
Mediation analysis of the effect of visuospatial memory on 
motor skill learning in older adults

Andrew Hooymana,b, Jennapher Lingo VanGildera, Sydney Y. Schaefera,b,*

aSchool of Biological and Health Systems Engineering, Arizona State University, Tempe, AZ, 
USA.

bThe Arizona Alzheimer's Consortium, Phoenix, AZ, USA

Abstract

There is high inter-individual variability in motor skill learning among older adults. Identifying the 

nature of these individual differences remains challenging due to interactions between participant 

characteristics (e.g., age, cognition) and task-related factors (e.g., nature of task, level of skill 

pre-training), making it difficult to determine plausibly causal relationships. This study addresses 

these competing explanations by using mediation analysis to examine plausible causal inference 

between visuospatial memory and one-month retention of both gross and fine motor components 

of a functional upper-extremity task following training. Results suggest that better visuospatial 

memory results in more retention of fine but not gross motor skill, expanding on previous 

correlational studies in older adults and informing future interventions for maximizing motor 

learning in geriatric populations.
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Introduction

The ability to learn and generalize a motor skill is fundamental to motor development and 

motor rehabilitation. This is especially true among older adults where the preservation, 

(Smith et al., 2005) learning, (Seidler, 2007) and generalization (Hinder et al., 2011) 

of motor skill is essential for maintaining functional independence (Fauth et al., 2013). 

However, previous research has demonstrated that the extent of learning achieved following 

a given amount of practice on a given task can be highly variable across individuals 

(Anderson et al., 2021; Hooyman et al., 2021). This inter-individual variability has been 

attributed to a number of factors, such as the type or nature of task (Ranganathan et al., 

2021), the difficulty of the task (Voelcker-Rehage, 2008), individual baseline motor skill 

(i.e., level of task performance prior to training) (Lee & Ranganathan, 2019), or cognitive 

status (Wang et al., 2020).
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In support of this, our previous work has shown that both visuospatial function (specifically, 

visuospatial memory) and initial task performance prior to training affect the extent 

of learning of a functional upper-extremity motor task (Lingo VanGilder et al., 2018, 

2019; Lingo VanGilder et al., 2021; Lingo VanGilder et al., 2021), presenting competing 

explanations. This task is considered functional because it incorporates common household 

items (e.g., a spoon, plastic cups, and raw kidney beans) and because its performance has 

been associated with daily function (Schaefer et al., 2020; see also Fauth et al., 2017). As 

such, this task captures gross motor skill (i.e., targeted reaching when transporting beans 

with the spoon from one location to another) and fine motor skill (i.e., dexterity and tool-use 

when scooping of beans from a cup with a spoon) (Schaefer & Hengge, 2016). This is in 

contrast to other experimental motor paradigms that study only one or the other (Christova 

et al., 2018; Whitley, 1970). Considering how visuospatial function may affect both phases 

is important, as data show that these phases are differentially affected by the aging process 

(Hooyman, Wang, et al., 2021), such that poorer performance of the gross motor phase likely 

reflects general bradykinesia, whereas poorer performance of the fine motor phase likely 

reflects differences in movement quality (not speed) relative to younger adults (see also Raw 

et al., 2012). No study to date, however, has considered how the learning of the two phases 

(gross vs. fine) with extensive practice are differentially affected by visuospatial function, 

nor whether the observed effects of visuospatial function on learning are (plausibly) causal. 

A deeper understanding of how visuospatial (or other cognitive) deficits impair the learning 

of different aspects of movement (gross vs. fine) could be widely beneficial to areas of 

motor skill training and rehabilitation (Schaefer et al., 2021).

Ultimately, our goal is to understand whether visuospatial deficits lead to deficits in 

motor learning among older adults, which would in theory guide the development of new 

interventions and solutions that could enhance motor learning. To do so, however, we 

must use analyses that account for the strong associations between initial (pre-training) 

performance on the motor task and final (post-training) performance. Conceptually, initial 

performance is often predictive of learning (i.e., how much a task improves). Specifically, 

individuals with poor initial performance are far from the “ceiling” level of a task, and 

therefore (potentially) have more room for change compared to individuals whose initial 

performance is very close to a ceiling level (with little room for change). When using 

regression-based approaches, initial motor performance on a given task typically explains 

the most variance in final performance of that task, washing out effects from other 

variables that may otherwise be clinically/functionally meaningful and rendering these other 

explanatory variables insignificant. Thus, due to the strength of initial motor performance 

as a predictor of final motor performance on a given task or assessment, it is difficult to 

determine what other covariates are informative for potentially modifying or interfering 

with motor learning. This current study directly addresses this methodological issue by 

using mediation analysis (Hayes, 2009) to dissociate the effect of initial performance from 

the effect of visuospatial function to examine plausibly causal pathways through which 

visuospatial function might affect motor learning. The value of mediation analysis in 

modeling the interactions among multiple explanatory variables on a single outcome has 

been proposed in motor rehabilitation (Field-Fote, 2019), and is highly novel in the context 

of motor learning specifically. Mediation analysis is useful and appropriate here because it 
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first determines if initial task performance (modeled as a mediator variable) fully explains a 

direct effect of visuospatial function on motor learning. If so, this would suggest that initial 

task performance washes out any effect that visuospatial function had on motor learning 

and would also suggest that visuospatial function does not directly cause differences in 

motor skill retention. However, mediation analysis can also determine an indirect effect of 

visuospatial function on motor learning that is mediated through initial task performance. 

If so, this would suggest that the variance in motor learning that is explained by initial 

task performance is mediated by visuospatial function, whereby better visuospatial function 

results in better initial motor performance, ultimately leading to better motor learning.

Based on our previous work suggesting that initial performance of the fine (but not gross) 

motor phase of our task is sensitive to cognitive deficits (Hooyman, Wang, et al., 2021), 

we hypothesized that the learning of the fine motor phase (but not the gross motor phase) 

would be indirectly affected by visuospatial function, as defined by mediation analysis. 

While previous studies have inferred that visuospatial function influences motor learning in 

older adults based on empirical data, the mediation analysis provided here has potential to 

extend previous findings by directly testing a plausibly causal role of visuospatial function 

in the context of motor learning. This approach provides a clearer understanding of the 

interactions between task factors (e.g., task type and complexity), initial motor skill (i.e., 

level of performance on a given task prior to any practice), and cognition (in our case, 

visuospatial function specifically), which may 1) explain why such large inter-individual 

differences in motor skill learning exist, particularly among older adults (Voelcker-Rehage, 

2008), and 2) guide interventions for maximizing motor learning in geriatric populations.

Materials and Methods

Participants

Fourteen non-demented, community-dwelling older adults (9 female) with a mean age of 

71.14±8.08 years participated in the study. All participants were right-handed, as measured 

through the Edinburgh Handedness Inventory (Oldfield, 1971). No participant reported 

any previous injury or musculoskeletal disability related to either hand. All participants 

were non-demented (Montreal Cognitive Assessment score > 21, mean ± SD: 27.18 ± 

2.27) with no self-reported history of depression or psychiatric disorders. No participant 

reported any sensory loss/impairment as measured by Semmes-Winstein monofilament test; 

all within normal range. All participants reported full independence (score = 0) on the 

Index of Independence in Activities of Daily Living Scale (Katz et al., 1970). This is a 

retrospective analysis on previously published data (Lingo VanGilder, Lohse, et al., 2021). 

We acknowledge that the total number of participants within this study is relatively small; 

however, our sample size is in line with previous research in motor learning that has 

used mediation analyses in the past (Van Liew et al., 2021), and previous methodological 

research has demonstrated that mediation analysis is robust against a range of sample 

sizes due to the bootstrapping method utilized to generate confidence intervals (Pan et al., 

2018). All participants provided written informed consent prior to enrollment according 

to the Declaration of Helsinki. This study was approved by the Arizona State University 

Institutional Review Board (IRB Study number 000004214).
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Visuospatial memory assessment

Prior to motor task practice (described below in more detail), participants completed the 

Rey-Osterrieth Complex Figure Test (ROCFT). Based on our previous findings (Lingo 

VanGilder et al., 2019), we chose to only include the delayed recall portion of this test 

in our analysis because we have shown how this portion specifically is related to overall 

motor skill retention following training (Lingo VanGilder, Lohse, et al., 2021). Participant 

delayed recall scores were age-adjusted according to published methods (Caffarra et al., 

2002), which accounted for participant age, education, and sex. Participants had a mean 

age-adjusted delayed recalled ROCFT score of 19.56±7.4. For reference, an abnormal score 

would be ≤ 9.46 (<5th percentile).

Motor task and motor training

This study used a functional upper-extremity motor task (Fig. 1), which has been published 

previously (Schaefer & Duff, 2015; Schaefer & Hengge, 2016; Schaefer et al., 2015, see 

also https://osf.io/phs57/wiki/Functional_reaching_task/ for more information). Importantly, 

this task has been related to objective and subjective measures of daily functioning in older 

adults, demonstrating its ecological validity (Schaefer et al., 2020) and is more related 

to cognition than gross motor assessments like grip strength (Hooyman et al., 2020). 

Participants completed the task with their nondominant hand to avoid a ceiling effect 

(Schaefer, 2015), and were instructed to move as quickly yet as accurately as possible. 

Task performance involved 15 repetitions of acquiring and transporting two objects (hard, 

kidney-shaped, ~0.5cm3) at a time with a tool (spoon) from a central ‘home’ container (9.5 

cm in diameter and 5.8 cm in height) to one of three distal ‘target’ containers that were 

the same size as the home container. Thirty objects were placed by the experimenter at the 

start. The target containers were secured radially around the home container at −40°, 0°, and 

40° at distance of 16 cm. Participants started by moving to the target cup ipsilateral of the 

hand used, then returned to the central cup to acquire two more objects at a time to transport 

to the middle target cup, then the contralateral target cup, and then repeated this 3-cup 

sequence five times for a total of 15 out-and-back movements. Thus, this task involved both 

object manipulation (fine motor) and point-to-point reaching (gross motor). Overall task 

performance of a given trial was quantified as the amount of time taken to complete all 15 

repetitions (i.e., trial time). Participants were timed by an experimenter using a stopwatch, 

where movement start occurred when the participant’s hand contacted with the spoon and 

movement end occurred when the last two beans were deposited into the last cup. Kinematic 

data (see description below) were collected throughout the 15 repetitions of each trial to 

analyze both the fine and gross motor stages. Errors such as transporting the wrong number 

of beans, dropping beans, or reaching in the wrong direction were recorded; however, less 

than 4% of all repetitions had any errors. There was no relationship between errors and trial 

time (p=.69).

Kinematic data were collected at sampling frequency of 100 Hz with a small 6 DOF 

electromagnetic sensor (Ascension Model 130, measured at 0.7 cm long and 0.15 cm 

diameter; Flock of Birds, via Motion Monitor integrated software) placed on the underside 

of (plastic) spoon handle at its base. Data were low-pass filtered offline at 8Hz with a 4th 

order Butterworth filter. To parse each repetition into a fine and gross motor stage, we 
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identified three event markers for 1) start of object manipulation, 2) start of reach, and 3) 

end of reach. The start of object manipulation was registered when the spoon was within 

the container diameter and the vertical velocity (inferior-superior, movement toward superior 

– out of the container – is positive) changed direction from negative to positive for the 

first time. The start of reach was registered at the latest occurrence when resultant velocity 

exceeded 0.05 m/s while the spoon was within the container. The end of reach was registered 

when the spoon reached its largest y-position (anterior-posterior, movement towards anterior 

is positive).

The fine motor stage occurred during object acquisition and was defined from the start 

of object manipulation (event marker 1) to the start of reach (event marker 2). Kinematic 

variables of interest for the fine motor stage included: the 3-dimensional position of the 

spoon, time spent in the fine motor stage (dwell time), and cumulative distance traveled by 

the spoon. It is noted that this phase is of particular interest in studies of aging, as it is 

more susceptible to age-related changes in brain structure and function (Hirsiger et al., 2016; 

Seidler et al., 2015; Seidler et al., 2010) The gross motor stage occurred during the reaching 

movement towards the target and was defined from the start of reach (event marker 2) to the 

end of reach (event marker 3).

Once data collection was complete, we categorized the spoon position data into either fine 

or gross motor phases. The fine motor phase was defined as any time the spoon was within 

the home cup and the gross motor phase was defined as when the spoon left, dropped off 

the beans, and then returned to the home cup (see Supplemental Figure 1S for examples of 

kinematic data). Within the fine motor phase, average distance that the spoon traveled across 

all 15 reaches during the first trial on the practice and retention day was calculated. This 

measures how efficiently the participant was able to move the spoon to scoop the required 

number of kidney beans. The metric we used for the gross motor phase (shown visually in 

Supplemental Figure 1S) was the average time spent during transport for the first trial of the 

practice and retention day. Lower average transport times indicated better task proficiency. 

Participants completed three weekly sessions of training, which were each comprised of 50 

trials (1 trial = 15 reaches). One month after the last training session, participants returned to 

complete one more trial to measure long-term retention. Kinematic data of the spoon were 

only recorded during the first trial of the first training session and the one-month retention 

trial.

Statistical Analysis

Rationale for using mediation analysis

Generally speaking, mediation analysis is appropriate only when the variables used (and the 

order in which they are placed in the model) are informed by an evidence- or theory-based 

conceptual model (MacKinnon & Fairchild, 2009). It is important that the relationships 

(i.e., the model conceptual paths) within the mediation model already have a previously 

established relationship, either based on existing literature and/or experimental data. In other 

words, the variables used (and relationships between them) must have some precedent; thus, 

mediation analysis should not be used in an exploratory fashion. This study adheres to this 

concern, as it is informed by a robust body of literature. In this study, visuospatial memory 
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(measured as the ROCFT delayed recall score) is the primary independent variable (IV), 

and initial motor performance is the mediator variable (MV). The initial performance for 

each phase of the motor task (fine and gross) was calculated. Initial performance for the 

fine motor phase was defined as the average distance moved and average movement time 

within the container per ‘scoop’ during the first trial of practice, for the gross motor phase, 

it was defined as the average transport time during the first trial of practice. Accordingly, 

the learning of each phase was the dependent variable (DV) and was defined as the change 

in performance from the first and one-month retention trials. This generates a conceptual 

model with paths between the independent variable (IV) and mediator variable (MV) that 

test for direct and indirect effects on the DV, respectively (Fig. 2). Figure 2 represents 

this conceptual model where paths a and b represent the indirect pathway that visuospatial 

function impacts motor skill learning through initial performance, whereas path c’ is the 

direct path of visuospatial function on motor skill learning. Again, the set up and direction 

of this conceptual model are based on previous data, as we expect visuospatial function to 

affect initial motor performance and skill learning (and not vice versa, i.e., an individual’s 

initial performance should not change their visuospatial function).

Mediation model

We used the mediation package (Tingley et al., 2014) to run our mediation analyses with 

the R statistical software version 4.0.0 (R Core Team, 2019). Direct and indirect effects for 

the mediation model were estimated. Confidence intervals (CIs) using the bias-corrected and 

percentile-based methods were constructed using bootstrapping (accounting for the related 

data) using 1000 replications. All indirect effects were computed as the product of paths a 
and b (ab). Path a connects the independent variable (visuospatial function) to the mediating 

variable (gross or fine motor phase). Path b connects the mediating variable to the dependent 

variable (motor learning). For example, a significant indirect effect would indicate that 

visuospatial memory indirectly causes motor skill retention through the mediator variable (in 

this case, initial motor task performance). The c’ path is the direct effect of the independent 

variable on the dependent variable, accounting for the mediating variable. For example, a 

significant direct effect would indicate that visuospatial memory directly causes motor skill 

retention while controlling for the mediator variable (i.e., initial motor task performance). 

We also included covariates of age and education to account for other control variables 

that may impact fine and gross motor skill learning. Separate analyses were performed for 

the fine and gross motor phase, and all assumptions of linear regression were checked and 

upheld prior to interpretation of results.

The linear model constructed for each path can be seen in Equations 1 and 2 below.

Initial Performance (MV) ∼ a∗Visuospatial (IV) + age + education (Eq. 1)

Motor Learning (DV) ∼ b∗Initial Performance (MV) + c’ ∗ Visuospatial (IV)
+ age +
education

(Eq. 2)
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The 95% confidence intervals computed for each effect determined whether the effect 

was significantly different from 0 given a=0.05. If the direct effect (the c’ path) is not 

statistically significant, this confirms that initial motor performance mediated the effect of 

visuospatial function on motor skill learning. If the indirect effect (the product of path a 
and b) is statistically significant, this supports that the effect of visuospatial function on 

motor learning works indirectly through initial motor performance. It is important to note 

that we are using mediation analysis to test for possible casual links between visuospatial 

memory, initial performance, and motor skill learning for each phase of the motor task. As a 

preliminary step, we aimed to confirm that the independent variable of visuospatial memory 

was significantly related to one-month change for each phase prior to mediation (since its 

relation to one-month change has only been explored previously for overall trial time, and 

not each individual motor phase). For results from this preliminary step and visualization 

of the relationship between each independent, dependent, and mediator variable for both 

analyses, see Supplemental Material (including Supplemental Figure 2S).

Results

Fine Motor Phase – Distance Travelled

First, through the calculation of Cook’s distance (a measure of how much leverage a data 

point applies to a relationship) we confirmed that there were no outliers within any of the 

interpreted analyses. Initial analyses demonstrated that ROCFT delayed recall was related 

to one-month change in average distance traveled during the fine motor performance (p 

= 0.03, β = 0.003, 95% CI = [0.0003, 0.006]). Mediation analysis showed no significant 

direct effect (abbreviated as DE) (p = 0.56, DE = 9.24e-4, 95% CI = [−2.81e-3, 0.00]), 

meaning that the mediator variable (in this case, initial performance on the fine motor 

phase) nullified the relationship between ROCFT delayed recall and retention of the average 

distance traveled during the fine motor phase. There was, however, a significant indirect 

effect (abbreviated as IE) (p = 0.046, IE = 2.27e-3, 95% CI = [1.45e-5, 0.01]) indicating 

that differences in ROCFT delayed recall indirectly led to differences in retention of average 

distance traveled, as mediated through initial motor performance (Fig. 2). Specifically, the 

negative relationship of the a path (i.e., the correlation between delayed ROCFT and initial 

fine motor performance was negative) means that higher scores on the delayed ROCFT 

correlated with shorter distance traveled in the fine motor phase during initial exposure 

to the task. Then, the negative relationship of the b path (i.e., the correlation between 

initial fine motor performance and one-month change in fine motor performance was also 

negative), indicating that individuals who traveled more distance in the home cup at baseline 

had more one-month change in fine motor performance. These results together allow us 

to dissociate how initial motor proficiency on the task, which reflects motor output, and 

visuospatial function, which reflects cognitive processing, uniquely impact learning of the 

spatial component of the fine motor phase. This also demonstrates how low skill early on in 

practice should not be taken as an indication that an individual cannot learn or benefit from 

training. The relationship between each variable in the fine motor phase mediation model 

can be visualized in Fig. 2S. This strongly suggests that decline in delayed visuospatial 

memory results in worse initial fine motor performance in regards to average distance 

travelled, which then leads to worse retention of any learning of the fine motor phase 
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(as well as the task overall). Additionally, we determined that the achieved power of the 

indirect effect (ab) from this mediation analysis was 0.642 (Kenny, 2017), which suggests 

that although the sample used in this study was small, it is unlikely our results were 

due to a false positive. One would compare the result of this power analysis to that of 

a general linear model, for example, where d = 0.5 is considered a medium effect and d 

= 0.8 is a large effect. Finally, given the presence of an indirect effect in our mediation 

analysis, we performed additional analyses and visualizations examining if the relationship 

between initial performance and one-month change was due to mathematical coupling or 

measurement error (see Supplementary Material). These supplementary analyses indicate 

the validity of the indirect effect.

Fine Motor Phase – Movement Time

We could not confirm that ROCFT delayed recall was related to one-month change in 

average movement time during the fine motor phase (p = 0.17, β = 0.06, 95% CI = [−0.03, 

0.15]). This demonstrates that although the mediation effect was in the same direction as 

that of average distance travelled, it was not large enough to yield significance. Mediation 

analysis showed no significant direct effect (p = 0.49, DE = 0.02, 95% CI = [−0.05, 0.07]). 

This effect is somewhat uninterpretable as the initial relationship between ROCFT delayed 

recall and average movement time was not initially significant so there is nothing to mediate. 

There was also no significant indirect effect (p = 0.12, IE = 0.045, 95% CI = [−.015, 0.13]), 

indicating that differences in ROCFT delayed recall did not indirectly lead to differences 

in retention of average movement time during the fine motor phase, as mediated through 

initial motor performance. This suggests that overall, visuospatial memory does not directly 

or indirectly impact the average movement time spent during the fine motor phase.

Gross Motor Phase

We failed to show that ROCFT delayed recall was related to one-month change in gross 

motor performance average movement time (p = 0.15, β = .007, 95% CI = [−0.003, 0.018]). 

Mediation analysis showed no significant direct effect (p = 0.1, DE = 0.009, 95% CI = 

[−0.003, 0.02]), indicating that the mediator variable (in this case, initial performance on the 

gross motor phase) mediated the relationship between ROCFT delayed recall and retention 

of gross motor skill. However, in this case, there was also no significant indirect effect (p 

= 0.72, IE = −0.0008, 95% CI = [−0.014, 0.01]), suggesting that ROCFT delayed recall 

did not indirectly lead to changes in retention of the gross motor phase. (Visualization of 

the relationships between variables in the gross motor phase can be seen in Supplemental 

Figure 2S). Together these findings from both the direct and indirect effects in the mediation 

analysis demonstrate that delayed visuospatial memory function does not play a role in the 

learning of the gross motor phase.

Discussion

Visuospatial function has been associated with motor learning in a number of studies (Lingo 

VanGilder et al., 2018; Lingo VanGilder, Lohse, et al., 2021). The purpose of this study 

was to use mediation analysis to understand the mechanism by which visuospatial function 

affects the learning of both fine and gross motor skill in older adults. Results showed that the 
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delayed recall portion of the Rey-Osterrieth Complex Figure test had an indirect effect on 

the learning of the spatial aspects of the fine motor phase (i.e., distance travelled), which was 

mediated through initial performance, but not the temporal aspects (i.e., movement time). 

This is not surprising, given that the ROCFT is an assessment of visuospatial ability, rather 

than processing or movement speed. In contrast, delayed recall scores had no direct nor 

indirect effect on the learning of the gross motor phase. We therefore interpret the indirect 

effect of visuospatial function on fine motor skill learning as evidence for a causal link 

between visuospatial function and motor learning, particularly in tasks involving fine motor 

control within an unconstrained space, whereby visuospatial deficits lead to deficits in motor 

learning.

It is plausible that the indirect effect observed here is due to a ceiling effect in the 

relationship between initial performance and learning of the motor task. In other words, 

could initial performance on the task only be linked to learning due to a ceiling effect, where 

participants with lower (worse) motor performance at baseline experience greater change 

with practice than participants with better motor performance who are already close their 

peak performance? While this is an alternative interpretation of our results, we have several 

explanations that suggest that this is not likely the case. First, the motor task used here 

does not have a hard ceiling effect like tasks/tests measured on an interval scale, such as 

many clinical assessments (e.g., the Fugl-Meyer Assessment or the Action Research Arm 

Test). Our motor task is measured on a continuous scale, and therefore has a “softer” ceiling 

that is participant-specific. Second, the fact that participants with worse motor performance 

initially tend to improve is well documented in motor learning research (see Anderson et 

al., 2021). Thus, this pattern of low performers making the greatest gains is more the rule 

rather than the exception. Finally, with that being said, one should not assume that those 

with worse initial performance always make the largest gains. In this study we enrolled 

cognitively-intact older adults, but in other work that focuses on clincial populations with 

significant cognitive impairment (i.e., Mild Cognitive Impairment, dementia) has shown 

that there are individuals who have poor initial performance and do not improve (Duff et 

al., 2011). This lack of a practice effect has been used to inform how the possible effects 

of disease related neurodegeneration impact the ability to improve with task exposure and 

may inform long-term prognosis (Schaefer et al., 2020). Thus, we interpret that within this 

cognitively-intact group of older adults, the indirect link between visuospatial function and 

learning was mediated by initial performance. However, the nature and psychometrics of a 

given task should be considered if it is being used in mediation analyses in general.

Previous discussions of potential mechanisms of motor learning have typically implicated 

the primary motor and visual cortices as primary contributors of the learning of specific 

physical properties or features of a task (Censor et al., 2012). However, results from this 

study suggest that the extent to which these mechanisms can predict learning may be 

task-specific, meaning some task types may better follow one specific mechanistic pathway 

than others (Ranganathan et al., 2021). For example, the cerebellum has been more linked to 

error-based learning (Kawato & Gomi, 1992) while the motor cortex is linked to learning of 

more ballistic type movements (Muellbacher et al., 2001). As we have demonstrated here in 

older adults, visuospatial memory influences the learning of fine but not gross motor skill, 

suggesting that these types of movements are learned through different neural pathways. 
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Given the confirmed role of visuospatial memory in fine motor skill learning, it is plausible 

that the integrity of white matter tracts connecting parietal and motor cortices, such as the 

superficial longitudinal fasciculus and anterior corona radiata, may be critical for both initial 

levels of fine motor skill as well as improvements with practice (Koshiyama et al., 2020; 

Theilmann et al., 2013). In the context of our study, participants with lower ROCFT delayed 

recall (and therefore poor initial performance) may have had less structural integrity of these 

associative tracts (and/or focal degeneration within parietal and motor cortices in parallel), 

which could be explored with future neuroimaging studies.

Advancing age clearly affects motor learning (Seidler et al., 2010), such that older adults 

tend to learn motor tasks slower and to a lesser extent than younger adults. However, 

different types of motor tasks appear to be differentially affected by age. This study now 

identifies visuospatial memory as an explanation for why older age has been associated 

with declines in motor learning on certain tasks, as well as fine motor deficits (Fauth et 

al., 2017). Furthermore, this study supports recent work that links post-training performance 

on this task with one-year functional decline in patients with amnestic Mild Cognitive 

Impairment, indicating more advanced progression towards dementia. Since accelerated 

visuospatial decline may be an early symptom of Alzheimer’s disease progression (Caselli 

et al., 2020), motor tasks that involve fine motor skill could help give insights into diagnosis 

or prognosis of dementia. It is important to note that although our previous research has 

shown that memory of a visually constructed item (i.e., the recall of a previously drawn 

figure) is critical for learning the task used in this study, other visuospatial processes such 

as mental rotation (Jeunet et al., 2015, 2016) or visuospatial working memory (Bo et al., 

2009, 2011; Seidler et al., 2012) may be more sensitive to learning other forms of motor 

learning (e.g., motor sequencing, visuomotor adaptation). Findings from this study are also 

clinically relevant, as they suggest that improving visuospatial function through cognitive 

therapy and/or neuromodulation could in fact improve motor rehabilitation for older patients 

(Kraemer, 2016).

Limitations

As noted above, there have been statistical concerns within motor learning (and motor 

recovery) about using initial motor performance to predict a change in motor performance 

due to potential mathematical coupling (i.e., an initial score is essentially predicting itself 

within the change score) (Hawe et al., 2019). Data simulations from post-stroke cohorts 

have shown that a spurious relationship between an initial level of performance and a 

change score for a given motor assessment (e.g., Fugl-Meyer) are due to differences in the 

magnitude of sample variance between pre- and post-recovery measurements (Hope et al., 

2019), which can be extended to pre- and post-training in the context of motor learning. 

Analyses within Supplemental Material confirm, however, that this was not the case here. 

Additionally, the lack of indirect or direct effects for learning of the gross motor phase may 

be due to the overall sample size, although previous research has demonstrated that gross 

motor performance does not have as strong relationship with cognition compared to fine 

motor skill (Voelcker-Rehage, 2008).
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In conclusion, this study provides further evidence for the causal role of cognition in motor 

skill learning among older adults. This cognitive associations with motor learning have 

been observed previously, but with a focus primarily on cognition as a global or somewhat 

abstract construct [e.g., Magill & Hall, 1990]. Considering which cognitive deficits are most 

disruptive to motor learning are not only important for a theoretical understanding of motor 

skill learning but also for translation to cognitive aging research and neurorehabilitation 

(Lingo VanGilder et al., 2020).
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Functional upper-extremity motor task. Participants are timed at how quickly they can scoop 

and acquire (i.e., the fine motor phase) and transport (i.e., the gross motor phase) two raw 

beans at a time from the home cup (left panel) to one of three target cups (right panel). 

A single task trial consists of 15 reaches. This figure was adapted from “Dexterity and 

Reaching Motor Tasks” by MRL Laboratory is licensed under CC BY 2.0.
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Figure 2. 
Conceptual model and results of Mediation Analysis of Fine Motor Phase. The model 

consists of two primary paths: the direct path (c’) which represents the direct effect of 

visuospatial memory (independent variable, IV), measured prior to practice, on one-month 

change in fine motor performance (dependent variable, DV), and the indirect path (ab) 

which represents the effect of visuospatial memory on one-month change in fine motor 

performance (DV) through initial fine motor performance (mediator variable, MV). The 

effect of each path is controlled for including covariates of age and education. Results 

demonstrated that the indirect path (i.e., the effect of visuospatial memory on one-month 

change in fine motor performance through initial fine motor performance) was significant. 

Numbers along each arrow represent the coefficient for each path. 95% BS CI = 95% 

Bootstrapped Confidence Interval.
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