013). We

then normalized the cursor position data from 40Hz to 1000Hz

by interpolation to match the hand movement and gaze data on the

same scale for analysis. For each trial, the handmovement data were

low-pass filtered at 10Hz using a Butterworth filter implemented in

MATLAB. We then calculated the root mean square error (RMSE)

between the target and the cursor and computed the lags among the

target, the cursor, and the gaze using cross-correlation techniques

(Gerisch et al., 2013). A positive lag indicates that the cursor moves

behind the target and vice versa.

The gaze data were first low-pass filtered using a second-

order recursive Butterworth filter with a cutoff frequency of 50Hz.

We adopted an algorithm originally developed by Nyström and

Holmqvist (2010) that uses gaze velocity to identify saccade. First,

we used the Savitzky–Golay smoothing filter (Savitzky and Golay,

1964) to get the velocity and acceleration measurements from

the gaze coordinates. We then removed the events in which

eyes were closed or the records were physiologically impossible

(velocity over 1,000◦/s or acceleration over 100,000◦/s2). Then,

we estimated the velocity peak for each trial. We calculated the

average and standard deviation of all samples with velocities

lower than a given initial peak velocity detection threshold of

200◦/s, then updated the threshold as a new threshold which

was equivalent to the last average plus six times the standard

deviation for each iteration. The final velocity peak threshold

was confirmed until the absolute value between two adjacent

iterations was smaller than 1◦/s. Finally, we detected two types

of eye movements, saccades and glissade movements, which were

wobbling movements at the end of many saccades (Weber and

Daroff, 1972; Flierman et al., 2019). Saccade onset and offset

were identified by searching backward and forward for the stop

criterion from each detected saccade peak. Specifically, saccade

onset was defined as the first sample that goes below all samples’

average plus three times standard deviation, and where it was

monotonically decreasing. Saccade offset was defined as a weighted

combination of the velocity at saccade onset and a locally adaptive

noise factor (the current saccade samples’ average plus three times

standard deviation), and where it was monotonically increasing.

Glissade movements started from the offset of the preceding

saccade and continued until the data monotonically increased

after the last velocity peak sample. We counted the times of

saccades and glissades together and then removed them from

the gaze data to prevent their intervention in the analysis of

pursuit eye movement trajectories. To compensate for the removal

of these data, we filled the gaze data using a method based on

linear interpolation.

Results

Figure 3 illustrates recorded manual trajectories and gazes

and corresponding time series of errors performed by two
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FIGURE 2

(A) illustrates stimuli used in the experiment, including the red point that indexes the position of the cursor (C) and the white circular target (T). Black

solid curves are target movement trajectories that are visible to participants; the dashed line (invisible for participants) represents the distance

between the cursor and the target. The left panel illustrates a trial without delay perturbation, in which the hand position (H) and C position are

matched. In contrast, the right panel illustrates a trial with delay perturbation, in which the C position was behind the H position. (B) illustrates the

procedures of a sample trial without delay perturbation (first) and a sample trial with (second), respectively. (C) illustrates the experiment design for

each participant, including the first 4 baseline trials, 12 delay adaptation trials, and 3 post-test trials. Delay perturbation was an additional 200ms

artificial feedback delay in reference to the actual hand movement direction in the delay adaptation phase.

sample participants from different age groups in four sample

trials of no-delay and delay experimental phases, respectively.

In the no-delay trials, manual and eye-tracking paths were

close to the target trajectory. In contrast, a feedback delay

of 200ms was introduced in the adaptation phase and this

manipulation increased the offset between manual tracking

paths and the target trajectory, indicating an increased delay

from target movement to manual tracking. In addition, this

offset appeared to be larger in the sample trial by the

older participant (Figures 3D, H) than one by the young

participant (Figures 3C, G).

Manual tracking performance

Figure 4 shows the mean RMSEs and lags between the target

and cursor as a function of trial number for two age groups,

respectively. We first analyzed the mean RMSE between the target

and cursor to investigate whether the older and young participants

had differences in the manual tracking task. The test phase

condition was divided into baseline, adaptation phase1, adaptation

phase2, adaptation phase3, and post-test in the calculation. There

were significant main effects of age group [F (1.50) = 22.747, p <

0.001, ηp
2 = 0.313] and test phase [F (4.200) = 103.604, p < 0.001,
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FIGURE 3

The left panels show dynamics of target, hand, cursor, saccade, and eye movement positions in two sample trials at (A) the baseline phase and (C)

the adaptation phase from a young participant, and two sample trials at (B) at the baseline phase and (D) the adaptation phase from an older

participant, respectively. (E–H) The right panels show the time series of target-hand errors, target-cursor errors, and target-eye errors of the same

trials at the baseline phase and the adaptation phase from the same participants, respectively.

ηp
2 = 0.674], as well as a significant interaction between age group

and test phase [F (4.200) = 12.338, p < 0.001, ηp
2 = 0.198]. Please

see the full results from Supplementary Table A1.

For the baseline phase, a mixed-design ANOVA showed that

there was a significant group effect [F (1.50) = 16.089, p < 0.001,

ηp
2 = 0.243], indicating that cursor tracking position error for

older adults (1.55 ± 0.08◦) was larger than young adults (1.16 ±

0.05◦) even without delay. Over the adaptation period, the cursor’s

movement always showed 200ms slower than the hand’s position,

consequentially introducingmore tracking errors. After controlling

for the baseline difference, a significant difference was still found on

the RMSE between the two groups in the adaptation trials [young
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FIGURE 4

(A, B) illustrate the means of RMSE and (C, D) illustrate the mean lag

between target and cursor as a function of trial number for the

groups of young and older participants, respectively. Positive lag

represents that the cursor lags behind the target. Error bars depict

±1 standard errors of means.

adults 0.66± 0.06◦ vs. older adults 1.23± 0.12◦, F (1.50)= 15.692,

p < 0.001, ηp
2 = 0.239], indicating that the feedback perturbation

made a larger decrease in movement control accuracy for older

adults than young adults.

Existing literature has reported that older adults have worse

adaptation to feedback perturbation than young adults during

manual tracking, reflected by more increase in target-cursor lag by

perturbation (Welford, 1958; Braune andWickens, 1985; Jagacinski

et al., 1993). Our results replicated such findings. In the baseline

phase, a repeated measure ANOVA revealed that the lag between

older and young groups had a significant difference [F (1.50) =

13.954, p < 0.001, ηp
2 = 0.218)], and the cursor lagged behind the

target by 89.466ms (±10.397ms s.e.) in the older group, whereas

by 43.261ms (±4.522ms s.e.) in the young group. After controlling

the baseline performance, a significant difference was still found

between the two groups in the adaptation trials [F (1.50)= 22.483, p

< 0.001, ηp
2 = 0.310], with a substantially large difference between

the older group (114.014± 7.135ms) and the young group (45.889

± 7.135ms). Therefore, both the RMSE and the target-cursor lag

suggested that older adults performed worse and less adaptively

than young adults in manual tracking. Please see the full results in

Supplementary Table A2.

Eye movement performance

Saccadic eye movements between age groups
Previous literature has shown that increased saccadic frequency

is usually correlated to poorer cognitive processing and attentional

functions (Kimmig et al., 2001; Galna et al., 2012; Stuart et al.,

2018). So, here, we first analyzed the saccadic frequency between

the two groups during the manual tracking. A 2 (older vs. young

group)× 3 (baseline, adaptation, and post-test) repeated-measures

ANOVA revealed a significant main effect of groups [F (1.50) =

6.968, p = 0.011, ηp
2 = 0.122] and phases [F (2.100) = 12.686, p <

0.001, ηp
2 = 0.202], but no interaction effect was found between

groups and phases [F (2.100) = 1.751, p = 0.179, ηp
2 = 0.034].

Older and young participants both had a rather stable rate of

saccades which were about 2.23 and 1.64 per second across all

conditions, respectively (see Figure 5).

Pupil Size
As documented by multiple studies (Hess and Polt, 1964;

Stanners et al., 1979; Murphy et al., 2011; Jerčić et al., 2020), pupil

size is an effective measure of the mental load or arousal level

of individual participants. In this experiment, we compared the

pupil size variations across the trials between groups to investigate

whether the procedure of the experiments affected the older and

young participants differently in their arousal levels. We first

calculated the mean pupil area (unit: pixel) recorded by the eye

tracker for each trial and then performed a 2 (older vs. young)

× 3 (phases of baseline, adaptation, and post-test) mixed-design

ANOVA on the mean pupil areas. The analysis showed that neither

the main effect of phase nor the interaction between group and

phase was significant [phase: F (2.100) =1.501, p = 0.228, ηp
2 =

0.029; group × phase: F (2.100) = 0.247, p = 0.782, ηp
2 = 0.005],

indicating that there was no marked change of arousal level for

either group during the experiment. The main effect of the group
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FIGURE 5

Mean frequencies of saccades per second during the baseline,

adaptation, and post-test phases for the two groups, respectively.

Error bars depict ±1 standard errors of means.

was significant [F (1.50)= 6.428, p= 0.014, ηp
2 = 0.114]. However,

please note that the significant main effect of the group was not

necessarily attributed to the actual differences between mean pupil

sizes of the two groups considering that we did not record the

actual size of pupils but one by pixels (Hayes and Petrov, 2016). The

effect could be caused by other alternative factors (e.g., individual

differences in the spatial relationship between the tracked eye and

the eye tracker camera).

Coordination among target, eyes, and hand
As shown in Figure 6, the gaze preceded the hand movement

for all participants in both the baseline and adaptation phases

(Mathew et al., 2019). The analysis on the gaze-cursor lag showed a

main phase effect, F (2.100)= 4.267, p= 0.017, ηp
2 = 0.079, and the

lag in the baseline phase was shorter than in the adaptation phase

[mean difference = −23.852, p = 0.006]. Figure 6A illustrated the

similar lags between gaze and cursor for both age groups during

different phases, and repeated ANOVAs revealed no significant

difference between the two groups either during the baseline phase

[F (1.50)= 0.072, p= 0.789, ηp
2 = 0.001] or during the adaptation

phase [F (1,50) = 0.895, p = 0.349, ηp
2 = 0.018]. These results

suggested that eye-hand coordination was comparable between the

two age groups.

The eye movements also preceded the target, as demonstrated

by the positive gaze-target lag across the phases (Figure 6). There

was a significant main effect of groups [F (1.50) = 11.323, p =

0.001, ηp
2 = 0.185], as well as the main effect of phases [F (2.100)

= 27.338, p < 0.001, ηp
2 = 0.353]. No significant interaction effect

was found. The gaze-target lag differed significantly between age

groups in the baseline phase, F (1.50) = 5.113, p = 0.028, ηp
2

= 0.093. After controlling for the baseline difference between the

two groups, there was still a significant difference between the two

age groups in the adaptation phase, F (1.50) = 7.694, p = 0.008,

ηp
2 = 0.133 (see Figure 6B). In brief, the observed gaze-target

coordination showed that the young adults had both better target

trajectory prediction and better adaptation to delayed feedback, as

compared to the older adults.

Further analyses revealed that the correlation between the lag

of target-cursor and gaze-target was a significant negative during

the adaptation phase (Figure 7). That was to say, eye movement

that preceded the target more was accompanied by better cursor

tracking to the target. We found significant correlations between

age and target-cursor lag in older people (r (346) = 0.190, p <

0.001) and young adults [r (274) = 0.110, p = 0.067], respectively.

Then, we tested the relationship between the target-cursor lag and

the gaze-target lag and found a strong negative correlation in

older adults [r (346) = −0.744, p < 0.001], as well as a mild

correlation in young adults [r (274) = −0.358, p < 0.001]. These

correlations indicated similar negative linear relationships between

eye movement and hand-tracking performance for young and

older adults.

We also performed a linearmixedmodel to distinguish whether

gaze-target lag could explain the decreased adaptation with aging

in manual tracking. Three alternative models were performed (see

Table 1), which all included a control variable, trial order, which

represented the order of a certain trial and was related to the general

learning effect during the adaptation. We then tested two variables,

age and gaze-target lag, which represented the ages of individual

participants and measured lags between gaze and target in specific

trials, respectively. The model comparison (Table 1) showed that

Model 2 which included gaze-target lag had significantly better

predictions than Model 1, χ
2 = 321.67, df = 1, p < 0.001, and

the fitting indices also showed a preference for Model 2 over

Model 1. These results indicated that gaze-target lag was an effective

predictor of target-cursor lag, even after the factor of individual ages

had been controlled. On the other hand, there was no significant

prediction difference between Model 2 and Model 3, in which

the variable age was removed, χ
2 = 0.29, df = 1, p = 0.592.

Moreover, the fitting indices both showed no preference for Model

2 over Model 3. Combining these findings, we concluded that gaze-

target lag made a major contribution to the age-related decrease of

adaptation in manual tracking.

Despite Figure 7 showing a negative correlation between target-

cursor lag and gaze-target lag, this negative correlation could

be merely driven by between-participant differences. In other

words, within-participant variations of gaze-target lag induced

by visuomotor adaptation might not contribute to the negative

correlation between target-cursor lag and gaze-target lag. To test

this possibility, we removed between-participant variations of

gaze-target lag and target-cursor lag by centralizing them (i.e.,

subtracting the mean gaze-target lag and the mean target-cursor

lag of each participant) for each participant and re-calculated

the correlations. We found that the correlations did not change

dramatically for either group [older people: r (346) = −0.723, p <

0.001; young adults: r (274) = −0.458, p < 0.001]. We also re-ran

Model 3 with centralized gaze-target lag and target-cursor lag. Note

that centralization of target-cursor lag (i.e., removal of between-

participant variation) would make age as a between-participant

variable no more predictive to target-cursor lag. So, it was no need

to re-runModel 1 andModel 2. The results showed that gaze-target

lag was still a significant fixed factor after centralization and its
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FIGURE 6

(A) illustrates the mean lags between eye and cursor and (B) illustrates the mean lags between eye and target as a function of trial number for young

participants (white circle) and older participants (black diamond). Error bars depict ±1 standard errors of means.

coefficient was negative (bGT_lag = −0.711, p < 0.001). All these

findings consistently indicated that within-participant variations of

gaze-target lag and target-cursor lag were negatively correlated with

each other.

Random error of visuomotor control

To compare the random noise of visuomotor control between

the two groups, we also analyzed the mean RMSE between the

target and the cursor after controlling for the target-cursor lag

effect. As shown in Figure 8, there were still significant main

effects of age group condition [F (1.50) = 14.158, p < 0.001,

ηp
2 = 0.221] and test phase [F (4.200) =55.098, p < 0.001, ηp

2

= 0.524], as well as a significant interaction between age group

and post-test phase [F (4.200) = 12.672, p < 0.001, ηp
2 = 0.202]

(see the Supplementary Table A3). Then, we compared the mean

differences between older adults and young adults during those

three phases. There were significant age differences in the baseline

phase [0.21± 0.09◦, p= 0.017] and adaptation phase [0.80± 0.19◦,

p < 0.001], while no age group difference in the post-test phase

[0.05 ± 0.13◦, p = 0.682]. The interaction between the baseline

and adaptation phase [F (1.50) = 14.415, p < 0.001, ηp
2 = 0.224]

was less than the interaction between the adaptation and post-test

phase [F (1.50)= 26.163, p < 0.001, ηp
2 = 0.344]. After controlling

for the group differences in the baseline phase, a repeated measure

ANOVA revealed a significant group effect over the adaptation

phase [F (1.50) = 14.415, p < 0.001, ηp
2 = 0.224], indicating that

visual feedback perturbation resulted in not only longer target-

cursor lag but also more increase of random errors in visuomotor
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control for the older adults (1.11± 0.13◦) than for the young adults

(0.52± 0.05◦).

We also performed a linear mixed model to examine whether

random error could explain the increased target-cursor lag with

aging in manual tracking. Four alternative models were performed

(see Table 2), which all included a control variable, trial order,

which represented the order of a certain trial and was related to

the general learning effect during the adaptation. We then tested

two variables, age and random error, which represented the ages

of individual participants and measured RMSE between target and

cursor after controlling the target-cursor lag effect in specific trials,

respectively. The model comparison (Table 2) showed that Model 4

FIGURE 7

Scatter plots of lags between target and cursor in the adaptation

phase for (A) older participants and (B) young participants. Trials in

the same order are marked using a unique color. The solid lines

represent simple linear regression model fits.

which included random error had significantly better predictions

than Model 1, χ
2 = 291.58, df = 1, p < 0.001, and the fitting

indices also showed a preference for Model 4 over Model 1. These

results indicated that random error was also an effective predictor

of target-cursor lag, even after the factor of individual ages had been

controlled. On the other hand, there was no significant prediction

difference between Model 4 and Model 5, in which the variable age

was removed, χ2 = 0.083, df = 1, p = 0.773. Moreover, the fitting

indices both showed a preference for Model 4 over Model 5. In the

end, Model 6 which included both random error and gaze-target lag

as predictors had significantly better predictions than Model 5 and

Model 3, χ
2 = 207.82, df = 4, p < 0.001, χ

2 = 177.94, df = 4,

p < 0.001, respectively. Considering these findings, we concluded

that a combination of gaze-target lag and random error had the best

prediction on degraded adaptation to delayed visual feedback in

manual tracking, indicating that the age-related decreased function

of visuomotor adaptation was a consequence of the combined

effect from the declined capability of motor anticipation and the

deterioration of motor execution.

Further analyses revealed that the correlation between random

error and gaze-target lag was a significant negative during the

adaptation phase (Figure 9). We found significant correlations

between age and random error in older adults [r (346)= 0.163, p=

0.002] and young adults [r (274) = 0.119, p = 0.049], respectively.

Then, we tested the relationship between the gaze-target lag and the

random error and found a mild negative correlation in older adults

[r (346)=−0.553, p< 0.001], as well as a small correlation in young

adults [r (274)=−0.120, p= 0.047].

To test whether the within-participant variations contributed

to the negative correlation between random error and gaze-target

lag, we re-calculated the correlations with centralized random error

and gaze-target lag as before. The correlations did not change much

for either group [older people: r (346) = −0.457, p < 0.001; young

adults: r (274) = −0.164, p = 0.006], confirming the correlation

between within-participant variations of random error and gaze-

target lag.

Discussion

As a summary of the results from the current study, the

old participants’ worse performance in visuomotor adaptation

was related to both declined capability of motor anticipation

and deterioration of motor execution. Motor anticipation

measured by gaze-target lag showed a significant decrease for the

older participants, and the differences in gaze-target lag across

individual participants considerably predicted their performances

in visuomotor adaptation, especially for the older participants.

On the other side, we also found a significant deterioration of

TABLE 1 Linear mixed model comparison.

Model df Log Likelihood Deviance AIC BIC

Model 1: TC_lag∼ age+ TO 7 −1982.4 3964.9 3978.9 4005.8

Model 2: TC_lag∼ age+ TO+ GT_lag 8 −1821.6 3643.2 3659.2 3690.0

Model 3: TC_lag∼ TO+ GT_lag 7 −1821.7 3643.5 3657.5 3684.5

AIC, Akaike information criterion; BIC, Bayesian information criterion. TC_lag, target-cursor lag; TO, trial order; GT_lag, gaze-target lag.
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FIGURE 8

The means of RMSE between target and cursor after controlling for the lag e�ect as functions of trial order of young adults (white circle) and older

people (black diamond). Positive lags represent that the cursor lags behind the target. Error bars depict ±1 standard errors of means.

TABLE 2 Linear mixed model comparison.

Model df Log Likelihood Deviance AIC BIC

Model 1: TC_lag∼ age+ TO 7 −1982.4 3964.9 3978.9 4005.8

Model 4: TC_lag∼ age+ TO+ RE 8 −1836.6 3673.3 3689.3 3720.1

Model 5: TC_lag∼ TO+ RE 7 −1836.7 3673.4 3687.4 3714.3

Model 3: TC_lag∼ TO+ GT_lag 7 −1821.7 3643.5 3657.5 3684.5

Model 6: TC_lag∼ TO+ RE+ GT_lag 11 −1732.8 3465.5 3487.5 3529.9

AIC, Akaike information criterion; BIC, Bayesian information criterion. TC_lag, target-cursor lag; TO, trial order; RE, random error; GT_lag, gaze-target lag.

motor execution, measured by random error after controlling for

the lag between target and cursor, for the older participants. Such

deterioration was also significantly correlated with the declined

performances in visuomotor adaptation, suggesting its influences

on the age-related decline of visuomotor adaptation. These findings

demonstrate that the age-related decline of visuomotor adaptation

is a result of both declined capability of motor anticipation and

deterioration of motor execution of older people.

Visuomotor adaptation and aging

Throughout life, the human brain continually predicts and

calibrates visuomotor errors. Our results showed that older people

were able to adapt to a constant delayed visual perturbation

in a predictable way as young people (Rohde et al., 2014).

However, the results also indicated that this function declined

with aging, demonstrated by insufficient adaptation to and more

noisy responses triggered by delayed visual feedback of the older

participants, compared to the younger ones. These findings were

consistent with the previous studies which measured visuomotor

adaptation using other tasks, including prism adaptation task

(Fernández-Ruiz et al., 2000), mirror-tracing/spatial reversal

adaptation tasks (Bock and Schneider, 2002; Rodrigue et al., 2005),

and center-out rotation adaptation tasks (Buch et al., 2003; Bock,

2005; Bock and Girgenrath, 2006; Seidler, 2006; Heuer and Hegele,

2008; Vandevoorde and de Xivry, 2019; Wolpe et al., 2020; Li

et al., 2021). For instance, in the prism adaptation task, where

participants were asked to point at the targets with prism goggles

that displaced the visual field laterally, the aged group showed a

slower visuomotor adaptation than the young group (Fernández-

Ruiz et al., 2000). Similarly, researchers found from mirror-tracing

tasks that older participants had slower adaptation (Rodrigue et al.,

2005) and larger RMSE between target and cursor (Bock and

Schneider, 2002) than young adults. Such effects were also widely

observed from rotation adaptation tasks, the most commonly used

paradigm for studying visuomotor adaptation (Buch et al., 2003;

Bock, 2005; Bock and Girgenrath, 2006; Seidler, 2006; Heuer and

Hegele, 2008; Vandevoorde and de Xivry, 2019; Wolpe et al., 2020;

Li et al., 2021). Our new observations are generally consistent with

these findings but have also extended the literature by showing that

Frontiers in AgingNeuroscience 11 frontiersin.org

https://doi.org/10.3389/fnagi.2023.1147079
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org


Li et al. 10.3389/fnagi.2023.1147079

FIGURE 9

Scatter plots of RMSE between target and cursor after controlling

for the lag e�ect in the adaptation phase for (A) older participants

and (B) young participants. Trials in the same order are marked using

a unique color. The solid lines represent simple linear regression

model fits.

the declined capability of visuomotor adaptation could also occur

in a real-time online control task. From this perspective, this age-

related decline is not specific to tasks but is due to a degraded

function of visuomotor control with advancing age.

The mechanisms of the age-related deficits
in visuomotor adaptation

A critical purpose of the current study was to investigate

what mechanisms underlie age-related decline in visuomotor

adaptation. As mentioned in the Introduction section, there are

two mechanisms, the deteriorations of motor anticipation and of

motor execution, which possibly underlie the decline in visuomotor

adaptation. Motor anticipation, also known as “prediction” (Bubic

et al., 2010) or a part of “motor planning” (Svoboda and Li, 2018),

refers to one’s capability of predicting or planning future actions

and this capability can help to adapt changes of the mapping

between input from outside and internal representation. This

capability is also closely related to general cognitive functions

(Chen et al., 2022), which decline gradually with aging (Salthouse,

1996; Raz, 2000; Park et al., 2003) and is found to be a mediator

between aging and decline of visuomotor adaptation (Vandevoorde

and de Xivry, 2019, 2020; Wolpe et al., 2020; Li et al., 2021). The

other possible mechanism, the deterioration of motor execution,

refers to the deterioration of real-time online control of actions.

Previous studies have shown that motor execution of older people

is either delayed (Bock and Schneider, 2002; Teulings et al., 2002)

or becomes less accurate (Buch et al., 2003; Bock, 2005; Bock

and Girgenrath, 2006; Seidler, 2006; Heuer and Hegele, 2008;

Vandevoorde and de Xivry, 2019; Wolpe et al., 2020; Li et al., 2021),

indicating the relationship between its deterioration and aging.

To distinguish the contributions of two mechanisms to the age-

related decline of visuomotor adaptation, we chose a continuous

tracking task and recorded the participants’ eye movement

during their tracking. The continuous tracking task required

the participants to keep making short-term predictions of object

motions and planning hand movements (i.e., motor anticipation)

all the time during the task, and the recorded eye movements

provided a window to investigate how motor anticipation was

exactly made and modulated with visuomotor adaptation (Ariff

et al., 2002; Barnes, 2008; Kettner et al., 1997; Rand and Rentsch,

2016; Brouwer et al., 2018; Kowler et al., 2019). In the current

experiment, we found that the recorded gazes always preceded

the target and such predictive pursuit eye movements reflected

individuals’ predictive processes about future motions of the target

during tracking, as found in previous studies (Kettner et al., 1997;

Barnes, 2008; Kowler et al., 2019). More interestingly, we found

that the older participants showed a significantly shortened gaze-

target lag (see Figure 6B), indicating the decline of the predictive

processes with aging. This result was consistent with Maruta et al.

(2017) study in which a sample of 143 participants (age range: 7–

82 years) was included and they found that the positional precision

and smooth pursuit velocity gain of visual tracking declined over

age when people were over the age of 50 years. In addition,

our result was also consistent with the previous studies using

manual tracking tasks (Welford, 1958; Braune and Wickens, 1985;

Jagacinski et al., 1993), in which older people were found to perform

worse when they needed to overcome sensory-motor delays and

had longer lags behind the target. This decline in gaze-target lag

was also strongly correlated with the increase in target-cursor lag,

especially in the older participants (r =−0.74). Regarding the tight

relationship between motor anticipation and predictive pursuit eye

movements (Ariff et al., 2002; Barnes, 2008; Kettner et al., 1997;

Rand and Rentsch, 2016; Brouwer et al., 2018; Kowler et al., 2019),

this observed strong correlation between predictive pursuit eye

movements and visuomotor adaptation further indicated that the

declined capability of motor anticipation was possibly a critical

factor in the declined performance of a visuomotor adaptation

of the older participants. In other words, older people’s worse

performances in visuomotor adaptation were likely to be due to

their declined capacity of motor anticipation.

The effect of declined motor anticipation on visuomotor

adaptation is also consistent with the previous findings from studies

involving ballistic reaching tasks. Although there are mixed results

from empirical studies on how aging affects visuomotor adaptation,

a consistent and important finding across the existing studies
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is that aging mainly affects explicit components of visuomotor

adaptation in ballistic reaching tasks (Heuer and Hegele, 2008;

Hegele and Heuer, 2010a, 2013; Vachon et al., 2020). In addition,

such age-related decline of visuomotor adaptation is tightly related

to the deterioration of explicit memory, as shown in studies

by Li et al. (2021) and Wolpe et al. (2020). Considering that

motor anticipation is generally associated with explicit processing

(Varghese et al., 2016; Svoboda and Li, 2018; Chen et al., 2022), our

results further confirm that aging mainly results in the decline of

explicit components of visuomotor control. Common mechanisms

might be shared by the age-related effects on the adaptation of

ballistic reaching tasks and online manual tracking tasks.

In addition to testing how declined motor anticipation affected

visuomotor adaptation, we examined whether the deterioration

of motor execution also contributed to worse performance in

the visuomotor adaptation of older people. To distinguish the

contributions of motor execution andmotor anticipation, we tested

random error of hand movements after controlling for systematic

variation by target-cursor lag. The remaining random errorwas used

as a measure of motor execution. In the current study, the increase

of random error caused by feedback was significantly higher for

the older participants (see Figure 8) and, as shown by the linear

mix model analysis, this increased random error was related to

the increase of target-cursor lag. These results both indicated that

the deterioration of motor execution might be another important

factor in the declined performance of a visuomotor adaptation of

the older participants. More interestingly, this increase in random

error was moderately correlated with the decrease in gaze-target

lag, especially in the older participants (r = 0.55). This correlation

suggests that both mechanisms underlying visuomotor adaptation

may share some common neural substrates, which are further

discussed in the following subsection.

However, one may note that errors in motor execution can

be caused by different mechanisms, including a worse online

correction to visual feedback, worse movement selection, and

worse simple movement execution. In the current study, the

participants needed to continuously respond to dynamic changes

of the target during the manual tracking task, and the random

errors in their performances were apparently from the collective

influences of these potential mechanisms, which might limit us to

distinguish thesemechanisms and their independent contributions.

For example, it was difficult to quantify the online correction to a

certain visual perturbation with the current task as in the previous

studies (e.g., Körding and Wolpert, 2004; Saunders and Knill,

2004; Greenwald et al., 2005) because visual perturbations were

continuously presented during the whole tracking procedure in the

current study. Such an online perturbation method is possibly used

to compare the capability of online correction to visual updates

between older and young people in future research. On the other

side, we think that the declined stability of simple movement

execution might have a significant but small contribution to the

aging effect on visuomotor adaptation because of a finding from

our previous study (Li et al., 2021). In that study, we conducted

a ballistic reaching task and observed a small age-related effect

on random error (older people: 5.41◦ ± 0.15◦ s.e., N = 100;

young adults: 4.99◦ ± 0.27◦ s.e., N = 20) in the conditions

without perturbation. Note that Li et al. (2021) only reported the

significance of this effect but not the mean values. Similar effects

have been found in other previous studies (Hegele and Heuer,

2010a,b) as well. In addition, the smaller age-related difference

of lag-corrected random error in the baseline trials, compared to

the larger effect in the adaptive trials, of the present study also

indicates that the decline of simple movement execution by aging

was limited, though significant. In short, we speculate that the

observed age-related difference in lag-corrected random error in

this study was possibly a combined effect of declined capability

of online correction, and declined stability of simple movement

execution, between which declined capability of online correction

might have a major contribution.

In addition to analyzing eye–hand coordination, one can

also investigate individuals’ mental processing by analyzing other

oculomotor or pupillary responses. For example, multiple studies

have shown that the frequency of saccadic eye movements during

pursuit is negatively correlated with an individual’s cognitive

functions (Galna et al., 2012; Stuart et al., 2018). In the current

study, we compared the numbers of saccades in each trial between

two groups and found a significant increase for the older group.

Although the current experiment conducted a manual tracking

task rather than a pursuit task, previous studies have indicated

that the two tasks have shared mechanisms (Engel et al., 2000;

Niehorster et al., 2015), and we considered that the increased

saccadic eye movement during manual tracking of the older groups

reflected their decreased cognitive functions, which were consistent

with the previous findings (Ariff et al., 2002; Rand and Rentsch,

2016; Brouwer et al., 2018) and the observed decline of motor

anticipation from this experiment. We also analyzed individuals’

pupil size variations to investigate whether their arousal levels

changed during the experiment (Stanners et al., 1979; Murphy

et al., 2011; Jerčić et al., 2020). The results nevertheless showed

that neither group showed significant pupil size change during

the experiment, indicating that there was no marked variation in

arousal level with the progress of the experiment for either group.

An interesting finding regarding pupil size was that the older group

had a significantly smaller mean pupil size than the young group.

This finding was consistent with previous literature (Birren et al.,

1950; Telek et al., 2018). However, we did not record actual pupil

sizes but only ones measured by pixels on the tracker camera. To

make between-participant comparisons in actual pupil size, one

would need to further measure the size of an artificial pupil as a

reference, which was not measured in the current experiment. So,

we chose to not conclude this finding.

Shared neural substrates of aging e�ects
on motor anticipation and execution?

As mentioned in the Introduction section, the corresponding

neural substrates of motor anticipation and motor execution

were usually considered to be differentiated. For instance, Glover

et al. (2012) separated the visual cortical networks into a

planning network, which includes the premotor cortex, basal

ganglia, anterior cingulate, posterior medial parietal area, superior

parietal occipital cortex, and middle intraparietal sulcus, and an
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online control network which includes the sensorimotor cortex,

cerebellum, supramarginal gyrus, and superior parietal lobule.

The former network, especially the premotor, frontoparietal, and

occipitotemporal cortices, are typically involved in the anticipatory

processing of motor control (Bubic et al., 2010; Diersch et al., 2013).

Our findings suggest that motor anticipation and motor execution

both decline with aging and contribute to age-related declined

performances of visuomotor adaptation. These are consistent with

previous works showing that all those related brain regions had age-

related atrophy, including frontal lobes (Resnick et al., 2003; Raz,

2005), parietal lobes (Resnick et al., 2003; Raz, 2005), basal ganglia

(Hubble, 1998), cerebellum (Raz et al., 2001, 2005; Raz, 2005; Filip

and Bare, 2021), and so forth.

More interestingly, we found that aging effects related

to motor anticipation and motor execution had a moderate

correlation with each other. This finding suggests that these two

mechanisms may share some same neural substrates, which is

consistent with the previous findings that some neural substrates

are involved in motor anticipation and motor execution. For

example, the cerebellum, which was once considered to be

exclusively linked to motor execution, is involved in predicting

events about motor timing perceptual (O’Reilly et al., 2008;

see review in Flesischer, 2007) and coding of future movement

in the frontal cortex (Gao et al., 2018). Another case is the

basal ganglia which are considered to play a critical role

in making adaptive anticipation of and correcting ongoing

movements (Tunik et al., 2009; see review in Flesischer, 2007),

while the cortico-basal ganglia circuitry shows aberrant during

motor task execution (Taniwaki et al., 2007; Marchand et al.,

2011).

Our study extends its findings from a behavioral perspective

by providing new evidence that age-related declines of motor

anticipation and motor execution both feature in the cases of

visuomotor adaptation. The similarity in neural substrates among

the two motor-related processes and the aging effects on both

of them suggests that the declined performances of visuomotor

adaptation with aging reflect a general deterioration of the

motor-related system in older people and support the previous

suggestions in studies (Milton et al., 1989; Beuter et al., 1990) that

manual tracking with delayed visual feedback could potentially be

used as a clinical method for screening motor-related disorders.

Nevertheless, the current study did not measure any neural

signals directly, limiting us to make any conclusion about the

relationship between different types of motor control and their

underlying neural mechanisms. In future research, we plan to

introduce neural approaches (e.g., recording neural oscillations)

to explore underlying neural mechanisms of the aging effect on

visuomotor adaptation.

Conclusion

In summary, our study provides evidence that both declined

capability of motor anticipation and deterioration of motor

execution contributed to the age-related decline of visuomotor

adaptation. Motor anticipation, measured by gaze-target lag,

showed a significant decrease in older participants which

then predicted the decline of older individuals’ performances

in visuomotor adaptation. Our data also reveal a significant

deterioration of motor execution for older participants, measured

by random error after controlling for the lag between the target

and the cursor. The mixed linear model analysis also showed

that a combination of gaze-target lag and random error had

the best prediction on degraded adaptation to delayed visual

feedback in manual tracking, indicating the significant roles

of both the declined capability of motor anticipation and the

deterioration of motor execution in the age-related decline of

visuomotor adaptation. These findings are broadly consistent

and have extended the existing literature on the mechanisms

underlying age-related declines in visuomotor adaptation, helping

to understand the emergence of motor-related dysfunctions

with aging. This study provides a basis for future research on

the interventions to address the degraded motor control of

older people.
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Jerčić, P., Sennersten, C., and Lindley, C. (2020). Modeling cognitive load and
physiological arousal through pupil diameter and heart rate.Multimed. Tools Appl. 79,
3145–3159. doi: 10.1007/s11042-018-6518-z

Kandel, S., Orliaguet, J-. P., and Viviani, P. (2000). Perceptual anticipation in
handwriting: the role of implicit motor competence. Percept. Psychophys 62, 706–716.
doi: 10.3758/BF03206917

Kettner, R. E., Mahamud, S., Leung, H. C., Sitkoff, N., and Barto, A. G. (1997).
Prediction of complex two-dimensional trajectories by a cerebellar model of smooth
pursuit eye movement. J. Neurophysiol. 77, 2115–2130. doi: 10.1152/jn.1997.77.4.2115

Khasawneh, A., Rogers, H., Bertrand, J., Madathil, K. C., and Gramopadhye, A.
(2019). Human adaptation to latency in teleoperated multi-robot human-agent search
and rescue teams. Autom. Const. 99, 265–277. doi: 10.1016/j.autcon.2018.12.012

Kimmig, H., Greenlee, M., Gondan, M., Schira, M., Kassubek, J., Mergner, T.,
et al. (2001). Relationship between saccadic eye movements and cortical activity as
measured by fmri: quantitative and qualitative aspects. Exp. Brain Res. 141, 184–194.
doi: 10.1007/s002210100844

Kleiner, M. B., Brainard, D. H., Pelli, D. G., Ingling, A., and Broussard,
C. (2007). What’s new in psych toolbox-3? Perception 36, 301–307.
doi: 10.1177/03010066070360S10

Koken, P. W., and Erkelens, C. J. (1992). Influences of hand movements
on eye movements in tracking tasks in man. Exp. Brain Res. 88, 657–664.
doi: 10.1007/BF00228195

Körding, K., andWolpert, D. (2004). Bayesian integration in sensorimotor learning.
Nature 427, 244–247. doi: 10.1038/nature02169

Kowler, E., Rubinstein, J. F., Santos, E. M., and Wang, J. (2019).
Predictive smooth pursuit eye movements. Ann. Rev. Vision Sci. 5, 4901.
doi: 10.1146/annurev-vision-091718-014901

Lamb, D. G., Correa, L. N., Seider, T. R.,Mosquera, D.M., Rodriguez, J. A. J., Salazar,
L., et al. (2016). The aging brain: movement speed and spatial control. Brain Cogn. 109,
105–111. doi: 10.1016/j.bandc.2016.07.009

Li, L., Stone, L. S., and Chen, J. (2011). Influence of optic-flow information beyond
the velocity field on the active control of heading. J. Vis. 11, 9. doi: 10.1167/11.4.9

Li, L., Sweet, B. T., and Stone, L. S. (2005). Effect of contrast on the active control of
a moving line. J. Neurophysiol. 93, 2873–2886. doi: 10.1152/jn.00200.2004

Li, L., Sweet, B. T., and Stone, L. S. (2006). Active control with an isoluminant
display. IEEE transactions on systems man and cyberneics—Part A. Sys. Hum. 36,
1124–1134. doi: 10.1109/TSMCA.2006.878951

Li, N., Chen, G., Xie, Y., and Chen, Z. (2021). Aging effect on visuomotor
adaptation: mediated by cognitive decline. Front. Aging Neurosci. 13, 714.
doi: 10.3389/fnagi.2021.742928

Liu, G., Romeo, C., and Enns, C. J. T. (2008). Attention for perception and action:
task interference for action planning, but not for online control. Exp. Brain Res. 185,
709–717. doi: 10.1007/s00221-007-1196-5

Marchand, W. R., Lee, J. N., Suchy, Y., Garn, C., Johnson, S., Wood,
N., et al. (2011). Age-related changes of the functional architecture of the

cortico-basal ganglia circuitry during motor task execution. Neuroimage 55, 194–203.
doi: 10.1016/j.neuroimage.2010.12.030

Maruta, J., Spielman, L. A., Rajashekar, U., and Ghajar, J. (2017). Visual tracking in
development and aging. Front. Neurol. 8, 640. doi: 10.3389/fneur.2017.00640

Mathew, J., Flanagan, J. R., and Danion, F. R. (2019). Gaze behavior during
visuomotor tracking with complex hand-cursor dynamics. J. Vision 19, 1–13.
doi: 10.1167/19.14.24

Miall, R. C., and Jackson, J. K. (2006). Adaptation to visual feedback delays in
manual tracking: evidence against the smith predictor model of human visually guided
action. Exp. Brain Res. 172, 77–84. doi: 10.1007/s00221-005-0306-5

Milton, J. G., Longtin, A., Beuter, A., Mackey, M. C., and Glass, L. (1989).
Complex dynamics and bifurcations in neurology. J. Theor. Biol. 138, 129–147.
doi: 10.1016/S0022-5193(89)80135-3

Murphy, P. R., Robertson, I. H., Balsters, J. H., and O’connell, R. G. (2011).
Pupillometry and P3 index the locus coeruleus–noradrenergic arousal function in
humans. Psychophysiology 48, 1532–1543. doi: 10.1111/j.1469-8986.2011.01226.x

Niehorster, D. C., Peli, E., Haun, A., and Li, L. (2013). Influence of hemianopic visual
field loss on visualmotor control. PLoS ONE 8, 1–9. doi: 10.1371/journal.pone.0056615

Niehorster, D. C., Siu,W.W. F., and Li, L. (2015).Manual tracking enhances smooth
pursuit eye movements. J. Vision 15, 1–14. doi: 10.1167/15.15.11

Nyström, M., and Holmqvist, K. (2010). An adaptive algorithm for fixation,
saccade, and glissade detection in eye-tracking data. Behav. Res. Methods 42, 188–204.
doi: 10.3758/BRM.42.1.188

Oldfield, R. C. (1971). The assessment and analysis of handedness: the Edinburgh
inventory. Neuropsychologia 9, 97–113. doi: 10.1016/0028-3932(71)90067-4

O’Reilly, J. X., Mesulam, M. M., and Nobre, A. C. (2008). The cerebellum
predicts the timing of perceptual events. J. Neurosci. 28, 2252–2260.
doi: 10.1523/JNEUROSCI.2742-07.2008

Park, H. L., O’Connell, J. E., and Thomson, R. G. (2003). A systematic review
of cognitive decline in the general elderly population. Int. J. Geriatr. Psychiatry 18,
1121–1134. doi: 10.1002/gps.1023

Pelli, D. G. (1997). The VideoToolbox software for visual
psychophysics: transforming numbers into movies. Spat. Vis. 10, 437–442.
doi: 10.1163/156856897X00366

Pohl, P. S., Winstein, C. J., and Fisher, B. E. (1996). The Locus of Age-Related
Movement Slowing: Sensory Processing in Continuous Goal-Directed Aiming. J.
Gerontol. Series B Psychol. Sci. Soc. Sci. 51B, 94–102. doi: 10.1093/geronb/51B.2.P94

Rand, M. K., and Rentsch, S. (2016). Eye-hand coordination during visuomotor
adaptation with different rotation angles: effects of terminal visual feedback. PLoS ONE
11, e0164602. doi: 10.1371/journal.pone.0164602

Raz, N. (2000). “Aging of the brain and its impact on cognitive performance:
integration of structural and functional findings,” inHandbook of Aging and Cognition,
eds F. I. M. Craik and T. A. Salthouse (2nd edition, pp. 1–90). Mahwah, NJ: Erlbaum.

Raz, N. (2005). “The aging brain observed in vivo: differential changes and their
modifiers,” in Cognitive Neuroscience of Aging, eds R. Cabeza, L. Nyberg, and D. Park.
New York: Oxford University Press (pp. 19–57).

Raz, N., Gunning-Dixon, F., Head, D., Williamson, A., and Acker, J. D. (2001). Age
and sex differences in the cerebellum and the ventral pons: a prospective MR study of
healthy adults. AJNR Am. J. Neuroradiol. 22, 1161–1167.

Raz, N., Lindenberger, U., Rodrigue, K. M., Kennedy, K. M., Head, D.,
Williamson, A., et al. (2005). Regional brain changes in aging healthy adults:
general trends, individual differences and modifiers. Cereb. Cortex 15, 1679–1689.
doi: 10.1093/cercor/bhi044

Resnick, S. M., Pham, D. L., Kraut, M. A., Zonderman, A. B., and Davatzikos,
C. (2003). Longitudinal magnetic resonance imaging studies of older adults: a
shrinking brain. J. Neurosci. 23, 3295–3301. doi: 10.1523/JNEUROSCI.23-08-032
95.2003

Rodrigue, K.M., Kennedy, K.M., and Raz, N. (2005). Aging and longitudinal change
in perceptual-motor skill acquisition in healthy adults. J. Gerontol. 60B, 174–181.
doi: 10.1093/geronb/60.4.P174

Rohde, M., van Dam, L. C. J., and Ernst, M. O. (2014). Predictability is necessary for
closed-loop visual feedback delay adaptation. J. Vision 14, 1–23. doi: 10.1167/14.3.4

Salthouse, T. A. (1996). General and specific speed mediation of adult
age differences in memory. J. Gerontol B Psychol. Sci. Soc. Sci. 2, 30.
doi: 10.1093/geronb/51B.1.P30

Saunders, J. A., and Knill, D. C. (2004). Visual feedback control of handmovements.
J. Neurosci. 24, 3223–3234. doi: 10.1523/JNEUROSCI.4319-03.2004

Savitzky, A., and Golay, M. J. E. (1964). Smoothing and differentiation
of data by simplified least squares procedures. Anal. Chem. 36, 1627–1639.
doi: 10.1021/ac60214a047

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

Frontiers in AgingNeuroscience 16 frontiersin.org

https://doi.org/10.3389/fnagi.2023.1147079
https://doi.org/10.1016/j.concog.2010.05.005
https://doi.org/10.1007/s00426-008-0221-z
https://doi.org/10.1037/a0031914
https://doi.org/10.1126/science.143.3611.1190
https://doi.org/10.1037/0882-7974.23.1.190
https://doi.org/10.1371/journal.pone.0051417
https://doi.org/10.1167/17.6.9
https://doi.org/10.3389/fpsyg.2018.02285
https://doi.org/10.1016/S0733-8619(05)70086-4
https://doi.org/10.1177/001872087701900403
https://doi.org/10.1037/0882-7974.8.3.429
https://doi.org/10.1007/s11042-018-6518-z
https://doi.org/10.3758/BF03206917
https://doi.org/10.1152/jn.1997.77.4.2115
https://doi.org/10.1016/j.autcon.2018.12.012
https://doi.org/10.1007/s002210100844
https://doi.org/10.1177/03010066070360S10
https://doi.org/10.1007/BF00228195
https://doi.org/10.1038/nature02169
https://doi.org/10.1146/annurev-vision-091718-014901
https://doi.org/10.1016/j.bandc.2016.07.009
https://doi.org/10.1167/11.4.9
https://doi.org/10.1152/jn.00200.2004
https://doi.org/10.1109/TSMCA.2006.878951
https://doi.org/10.3389/fnagi.2021.742928
https://doi.org/10.1007/s00221-007-1196-5
https://doi.org/10.1016/j.neuroimage.2010.12.030
https://doi.org/10.3389/fneur.2017.00640
https://doi.org/10.1167/19.14.24
https://doi.org/10.1007/s00221-005-0306-5
https://doi.org/10.1016/S0022-5193(89)80135-3
https://doi.org/10.1111/j.1469-8986.2011.01226.x
https://doi.org/10.1371/journal.pone.0056615
https://doi.org/10.1167/15.15.11
https://doi.org/10.3758/BRM.42.1.188
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.1523/JNEUROSCI.2742-07.2008
https://doi.org/10.1002/gps.1023
https://doi.org/10.1163/156856897X00366
https://doi.org/10.1093/geronb/51B.2.P94
https://doi.org/10.1371/journal.pone.0164602
https://doi.org/10.1093/cercor/bhi044
https://doi.org/10.1523/JNEUROSCI.23-08-03295.2003
https://doi.org/10.1093/geronb/60.4.P174
https://doi.org/10.1167/14.3.4
https://doi.org/10.1093/geronb/51B.1.P30
https://doi.org/10.1523/JNEUROSCI.4319-03.2004
https://doi.org/10.1021/ac60214a047
https://doi.org/10.1016/j.brainresbull.2006.06.008
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org


Li et al. 10.3389/fnagi.2023.1147079

Spering, M., Schütz, A. C., Braun, D. I., and Gegenfurtner, K. R. (2011).
Keep your eyes on the ball: smooth pursuit eye movements enhance prediction
of visual motion. J. Neurophysiol. 105, 1756–1767. doi: 10.1152/jn.003
44.2010

Stanners, R., Coulter, M., Sweet, A., and Murphy, P. (1979). The pupillary
response as an indicator of arousal and cognition. Motiv. Emot. 3, 319–340.
doi: 10.1007/BF00994048

Stelmach, G. E., Goggin, N. L., and Amrhein, P. C. (1988). Aging
and the restructuring of precued movements. Psychol. Aging 3, 151–157.
doi: 10.1037/0882-7974.3.2.151

Stuart, S., Lord, S., Galna, B., and Rochester, L. (2018). Saccade frequency response
to visual cues during gait in parkinson’s disease: the selective role of attention. Eur. J.
Neurosci. 47, 769–778. doi: 10.1111/ejn.13864

Svoboda, K., and Li, N. (2018). Neural mechanisms of movement planning: motor
cortex and beyond. Curr. Opin. Neurobiol. 49, 33–41. doi: 10.1016/j.conb.2017.10.023

Taniwaki, T., Okayama, A., Yoshiura, T., Togao, O., Nakamura, Y., Yamasaki,
T., et al. (2007). Age-related alterations of the functional interactions within the
basal ganglia and cerebellar motor loops in vivo. Neuroimage 36, 1263–1276.
doi: 10.1016/j.neuroimage.2007.04.027

Telek, H. H., Erdol, H., and Turk, A. (2018). The effects of age on pupil diameter at
different light amplitudes. Beyoglu Eye J. 3, 80–85. doi: 10.14744/bej.2018.43534

Teulings, H. L., Contreras-Vidal, J. L., Stelmach, G. E., and Adler, C. H. (2002).
Adaptation of handwriting size under distorted visual feedback in patients with
parkinson’s disease and elderly and young controls. J. Neurol. Neurosurg. Psychiatr. 72,
315–324. doi: 10.1136/jnnp.72.3.315

Tunik, E., Houk, J. C., and Grafton, S. T. (2009). Basal ganglia contribution
to the initiation of corrective submovements. Neuroimage 47, 1757–1766.
doi: 10.1016/j.neuroimage.2009.04.077

Vachon, C. M., and Modchalingam, S. ‘t Hart, B. M., and
Henriques, D. Y. (2020). The effect of age on visuomotor learning
processes. PLoS ONE 15, e0239032. doi: 10.1371/journal.pone.
0239032

Vandevoorde, K., and de Xivry, J. J. O. (2019). Internal model recalibration does
not deteriorate with age while motor adaptation does. Neurobiol. Aging 80, 138–153.
doi: 10.1016/j.neurobiolaging.2019.03.020

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

Varghese, J. P., Merino, D. M., Beyer, K. B., and Mcilroy, W. E. (2016). Cortical
control of anticipatory postural adjustments prior to stepping. Neuroscience 313,
99–109. doi: 10.1016/j.neuroscience.2015.11.032

Walker, N., Philbin, D. A., and Fisk, A. D. (1997). Age-Related differences
in movement control: adjusting submovement structure to optimize performance.
J. Gerontol. Seri. B Psychol. Sci. Soc. Sci. 52B, 40–52. doi: 10.1093/geronb/
52B.1.P40

Weber, R. B., and Daroff, R. B. (1972). Corrective movements following
refixation saccades: type and control system analysis. Vision Res. 12, 467–475.
doi: 10.1016/0042-6989(72)90090-9

Welford, A. T. (1958). Ageing and human skill. Br. J. Sociol. 9, 384.
doi: 10.2307/587573

Wolpe, N., Ingram, J. N., Tsvetanov, K. A., Henson, R. N., and Villis,
L. (2020). Age-related reduction in motor adaptation: brain structural
correlates and the role of explicit memory. Neurobiol. Aging 90, 13–23.
doi: 10.1016/j.neurobiolaging.2020.02.016

Woodworth, R. S. (1899). The accuracy of voluntary movement. J. Nerv. Ment. Dis.
26, 743–752. doi: 10.1097/00005053-189912000-00005

Frontiers in AgingNeuroscience 17 frontiersin.org

https://doi.org/10.3389/fnagi.2023.1147079
https://doi.org/10.1152/jn.00344.2010
https://doi.org/10.1007/BF00994048
https://doi.org/10.1037/0882-7974.3.2.151
https://doi.org/10.1111/ejn.13864
https://doi.org/10.1016/j.conb.2017.10.023
https://doi.org/10.1016/j.neuroimage.2007.04.027
https://doi.org/10.14744/bej.2018.43534
https://doi.org/10.1136/jnnp.72.3.315
https://doi.org/10.1016/j.neuroimage.2009.04.077
https://doi.org/10.1371/journal.pone.0239032
https://doi.org/10.1016/j.neurobiolaging.2019.03.020
https://doi.org/10.1152/jn.00659.2019
https://doi.org/10.1016/j.neuroscience.2015.11.032
https://doi.org/10.1093/geronb/52B.1.P40
https://doi.org/10.1016/0042-6989(72)90090-9
https://doi.org/10.2307/587573
https://doi.org/10.1016/j.neurobiolaging.2020.02.016
https://doi.org/10.1097/00005053-189912000-00005
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org

	Age-related decline of online visuomotor adaptation: a combined effect of deteriorations of motor anticipation and execution
	Introduction
	Methods
	Participants
	Apparatus
	Task and procedure
	Data analysis

	Results
	Manual tracking performance
	Eye movement performance
	Saccadic eye movements between age groups
	Pupil Size
	Coordination among target, eyes, and hand

	Random error of visuomotor control

	Discussion
	Visuomotor adaptation and aging
	The mechanisms of the age-related deficits in visuomotor adaptation
	Shared neural substrates of aging effects on motor anticipation and execution?

	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


