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Abstract

Age-related declines in fine motor control may impact tool-use and thereby limit functional 

independence. Most previous research has, however, focused on the effect of aging on gross motor 

tasks. Few studies have investigated the effects of aging on the strategy or quality of fine motor 

skills, especially in tool-use, which may better reflect how age impacts complex movement 

capability. Twenty-two young (ages 19-35) and 18 older adults (ages 58-87) performed a timed 

upper-extremity task using a tool to acquire and transport objects to different locations. Overall 

task performance was divided into two phases based on 3-D position of the tool: a gross motor 

phase (object transport) and a fine motor phase (object acquisition). Overall, older adults took 

longer to complete the task. A linear model indicated that this was due to the duration of the fine 

motor phase more so than the gross motor phase. To identify age-related differences in the quality 

of the fine motor phase, we fit 3-dimensional ellipsoids to individual data and the calculated the 

ellipsoid volume. Results demonstrated a significant volume-by-age interaction, whereby 

increased ellipsoid volume (space the tool occupied) related to increased mean dwell time for the 

older adult group only; younger adults did not demonstrate this relationship. Additionally, older 

adults with longer movement times during the fine motor phase also had lower cognitive scores. 

No age-related differences were observed for the gross motor phase, suggesting that age-related 

declines in tool-use may be due to changes in fine motor control and cognitive status.
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INTRODUCTION

It is well established that aging affects the speed of voluntary upper limb movements 

(Voelcker-Rehage 2008). Specifically, studies using sequence learning (Shea et al. 2006), 

joystick aiming (Seidler 2006), and rapid aimed limb movements (Pratt et al. 1994) have 

shown an overall slowing of movement (e.g., bradykinesia), which has been attributed to a 

number of sensorimotor factors such as proprioceptive loss (Stelmach and Sirica 1986), 

sensory loss (Newell et al. 2006), cortical thinning (Ward and Frackowiak 2003), central and 

peripheral demyelination (Seidler et al. 2010), and slower reaction times and processing 

speeds (Ratcliff et al. 2001; Ebaid et al. 2017). However, few studies have analyzed what 

specific aspects or qualities of the underlying motor behavior contribute to the observed age-

related differences in upper limb motor tasks.

Although many studies have focused on age-dependent differences in movement of reaching 

and finger tapping tasks, very few experiments have focused on possible age-dependent 

movement differences in tool-use tasks, which represent more real-world movement. 

Understanding motor behavior in more functional tasks that capture activities of daily living 

is important, as such tasks appear to be more sensitive to functional and cognitive decline in 

older adults (Schupf et al. 2005; Schaefer et al. 2020). Thus, identifying measures that are 

sensitive to age-related differences in tool-use may allow us to better understand the 

mechanisms underlying cognitive and functional changes with advancing age.

One possible explanation for age-dependent differences in tool-use may be explained by 

embodied cognition, i.e., the interaction between cognition, perception, and action with an 

implement (Wilson 2002; Glenberg et al. 2013; Vallet 2015; Kuehn et al. 2018). Although 

research in both humans and animals has demonstrated that tool-use has similar neural 

representation as hand use (Iriki et al. 1996; Maravita et al. 2002; Umiltà et al. 2008), there 

are also significant differences in brain regions correlated with tool-use versus non-tool-use 

motor tasks (Gallivan et al. 2013); however, the effect of aging on this representation (and 

thus tool-use task performance) is not well known. For example, Costello and colleagues 

demonstrated that the perceived distance of a target while reaching with a tool was 

dependent on age, while reaching without a tool was not (Costello et al. 2015). A shift in 

perception while using an implement is called a “tool-use effect” and, based on this previous 

work, it is plausible that the strength of this effect may change with age. Thus, age-

dependent differences in reaching tasks may not generalize to age dependent changes in 

tool-use tasks, thereby warranting an investigation of age-related declines in tool-use 

specifically.

Recent work in young adults demonstrated a temporal dissociation between reaching and 

object manipulation with a tool (gross and fine motor phases, respectively), suggesting that 

improvements in tool-use task performance were due to improved movement quality during 

object manipulation and not simply faster movements (Itaguchi 2020). Furthermore, 

movement quality may contribute to age-related differences in movement time, although this 

has been explored only in reaching tasks (Yan et al. 1998; Morrison and Newell 2012). As 

noted above, identifying changes in movement quality within real-world goal-directed 

actions with a tool (not just constrained experimental tasks) may be particularly important in 

Hooyman et al. Page 2

Exp Brain Res. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



older adults as an indicator of functional decline (i.e., declines in activities of daily living) 

(Dunlop et al. 2005; Zisberg et al. 2011; Colón-Emeric et al. 2013). It also suggests that 

studying complex tasks involving tool-use may be more sensitive to age than planar point-to-

point reaching (Hinder et al. 2013), force modulation during grasping (Voelcker-Rehage and 

Alberts 2005; Parikh and Cole 2012), or reach-to-grasp (Cole 1991; Roy et al. 1999; Holt et 

al. 2013), which tend to show only modest changes in speed, accuracy, and movement time 

between age groups. This may be due to the very constrained nature of these other motor 

tasks that do not afford the ability to investigate strategic or qualitative differences in 

movement patterns with advancing age. Furthermore, age-dependent relationships observed 

from more constrained motor task paradigms (e.g., those that occur in one- or two-

dimensions) may not generalize to ecologically-valid, real-world movements that are 

embedded in activities of daily living (Wulf and Shea 2002). Thus, it is plausible that a fine 

motor skill in a tool-use task may be a sensitive assay that may reflect cognitive (Hooyman 

et al. 2020) and functional (Fauth et al. 2017; Schaefer et al. 2020) decline, which are 

relevant for dementia related diseases (Schupf et al. 2005; Schaefer et al. 2020).

To our knowledge, there have been very few studies that have compared functional tool-use 

between younger and older adults. Previous research looking at hand prehension during 

different functional tasks has noted an age effect after 75 years old (Shiffman 1992), yet only 

through visual inspection of participant video recordings; no quantifiable outcome 

explaining these age differences was provided. Thus, the purpose of this study was to 

dissociate age-related changes in movement quality from general age-related slowing of 

movement during a functional tool-use task (Schaefer and Hengge 2016). To this end, 

groups of younger and older adults were tested on a timed task involving object 

manipulation, with task performance being dichotomized into a gross motor phase (i.e., 

reaching with tool) and a fine motor phase (i.e., object acquisition with tool). Based on 

previous research (Dixon et al. 1993; Slavin et al. 1996), we hypothesized that the older 

adult group would have slower trial times than the younger adult group, but that these 

differences in task performance would be due to age-related differences in movement quality 

of the fine motor phase rather than general slowing.

METHODS

Participant Characteristics

This study was approved by the Arizona State University Institutional Review Board (Study 

00004214 and 00009764), and was therefore performed in accordance with the ethical 

standards laid down in the 1964 Declaration of Helsinki. All individuals provided informed 

consent prior to participation. Forty adults were recruited into this study (older adult group: 

n = 18, 6 female, mean±SD age: 70.11±7.57 years, range: 58-87 young adult group: n = 22, 

6 female, mean±SD age: 24.32±3.41 years, range: 19-35). All participants were non-

demented (Montreal Cognitive Assessment score > 21, mean±SD: 26.87±1.94, range: 23 – 

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

reported any previous injury or musculoskeletal disability related to either hand. No 

participants demonstrated any sensory loss/impairment, as measured by the Semmes-

Weinstein monofilament test (all were within normal range). Sensorimotor function was also 
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measured in the older adult group with the Grooved Pegboard Test. All participants reported 

full independence (score = 0) on the Index of Independence in Activities of Daily Living 

Scale (Katz et al. 1970), thereby indicating a minimal likelihood of apraxia (Hanna-Pladdy 

et al. 2003).

Functional Tool-use Task

Movement was assessed via a tool manipulation task (Fig. 1), which has been published 

previously (Schaefer et al. 2015; Schaefer and Duff 2015; Schaefer and Hengge 2016) and 

viewable on Open Science Framework (https://osf.io/phs57/wiki/

Functional_reaching_task/). 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). Hand dominance was determined with the 

Edinburgh handedness questionnaire (Oldfield 1971); overall, 39 of the 40 participants in 

this study were right-handed. Participants completed the task with their nondominant hand 

to allow for more variance within and between groups, 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), similar to Itaguchi (2020). Overall task performance was quantified as the 

amount of time taken to complete all 15 repetitions (i.e., trial time). Kinematic data were 

collected throughout the 15 repetitions 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 3% of all repetitions had any errors. 

Additionally, there was no difference in error rate between age groups (p=.25) nor any 

relationship between errors and trial time (p=.89). For more exploratory analyses, kinematic 

data for the dominant hand was also used (see supplementary material).

Kinematic Analysis

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 MotionMonitor 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 identified 

three event markers for 1) start of object manipulation, 2) start of reach, and 3) end of reach. 

The event for 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 
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time. The event for start of reach was registered at the latest occurrence when resultant 

velocity exceeds 0.05 m/s while the spoon is within the container. The end of reach was 

registered when the spoon reaches 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) (Fig. 2A). 

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 (Floel et al. 

2008; Sullivan 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). Kinematic variables of interest for the gross motor stage included: 

the 3-dimensional position of the spoon, transport time, average velocity, average jerk, and 

average distance (Fig. 2B).

Measuring Fine and Gross Motor Phase Quality

The 3-dimensional space the tool occupied during the fine motor phase (see Fig. 2A) was 

calculated for each participant by computing the ellipsoid hull (Pison et al. 1999) using 

Titterington’s algorithm (Titterington 1975), i.e., the minimum volume given all points fit 

just inside the boundary, across all 15 repetitions of the trial. All repetitions were considered 

since previous research suggests that the last repetitions have different movement patterns 

than the first repetitions (Schaefer and Hengge 2016). Ellipsoid volume was derived from 

the 3 semi-major axes from the x (anterior-posterior), y (medial-lateral) and z (superior-

inferior) direction using the following equation:

V = 4
3 π x y z

where V is the ellipsoid volume and x, y and z are the semi-major axis derived from the 

Titterington’s algorithm from the x, y and z axes, respectively. The calculated volume of 

each individual ellipsoid reflects the overall space in the home container that the tool moved 

during the fine motor phase. This essentially quantifies how much or how little space within 

the container the participant used to accomplish the task in the x, y, or z direction. We also 

analyzed 3D movement variance during the fine motor phase as an adjunct to ellipsoid 

volume to further assess how movement quality varies as a function of age. Any differences 

between age groups in the space used (i.e., variance) during the fine motor phase would 

demonstrate a potential shift in performance strategy or movement quality with aging, as 

suggested previously (Morrison and Newell 2012; Sternad 2018). Ellipsoid calculation was 

not used on the gross motor phase since other variables, such as average velocity and 

cumulative distance, are more commonly used to quantify reaching (see variables above).
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Statistical Analysis

All statistical analyses were done in R, Version 4.0.0 (R Core Team 2019). To first test 

whether there were in fact differences between age groups in overall performance, total time 

was analyzed using a Welch’s two sample t-test (in the case of unequal variances). Then, to 

determine if each motor phase (fine vs. gross) had a differential effect on overall 

performance based on age group, the general linear model was used to test for interaction 

effects between motor phase and age group on total trial time. Results from this analysis 

would inform us whether the contributions of the fine and gross motor phases to the overall 

trial time were different for older vs. young groups. Thus, main effects of group and dwell 

time were included as predictors of total trial time, as was an interaction term between age 

group and dwell time. A similar model with interaction terms was used to assess the 

contribution of the gross motor phase to task performance. Separate linear models were used 

instead of a singular model to avoid collinearity between predictors, rather than a single 

model including both phases. Significant interactions within either model between age group 

and motor phase would suggest strategic differences between older and younger adults. 

Alternatively, only a main effect of age group, and no presence of interaction, would indicate 

an overall effect of a slowing of movement due to age and not a change in movement quality 

or strategy.

Finally, to determine if there was a significant difference in interaction effect magnitude 

between models, we implemented bootstrapping with resampling to replicate the previous 

analyses. Both motor phase times were scaled to allow for comparison. We generated 10,000 

bootstrapped models to generate separate interaction term distributions and then compared 

those distributions via an independent t-test to determine mean distribution differences. The 

application of bootstrapping also allowed us to determine the robustness of the interaction 

effect independent of possible outliers or skewness within a distribution. An outcome where 

the dwell time interaction term is significantly larger in mean magnitude than the transport 

time interaction term would confirm that the dwell time interaction term is not only 

statistically more precise for predicting reach time between age groups, but is also larger in 

magnitude than that of the transport time interaction term.

As noted above, the ellipsoid hull (Maechler et al. 2020) of the fine motor phase was 

computed to yield a single variable that captured how much 3-dimensional movement each 

participant had in the home cup. Once we confirmed that there were in fact differences in 

overall performance between age groups, and identified which phase of the task was more 

sensitive to these differences, we then used robust linear model (Venables and Ripley 2002) 

to examine how 3-dimensional volume, age group, and age group-by-volume interaction 

predicted average dwell time, i.e. the fine motor phase. We utilized robust linear model to 

account for any influential points within the data. A Wald test and false discovery rate 

correction was applied to account for multiple comparisons (Maechler 2020). This phase 

was shown to be more sensitive to age-differences in overall performance (see Results), 

thereby guiding this analysis step. As such, this robust model allowed us to examine if any 

age group-by-volume interactions could explain differences in the fine motor phase. To 

avoid structural collinearity (i.e., correlation between group effects and interaction effects 

with group) within the model, we scaled volume by subtracting the mean and then divided 
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by the standard deviation. A significant interaction between age group and volume 

represents that the tool was being manipulated differently by older and younger adult groups 

and this difference resulted in slower average dwell time as a function of age group. We also 

analyzed how average movement velocity during the fine motor phase may explain 

differences in ellipsoid volume between age groups. The same analysis was performed for 3-

dimensional variance of the kinematic data during the fine motor phase. Supplementary 

analyses further explored whether the relationship between ellipsoid volume and average 

dwell time was dependent on which hand was used (non-dominant vs. dominant) (Judge and 

Stirling 2003).

Finally, although our analyses revealed that the gross motor (i.e., reaching) phase was less 

sensitive to the age-related differences in overall performance, model analyses were still 

conducted for each gross motor kinematic variable: average distance, average velocity, and 

average jerk, as well as each of their possible interactions with age to predict mean transport 

time. This allowed us to determine if differences in mean transport time (the measure of the 

gross motor phase) were related to reach velocity, distance traveled, and movement 

smoothness (jerk) for each age group. Since we have observed the effects of cognition on 

fine motor performance in other tasks (Fauth et al. 2017), we also tested whether average 

dwell time and average transport time was related to performance on the Montreal Cognitive 

Assessment (MoCA).

RESULTS

Age group differences in overall task performance

Welch’s two-sample t-tests determined that total trial time was significantly different 

between older and younger adults (mean group difference = 10.38 seconds, 95% CI = [2.68, 

18.06], p = .01), with older adults taking ~10 seconds longer than younger adults to 

complete the task (total 15 repetitions).

Comparison of fine vs. gross motor phase relationship to overall task performance

The general linear models for the effects of age group and age interactions with both the 

gross and fine motor phases on task performance were statistically significant (fine: p = 

1.16e-11, R2 = .78; gross: p = 3.68e-8, R2 = .61), indicating that although both phases were 

significant predictors of total trial time, the fine motor phase explained more variance 

overall. Significant age group-by-phase interactions were only observed during the fine 

motor phase (βdwelltime x group = −5.36, 95% CI = [−9.5, −1.19], p = .01), and not the gross 

motor phase (βtransporttime x group = −3.51, 95% CI = [−9.23, 2.21], p = .22). Comparison of 

interaction effects between each model using bootstrapping with resampling demonstrated 

that the dwell time interaction effect was significantly larger than the transport time 

interaction effect (mean of dwell interaction = −5.32, s.d. = 2.02; mean of transport 

interaction = −3.36, s.d. = 2.9, p = 2.2e-16). This indicates that age differentially affected 

how the fine motor phase influenced overall task performance compared to the gross motor 

phase (Fig. 3A & B), thereby warranting additional investigation (see below). This suggests 

that the fine motor phase is likely more sensitive to age, consistent with previous studies 

(Floel et al. 2008; Itaguchi 2020).
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Relationship between ellipsoid volume and the fine motor phase

To determine how volume was sensitive to differences in average dwell time by age group, 

robust general linear model was used with volume, age group and a volume by age group 

interaction as independent variables and average dwell time as the dependent variable. 

Results from our robust model demonstrated associations between each independent variable 

to average dwell time, application of the Wald test confirmed statistical significance, 

intercept (βintercept = 2.41, F = 282.48, p = 2.2e-16), age group (βage group = −.65, F = 12.82, 

p = .001), volume (βvolume = 1.01, F= 11.79, p = .002), and age group-by-volume interaction 

(βvolume x group = −.98, F = 10.09, p = .003). These data indicate that dwell time increased as 

volume increased in the older group but not the younger group (Fig. 4).

Our previous research has suggested that the amount of “rooting around” a participant does 

in the home cup with the tool may be an important factor in overall task performance 

(Schaefer and Hengge 2016). Computed ellipsoids of the fine motor phase kinematic data 

now allow us to quantify this ‘rooting’ behavior. The overall linear model using ellipsoid 

volume as well as age group to predict average dwell time of the fine motor phase was 

statistically significant. This demonstrates that use of ellipsoid calculations used on this type 

of unstructured kinematic data can explain differences in tool-use that correspond to 

individual differences in the time spent in the fine motor phase. Furthermore, there was a 

significant group-by-volume (i.e., space used) interaction in predicting dwell time (p < .05) 

which further supports that the extent to which changes in motor quality (as evidenced by 

different movement patterns) are related to dwell time is age-dependent.

To further explore whether these effects actually reflected differences in movement quality 

between age groups, average movement velocity during the fine motor phase for each 

individual was regressed against ellipsoid volume. As shown in Supplementary Material 

(Fig. 1S), the interaction with age group was consistent with Figure 3, indicating that higher 

ellipsoid volume was associated with faster velocity within the home cup, but only for the 

younger age group. This effect was not observed in the older group, such that ellipsoid 

volume was independent of how quickly the hand/tool was moving during the fine motor 

phase. In addition, variation in relative shape of individual ellipsoid volume along each 

semi-major axis, x, y and z, of the ellipsoid was analyzed. We used a general linear model 

analysis with a Tukey HSD for post-hoc analysis to test for interactions between age group 

and semi-major axis. There was a significant interaction effect along the x-dimension 

(Group-by-x dimension difference = .011, p-adjusted = .01). Collectively, these results 

further support differences in movement quality between the age groups, rather than the 

older adults simply being more cautious and slower during this phase. Similar results were 

obtained using the 3-dimensional variance of the kinematic data during the fine motor phase, 

rather than ellipsoid volume (see Supplementary Material, Fig. 2S). Supplementary data are 

provided for the dominant hand (see Supplementary Material, Fig. 3S).

Lack of relationship between kinematics and gross motor phase

A single linear model that included all gross motor kinematic variables (average distance, 

average reach velocity and average reach jerk) and age group as predictors of transport time 

(i.e., the reach from the home cup to the target cup) was not statistically significant (p = .09). 
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Average velocity was, however, the only significant variable (βvelocity, −1.29, 95% CI [−2.49 

to −0.09], p = .04), suggesting that the only kinematic variable related to transport time was 

(unsurprisingly) average velocity irrespective of age. This supports that the reaching portion 

of this task is not necessarily sensitive to any differences in movement quality between the 

age groups.

Associations with sensory and cognitive function in older adults

As noted above, none of the older adults in this study demonstrated any loss in tactile 

sensation as measured by monofilament testing, suggesting that the interactions between the 

fine motor phase and age are not attributed to sensory loss. There was also no relationship 

between performance on the Grooved Pegboard Test and overall task performance (total 

time), dwell time, or transport time (all p-values > .05), suggesting that manual dexterity is 

also not a factor in the effects of age group observed in this study. There was, however, a 

significant negative relationship between global cognition (as measured by the MoCA) and 

dwell time of the fine motor phase (R2 = .17, βMoCA, −.18, 95% CI [−.33 to −0.03] ,p = .04), 

such that longer (worse) dwell times were associated with lower (worse) cognitive scores. 

No significant relationship was observed between cognitive score and overall task 

performance (p = .06) or the gross motor phase (p = .79).

DISCUSSION

The purpose of this study was to dissociate age-related changes in movement quality from 

general age-related slowing of movement during a functional tool-use task that had a gross 

motor phase (i.e., reaching with tool) and a fine motor phase (i.e., object acquisition with 

tool). Based on previous research (Dixon et al. 1993; Slavin et al. 1996) , we hypothesized 

that the older group would have worse performance on the task overall (longer trial times) 

than the young group, but that these differences in task performance would be due to age-

related differences in movement quality rather than general slowing. Evidence from this 

experiment suggests that the fine motor phase (i.e., object manipulation), but not the gross 

motor phase (i.e., reaching), was related to the differences in overall task performance 

between age groups. This suggests that age group differences were not necessarily due to an 

age-dependent slowing of movement but instead due to changes in movement quality 

specific to the fine motor phase. This is the first experiment to our knowledge that quantifies 

how these age-related changes in movement quality can result in slower functional task 

performance, irrespective of movement speed. Recent research has alluded to age-related 

differences in movement quality in eye-hand coordination during a time-constrained 

reaching task, but were not able to fully describe the qualitative differences that generated 

the age effect (O’Rielly and Ma-Wyatt 2018). Our ability to observe behavioral patterns that 

are significantly related to slower task performance is contrary to other research examining 

age differences in lifting an object (arguably a more gross motor task) in which older adults 

had faster, rather than slower, movement times than younger adults (Hoellinger et al. 2017). 

That further supports that reaching and object manipulation with the hand is different than 

with a tool. It may very well be that changes in fine motor skill as a result of age may be a 

stronger proxy for functional decline (Contreras-Vidal et al. 1998; Hoogendam et al. 2014; 

Schaefer et al. 2020).
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Additionally, differences in the gross motor phase (i.e., reaching) were primarily 

distinguished as an overall slowing of movement that was not dependent on age. Thus, 

performance on these types of movements may be more indicative of peripheral factors (e.g., 

skeletal muscle quality or α-motoneuron integrity) than are fine motor changes (Moore et al. 

2014). This experiment demonstrates that fine motor performance may rely upon neural 

mechanisms that are particularly relevant (and sensitive) to the aging process, more so than 

targeted reaching. This is further illustrated by the differential relationship that these two 

motor phases had with cognitive function. The observed association between the fine motor 

phase and cognitive score (MoCA) (and lack thereof for the gross motor phase) may be 

related to the complexity of movement involved in each phase. Previous research has shown 

that task complexity increases movement variability among older adults (Morrison and 

Newell 2012), which, in this study was measured as ellipsoid volume and 3D variance.

Limitations

We acknowledge that the current study did not have a ‘control’ condition of just point-to-

point reaching to observe if any non-tool-use gross motor behavior related to changes in 

tool-use movement time. This theoretically would allow for dissociating simple upper limb 

movement features from tool-use features that predict age-related differences in overall task 

performance (Ketcham and Stelmach 2004). Additionally, no measures of object perception 

were collected to determine where there were group differences in perceived shape. We also 

acknowledge that participants were not directly screened for apraxia or poor visual acuity, 

although all participants reported full independence on their activities of daily living, thereby 

suggesting that deficits were not present in this sample. Furthermore, the error rates for the 

task were very low and comparable between the age groups. Lastly, we acknowledge that 

this study focused on the nondominant hand performance, and it is plausible that dominant 

hand performance may show less age-related differences in movement quality (see 

Supplementary Material). This may reflect experience-dependent differences, as the 

dominant hand is more commonly used for unimanual tool-use. This study is therefore 

crucial for identifying aspects of functional, real-world movement that are sensitive to age 

and experience. Future studies will now investigate how repetitive practice affects the fine 

motor phase specifically in both younger and older adults.

Future Directions

It is important to identify possible mechanisms of these changes in movement quality as a 

function of age. Previous research has demonstrated that executive function may be driving 

age-related differences in reaching movements (Rodríguez-Aranda et al. 2016). However, 

impaired spatial memory may reduce the complex maneuvering of the motor system in tool-

use tasks, which may require use of visual information to accomplish the task goal , as 

evidenced by 2-dimensional reaching movements where visual information was the greatest 

contributor of early reach corrections in older adults (Sarlegna and Sainburg 2009). As noted 

above, future work will analyze how ellipsoid volume or movement variance during the fine 

motor phase changes within and across trials as a function of practice, and how those 

changes are dependent on specific cognitive domains (rather than a global cognitive 

measure). Additionally, our future research aims to identify possible differences in brain 

structure and function in relationship to movement time and quality of each movement 
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phase. Differential substrates related to slowing of movement versus movement quality may 

highlight specific neurodegenerative processes related to aging and motor function (Sprague 

et al. 2019).

CONCLUSION

Overall, results from this experiment demonstrate that age-related differences in fine 

movement quality are more sensitive to differences in timed motor performance with a tool 

than gross motor measures. Furthermore, tool-use tasks with a fine motor component may 

have a higher cognitive demand than reaching from point-to-point. Future studies can focus 

whether and why fine motor skill changes with age, above and beyond any sensory loss, and 

what cognitive domains it is related to in older adults.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Visual depiction of the tool-use task. Participants use the non-dominant hand to scoop and 

then transport 2 kidney beans at a time from the home container, directly in front of the 

participant, into one of the three adjacent containers from left to right. Instruction to each 

participant is to transport the total number of kidney beans quickly and accurately from the 

home container to the adjacent containers.
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Figure 2. 
Individual participant tool position during fine and gross motor phase. Black circle is 

visualization of home container for reference. A) Two-dimensional density plots of tool 

position in the horizontal plane during the fine motor phase for each participant, colored by 

group (Young = Grey; Old = Black). X-direction = Anterior/Posterior; Y-direction = Medial/

Lateral, Z-direction = Inferior/Superior. B) Tool position data in the horizontal plane during 

the gross motor phase for each participant, colored by group (Young = Grey; Old = Black). 

X-direction = Anterior/Posterior; Y-direction = Medial/Lateral. Light grey ellipse represents 

the calculated ellipse for each participant in the x and y dimension.
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Figure 3. 
Interactions between age group and motor phase (fine motor phase = dwell time; gross 

motor phase = transport time) as predictors of overall trial time (task performance). Color of 

points indicates age group and color of lines models the interaction effect on average time 

spent in each phase based on age group. Shaded area represents standard error. A) The 

relationship between average dwell time and total trial time is different for young and older 

age groups. B). The relationship between average transport time and total trial time is 

comparable for young and older age groups.
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Figure 4. 
Relationship between fine motor phase ellipsoid volume with average dwell time by age 

group. Older adults compared to younger adults demonstrate greater increases in average 

dwell time with increases in variance explained in the y direction. Shaded area represents 

standard error. Average ellipsoid hull of each age group is visualized within the figure inset 

with the older adult ellipsoid in black and the young adult ellipsoid in grey.

Hooyman et al. Page 18

Exp Brain Res. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	INTRODUCTION
	METHODS
	Participant Characteristics
	Functional Tool-use Task
	Kinematic Analysis
	Measuring Fine and Gross Motor Phase Quality
	Statistical Analysis

	RESULTS
	Age group differences in overall task performance
	Comparison of fine vs. gross motor phase relationship to overall task performance
	Relationship between ellipsoid volume and the fine motor phase
	Lack of relationship between kinematics and gross motor phase
	Associations with sensory and cognitive function in older adults

	DISCUSSION
	Limitations
	Future Directions

	CONCLUSION
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.

