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Abstract

Time to complete two tests of manual dexterity, the 9-hole Peg Test and Grooved Pegboard Test,
increases with advancing age. However, the adaptations responsible for the differences in pegboard
times between middle-aged and older adults are largely unknown. Potential mechanisms include
neuromuscular characteristics, cognitive function, and cutaneous sensation. To provide a tractable
framework to address these gaps in knowledge, the purpose of the current study was to identify the
latent variables underlying age-associated differences in time to complete the 9-hole and grooved
pegboard tests. The approach involved an independent component analysis that identified
associations between the two pegboard times for the two groups of participants with two to six
secondary outcomes. The common association across three of the four conditions (two groups and
two pegboard tests) was features derived from force-matching tasks requiring submaximal
isometric contraction. In addition, there were significant associations for older adults between age,
measures of cognitive function, and pegboard times. Nonetheless, the significant associations were
unique for each age group and pegboard test. The results provide a framework for subsequent
mechanistic studies to identify the adaptations underlying age-associated declines in manual
dexterity.
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1. INTRODUCTION

Neurological health and function across the lifespan (3—-85 years) can be characterized with
the NIH Toolbox, which comprises tests to quantify an individual’s status in four domains:
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cognition, emotion, motor, and sensory (Gershon et al., 2013). The motor domain includes
tests to assess performance in dexterity, balance, endurance, locomotion, and strength
(Reuben et al., 2013). Manual dexterity, a measure of the ability to manipulate an object
through skillful coordination of the hands and fingers, is often quantified by time to
complete tests such as the Rolyan 9-hole Peg Test and the Lafayette Grooved Pegboard Test
(Wang et al., 2011). Such tests combine elements of mental acuity, tactile sensibility, muscle
strength, force control, and coordination, among others (Carey et al. 1997; Ashendorf et al.
2009; Marmon et al. 2011a, 2011b; Lawrence et al. 2015; Almuklass et al. 2016). The
grooved pegboard test requires greater tactile acuity and imposes a greater cognitive demand
than the 9-hole test (Ashendorf et al., 2009; Bowden and McNulty, 2013; Thompson-Butel
etal., 2014; Wang et al., 2011). Manual dexterity is required for numerous activities of daily
living, such as grooming, writing, and cooking, and is usually compromised with advancing
age (Carey et al., 2008, 2002; Ostwald et al., 1989; Williams et al., 1982).

Neuromuscular characteristics have previously been shown to be strong predictors of
pegboard performance (Marmon et al. 2011a, 2011b; Bowden & McNulty, 2013; Almuklass
et al. 2016). In a study of 75 adults (18-89 yrs), for example, Marmon et al. (2011) found
that a significant proportion of the variance (/4= 0.36) in the time to complete the grooved
pegboard test could be explained by two predictor variables: force steadiness during index
finger abduction (partial r=0.57) and handgrip strength (partial r= —0.34). When these data
were examined for each age group (young, middle-aged, and older adults), however, a
statistically significant regression model (&2 = 0.59) was only identified for older adults (75
+ 6 yrs, n = 25) and the predictor variables were age (partial r=0.73), force steadiness
during index finger abduction (partial r= 0.43), and pinch grip strength (partial r=0.28).
These findings indicate that much, but not all, of the variance in the time for older adults to
complete the grooved pegboard test could be explained by measures related to force control
and muscle strength, but these outcome variables were unable to explain the variance in the
times observed for middle-aged adults (51 + 6 yrs).

As an extension of this work, Almuklass et al. (2016) developed an expanded set of force
steadiness tasks that was able to explain the variance in the time it took young adults (24.2

+ 4.1 yrs; n = 30) to complete the grooved pegboard test. The predictor variables (/2= 0.70)
were force steadiness during wrist extension (partial r= -0.475) and time to match the pinch
grip target force as quickly as possible during concurrent wrist extension (partial r= 0.780).
These results indicated that young adults with longer pegboard times were more accurate
when matching a submaximal isometric contraction target force, but took longer to reach the
target force.

The current study used a similar approach to identify age- and test-specific descriptors of
pegboard times for middle-aged and older adults, but in addition examined the contribution
of measures that assessed tactile sensation (Cole et al. 1998; Bowden & McNulty, 2013;
Dunn et al. 2013) and cognitive function (Ashendorf et al. 2009; Guillery et al. 2013). The
purpose of the study was to identify the latent variable descriptors underlying age-associated
differences in time to complete the 9-hole and grooved pegboard tests. The hypothesis was
that the descriptor variables would differ for middle-aged and older adults on both pegboard
tests. The outcomes were expected to identify the neuromuscular properties, tactile
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sensibility, and cognitive characteristics that contribute to age-specific differences in
performance on the two tests of manual dexterity.

2. MATERIALS AND METHODS

Twenty-five middle-aged (51.3 £ 6.8 yrs; 14 women) and 28 older adults (73.8 + 6.9 yrs; 12
women) met inclusion criteria and provided informed consent to participate in the study. All
participants were right-handed (97 + 7; range: 75-100) according to the Edinburgh
Handedness Inventory Short Form (Veale, 2014), free from neurological disease, had no
reported orthopedic problems that could influence upper limb function, and were not taking
any medications known to influence neuromuscular or cognitive function. The Institutional
Review Board at the University of Colorado Boulder approved the protocol (Protocol #
14-0631).

All subjects participated in two experimental sessions that lasted <2 hours. Functional
capabilities were assessed in one session using NIH Toolbox measures of manual dexterity
(Wang et al., 2011), muscle strength (Reuben et al. 2013), cognition (Weintraub et al., 2013),
and tactile discrimination (Carey et al., 1997). In the other session, force steadiness was
measured during single-(Marmon et al., 2011b) and double-action (Almuklass et al., 2016)
tasks that involved submaximal isometric contractions. The primary outcomes were the
times to complete the two tests of manual dexterity with the right hand: 9-hole and grooved
pegboard tests. The secondary outcomes were used to identify the latent variables associated
with the times for the two groups of participants to complete the two pegboard tests.

2.1 Functional Assessments

The 9-hole pegboard test requires participants to place 9 cylindrical pegs into 9 holes
arranged in a 3-by-3 grid as quickly as possible, and then to remove all pegs one at a time.
Each subject performed the 9-hole test four times, twice with each hand: a familiarization
trial followed by a timed trial. Normative data for time to complete the 9-hole pegboard test
(mean £ SD) are 17.5 + 2.8 s for middle-aged adults (46—65 yrs), 17.8 + 2.7 s for older
adults (66-75 yrs), and 21.0 + 2.8 s for oldest adults (76-85 yrs) (Wang et al., 2011). The
25-hole grooved pegboard test requires participants to place keyhole-shaped pegs into 25
holes on a board as quickly as possible. The holes resemble keyholes that are arranged in a
5-by-5 matrix, with varied keyhole orientation across the board. The pegs are inserted one
row at a time, with the peg insertion order determined by the tested hand. Right-hand peg
placement is performed left to right from top to bottom, whereas left-hand peg placement is
performed right to left but also from top to bottom. Subjects practiced the grooved pegboard
test by completing the top row once and then the time to complete the test for each hand was
recorded. Normative data for the time to complete the grooved pegboard test (mean + SD)
are 69.0 = 18.0 s for middle-aged adults (46-65 yrs), 68.6 £ 17.9 s for older adults (66—75
yrs), and 86.7 + 16.4 s for oldest adults (76-85 yrs) (Wang et al., 2011). Test order was
counterbalanced across participants with dominant hand (right) trials performed first and the
right-hand times were used for latent variable analysis.

Maximal hand grip strength was measured with a hand dynamometer (Hydraulic Hand
Dynamometer, Baseline Evaluation Instruments, Irving, TX) (Reuben et al. 2013). Three
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maximal voluntary contractions (MVC) were performed for each hand, starting with the
right hand and alternating trials between right and left hands. Subjects were instructed to
increase force over 3 s to reach a maximal value. Strong verbal encouragement was provided
during each MVC trial with at least 2 min of rest between trials. The maximal value
recorded for each hand was used as MV C force.

The Tactile Discrimination Test characterized the ability to discriminate surface texture
(Carey et al., 2002, 1997). The test comprises a forced-choice protocol that requires
participants to identify the non-matching texture from a set of three pads with their right
index finger; two pads have an identical texture and one differs. Participants were presented
a prescribed series of pads in varying order of difficulty and a cumulative score was
calculated for the right hand only (Carey et al. 1997).

Five tests from the Cognition Battery of the NIH Toolbox were used to assess executive
function, attention, episodic memory, processing speed, and working memory (Weintraub et

al., 2013):

Executive function was assessed with the Flanker Inhibitory Control and
Attention Testand the Dimensional Change Card Sort Test. The Flanker test
required participants to focus on a central directional arrow with 4 flanking
arrows as distractions. The subject was asked to choose the correct direction of
the central arrow. Scoring is based on a combination of accuracy and reaction
time to measure participant attention and inhibitory control.

Attention denotes the capacity to deal with environmental information and was
also tested with the Flanker test. The Dimensional test required participants to
match images by either color or shape with a target image.

Episodic memory was measured with the Picture Sequence Memory Test by
requiring participants to recall objects and activities in a storyboard order for a
series of 18 pictures.

Processing speed was measured with the Pattern Comparison Processing Speed
Test, which required participants to discern whether two side-by-side images are
identical or not.

Working memory was measured with the List Sorting Working Memory Test,
which required participants to recall and sequence different visual and orally
presented stimuli in order of size from smallest to largest. The recalled sequence
progressed from a single dimension (either animals or foods) to a double
dimension (foods, then animals).

All cognitive tests were performed in accordance with NIH Toolbox specifications and
instructions.

2.2 Force Steadiness

Force steadiness was measured as participants performed submaximal isometric contractions
that comprised either single- and double-action force-matching tasks with the right hand and
arm (Almuklass et al., 2016). The target forces were 5% and 10% MVC and each
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contraction was sustained for 30 s. The single-action tasks involved index finger abduction,
thumb-index finger precision pinch, and wrist extension. The double-action tasks were
achieved by combining index finger abduction or pinch (x axis) with wrist extension force ()
axis). Force steadiness was quantified as the coefficient of variation for force in each
direction and the net resultant force.

The subjects were seated with the right forearm resting on a metal stand, secured with
polyester straps, and the hand pushing against force transducers. One transducer measured
force during wrist extension (0.0057 V/N, JR3 Model 45E15A-U760-A, Woodland, CA) and
another measured the pinch and index finger abduction forces (0.021 V/N, Futek LMD300
Pinch Load Cell, Irvine, CA). Participants completed MV Cs for wrist extension, index
finger abduction, and pinch in a counterbalanced order. Each task involved a gradual
increase in force from rest to maximum in 3 s and then holding that maximal force for 2 s
with vigorous encouragement. Subjects performed at least two MV Cs for each action; if the
difference in peak force between the two MVCs was >5%, subsequent MVC trials were
performed until two were performed within 5%. No more than five MVC trials were
performed for any task. At least 2 min of rest was provided between each MVC trial. The
greatest peak MVC force was used to calculate the target forces for the force-matching
tasks.

Each force-matching task was performed with visual feedback displayed on a computer
monitor placed ~1.5 m in front of the seated participant (Almuklass et al., 2016). Screen
dimensions were normalized from 0% to 20% MVC in both the x (pinch or index finger
abduction force) and y (wrist extension force) directions for the tested actions. The feedback
comprised a horizontal target line for wrist extension and a vertical target line for index
finger abduction and index-thumb pinch. The resultant force was indicated by a single
crosshair image. The visual angle during the acquisition of the target force was 9.3° for the
5% MVC target and 18.5° for the 10% MVC target, and was reduced to 0.69° and 0.86°,
respectively, during the steady contraction.

Single-action tasks were performed at each target force (5 or 10% MVC force) with the
isometric contractions (pinch, index finger abduction, or wrist extension) counterbalanced
across participants. After one practice trial (~10 s), participants performed two trials in
which the task was to exert a steady force for 30 s. At least 45 s of rest was provided
between each trial. Participants were instructed to reach the target as quickly as possible
upon hearing a ‘Go’ signal from one investigator. Double-action tasks were then performed
in the same counterbalanced order and with the same instruction as the single-actions tasks.

Pinch and index finger abduction forces were amplified 200 times (V72-25A Resistive
Bridge Strain Gage Coupler, Coulbourn Instruments, Whitehall, PA). Wrist extension forces
were measured with the JR Universal Force-Moment Sensory System (JR3, Inc. Woodland,
CA; UFS-800 control unit; 45E15A-UFS760 transducer) and processed with the Isolated
Signal Interface/Processor (Coulbourn Instruments, Whitehall, PA; model VV79-02). The
force signals were low-pass filtered at 50 Hz (VV75-48 High Performance Bandpass Filter,
Coulbourn Instruments, Whitehall, PA) and sampled at 2000 Hz with an analog-to-digital
converter (Power 1401, Cambridge Electronic Design, Cambridge, UK). All force data were
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obtained with Spike2 data acquisition software (Mersion 5.20, Cambridge Electronic Design,
Cambridge, UK) and stored on a computer for offline analysis.

2.3 Data Analysis

Force trajectory during the single- and double-action tasks was quantified with custom
MATLAB software (Mathworks, Natick, MA). The force trajectory was characterized by
measuring initial force error, rise time, stabilization time, time to match, and coefficient of
variation for force (Figure 1). /nitial force errorwas identified by filtering the force trace
using a 4 Hz low pass 41 order Butterworth filter and calculating the difference between the
initial force plateau from the target force. /nitial force plateau was defined as the first force
sample where the difference between two consecutive force samples was zero. Rise time was
calculated as the time from force onset to the initial force peak.

All subsequent force trajectory characteristics were identified using a 20 Hz low-pass 4t
order Butterworth filter. Stabilization time was defined as the time from the initial force
plateau to the point where the force trace met the following criteria: a) the standard deviation
of a moving 1-s sample was within * 3 standard deviations of the last 5 s of the 30-s
steadiness trial; b) the initial index of the 1-s sample was within a 0.03% window of the
target force value. 7ime to matchwas then quantified as the sum of rise and stabilization
time. The force-matching trial continued for 30 s from the index of time to match, from
which the steadiest 10 s of the force-matching trial was used to calculate the coefficient of
variation. The steadiest performance was quantified as the lowest standard deviation value of
a moving 10-s window across the 30-s force-matching trial.

2.4 Statistical Analysis

The Shapiro-Wilk test was performed to test normality with Q-Q plots (theoretical vs.
sample quantiles) and histograms used to verify distribution. The times for both pegboard
tests were normally distributed for older adults and for the 9-hole test for middle-aged
adults. There were two outliers (76.4 s and 84.5 s) in the grooved pegboard times for middle-
aged adults, but these values fell within the range of times reported by Wang et al. (2011)
and were retained in the analysis. Age-group comparisons were performed initially with a
parametric t-test and verified with the non-parametric Mann-Whitney U test. Due to the
absence of normal distributions, within-participant comparisons for force steadiness and
force trajectory were performed with the Wilcoxon-Signed-Rank test. When more than two
outcomes were compared, a Bonferroni adjusted alpha was used. Parametric effect size was
quantified with Cohen’s d while non-parametric effect size was quantified with the Hodges-
Lehmann estimator.

Due to the non-normal distribution of the force steadiness, force trajectory, cognitive, and
tactile measures across participants, Spearman’s Rank-Order test was used to examine the
correlation between right-hand times to complete the pegboard tests and the secondary
outcome variables. Statistically significant correlations for each test and age group were
entered into a principal component analysis (PCA) to identify the number of factors to be
used in an independent component analyses (ICA). Eigenvalues greater than 1 indicated a
significant factor, which corresponded to the number of factors used for the ICA model of
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each pegboard test and age group. Variables were entered into the model in order of
decreasing correlation values, but were limited to one outcome for each task. The fastiICA
algorithm was then used to identify latent variables that characterized manual dexterity
performance by age and pegboard test. All statistical procedures were performed using R
(version 3.3.1) with the a set at 0.05.

3. RESULTS

The measures obtained from 53 participants comprised the times to complete the two tests of
manual dexterity (9-hole and grooved pegboard tests), NIH Toolbox functional measures,
force steadiness during isometric contractions, and force trajectory characteristics during
rapid force-matching tasks. There were no significant differences in either height or body
mass for the two groups of participants, and only 1 of the 5 measures of muscle strength
exhibited statistically significant differences (P < 0.05) between groups (Table 1). Similarly,
the lower scores for tactile discrimination achieved by the older adults were not statistically
different from those for the middle-aged adults (= 0.101, Cohen’s d = 5.5, Hodges-
Lehmann estimate = 14.5). In contrast, the scores for three cognitive function tests were
significantly less (P < 0.05) for the older adults than for the middle-aged adults (Table 1).

3.1 Pegboard tests

Time to complete both the 9-hole test and the grooved pegboard test differed across age
groups (Table 1). Relative to the middle-aged adults, the times to complete the 9-hole test
were 13.3% longer for older adults (P< 0.05, Cohen’s d = 8.3, Hodges-Lehmann estimate =
2.8) and 25.7% longer for the grooved pegboard test (< 0.05, Cohen’s d = 5.6, Hodges-
Lehmann estimate = 18.6). The correlations between the times for the two pegboard tests
were statistically significant for both age groups: Spearman’s rank correlation was 0.46 for
middle-aged adults (P < 0.05) and the Pearson product correlation was 0.58 for older adults
(P<0.01). Pegboard times were generally faster for the right hand (dominant) in each age
group, but the only statistically significant differences were for the grooved pegboard times
of middle-aged adults (P< 0.001, 10.7% change, Hodges-Lehmann estimate = 5.3) and the
9-hole times for older adults (£ < 0.05, 6.0% change, Cohen’s d = 0.4).

3.2 NIH Toolbox

Education levels did not differ between the two groups (P= 0.127, Cohen’s d = 4.4, Hodges-
Lehmann estimate = 1.3e-5). In contrast, older adults had lower scores on the List sorting
working memory test (P< 0.01, —-15.7% change, Cohen’s d = 7.5, Hodges-Lehmann
estimate = 2.0), Pattern comparison processing speed test (P < 0.001, —34.6% change,
Cohen’s d = 5.2, Hodges-Lehmann estimate = 14.0), and the Picture sequence memory test
(P<0.01, -60% change, Cohen’s d = 2.56, Hodges-Lehmann estimate = 6.0). However, the
differences in executive function were not statistically significant between groups as
indicated by the scores on the Dimensional change card sort test (P=0.111) and the Flanker
inhibitory control and attention test (P = 1.0). Furthermore, the only statistically significant
difference in muscle strength was a 20% lower value for left hand maximal grip strength for
older adults (P< 0.05, Cohen’s d = 5.1, Hodges-Lehmann estimate = 6.0).
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3.3 Force steadiness

Table 2 indicates the statistically significant differences in force steadiness (coefficient of
variation for force) during the force-matching task between age groups, single- and double-
action tasks, and target force. The older adults were less steady (greater values) than the
middle-aged adults in 12 of the 14 comparisons with only wrist extension during double-
action 10% pinch (P = 0.025; Bonferroni adjusted significance < 0.0167) and wrist extension
during index finger abduction at 10% MVC not differing (= 0.071) between the two
groups. Force steadiness was worse (greater values) for 11 of the 16 double-action tasks
relative to the single-action tasks (Table 2). Six of these statistically significant differences
were observed for the middle-aged adults (three at each target force) and five for the older
adults. The most consistent difference in force steadiness between the single- and double-
action tasks was observed for the pinch grip; all values were greater when the pinch grip was
performed with concurrent wrist extension (Table 2). Additionally, force steadiness was
superior (lower values) at the greater target force (10% MVC; Table 2).

3.4 ICA Models

The ICA model for the 9-hole pegboard times of the middle-aged adults comprised four
factors (Figure 2): 9-hole pegboard time, force error during double-action wrist extension at
10% target force, time to match a 5% target force during index finger abduction, and
education level. These descriptive variables were moderately correlated with the 9-hole
pegboard times for the middle-aged adults; the Spearman’s rho correlation values were
—0.50 (error double wrist 10%), 0.41 (match time index 5%), and —0.35 (education). The
ICA analysis indicated that the first independent component (IC) explained 38% of the
covariance and shows that the 9-hole times were negatively correlated (—0.84) with this first
IC, whereas the second largest contribution to the first IC was force error during the double-
action wrist extension to the 10% target force (0.45). This finding indicates that those
middle-aged participants who overshot the target force had a faster time for the 9-hole test.
The second I1C explained an additional 30% of the covariance and identified force error
during the double-action wrist extension at 10% target force as the strongest correlate (0.83).
The third IC explained an additional 19% of the covariance with time to match the 5% target
force during index finger abduction being the strongest correlate (0.85) and education being
the second highest (0.43).

The ICA model for the 9-hole pegboard times of older adults included six factors (Figure 3):
9-hole time, age (110 = 0.57), sex (rho = —0.50), rise time to the 5% target force for the
pinch (rho= 0.43), picture sequence memory test score (r10=—0.42), and time to match the
10% target force during the double-action pinch/wrist extension task (/0 = 0.41). The first
IC explained 39% of the covariance with 9-hole pegboard times being the strongest correlate
(0.73) and age the second strongest (=0.57). The second IC explained an additional 24% of
the covariance with age being the strongest correlate (—0.68) and 9-hole times being the
second strongest (—0.49). The third IC explained an additional 13% of the covariance with
time to match the 10% target force during double-action pinch/wrist extension being the
strongest correlate (0.75) and age the second strongest (0.39).
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The ICA model for the grooved pegboard test of middle-aged adults comprised 6 factors
(Figure 4): grooved pegboard time, force steadiness for index finger abduction during the
double-action task at 5% target force (110 = 0.58), index finger abduction strength (rf0=
-0.45), force steadiness for index finger abduction during the double-action task at 10%
target force (rho = 0.41), force steadiness for index finger abduction at the 5% target force
(rho=0.39), and rise time to a 5% target force for the double-action wrist extension task
(rho=-0.38). The first IC explained 29% of the covariance with grooved pegboard test
times being the strongest correlate (0.61), force steadiness for index finger abduction during
the double-action task at 10% target force (0.53) the second strongest, and force steadiness
for index finger abduction during the double-action task at 5% target force (0.41) the third
strongest. The second IC further described an additional 23% of the covariance with force
steadiness of index finger abduction at 5% MVC (-0.57) being the strongest correlate,
grooved pegboard times (—0.51) the second strongest, and force steadiness for index finger
abduction during the double-action task at 5% target force (0.46) the third strongest. The
third IC explained an additional 21% of the covariance with force steadiness of index finger
abduction at 5% target force again being the strongest correlate (0.78), grooved pegboard
times the third strongest (-0.57), and force steadiness for index finger abduction during the
double-action task at 5% target force (0.15) the third strongest.

The ICA model for the grooved pegboard test of older adults comprised three factors (Figure
5): grooved pegboard time, age (170 = 0.76), and list sorting working memory scores (rf10=
-0.64). The first IC described 47% of the covariance with grooved pegboard times being the
strongest correlate (0.70) and list sorting (working memory) score (0.66) being the second
strongest. The second IC described an additional 45% of the covariance with the strongest
correlate being the list sorting score (0.72) and the second strongest being the grooved
pegboard test times (—0.69). The third IC explained an additional 7% of the covariance with
age being the strongest correlate (0.96), the list sorting score being the second strongest
(0.22), and grooved pegboard times being the third strongest (0.18).

4. DISCUSSION

The main findings of the current study were that the time to complete the two pegboard tests
of manual dexterity was longer for older adults than for middle-aged adults and the outcome
variables most strongly associated with the pegboard times differed for the two tests and the
two age groups.

A previous study from our laboratory (Marmon et al. 2011) found that 59% of the variance
in the time it took older adults to complete the grooved pegboard test could be explained by
age, force steadiness during a submaximal isometric contraction with the index finger
abductor muscles, and pinch grip strength. However, it was not possible to develop a
regression model that could explain the variance in the grooved pegboard times for middle-
aged adults. To provide a framework that can be used to address this gap in knowledge about
age-associated differences in manual dexterity, the current study examined a broader survey
of outcome variables and extended the approach to include the 9-hole pegboard test. The
framework is based on a data-reduction technique that describes concisely the characteristics
for each age cohort on the two pegboard tests. The approach comprised an independent
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component analysis, which performs blind-source separation to provide a lower dimensional
approximation of the original dataset in terms of latent variables. To be conservative, only
the first three latent variables are reported as they explain most of the covariance (72-100%)
in the outcome measures (Lawrence et al., 2015).

4.1 9-Hole Pegboard Test

The cumulative covariance for the first three independent components of the 9-hole
pegboard test as performed by the middle-aged adults accounted for 86.5% of the covariance
between the outcome measures. The largest contributions to these latent variables were two
timing variables: force error and time to match a target force. Force error indicates the
ability to match a prescribed target force using feedforward motor planning. The force error
observed during the double-action wrist extension task to a 10% target force was negatively
correlated with 9-hole pegboard times, which indicated that those participants with a positive
force error (exceeded the target force) had faster pegboard times. Consistent with this
finding, Vieluf et al. (2013) reported that late middle-aged adults (55-65 years) have greater
difficulty than young adults in rapidly producing a prescribed force with a precision pinch,
despite the two groups having similar pinch strength.

The other descriptive covariate with the 9-hole pegboard time for middle-aged adults was the
time to match a 5% target force with the index finger abductors, which is a measure of
visuomator function during a force-matching task (Almuklass et al., 2016). There was a
positive correlation between the 9-hole pegboard times and time to match the target,
indicating that those middle-aged adults who had faster times to match the submaximal
target force had superior manual dexterity.

The cumulative covariance for the first three independent components of the 9-hole
pegboard test as performed by older adults accounted for 75.9% of the covariance between
the outcome measures. The largest contributors to the latent variables included age and
feedback mechanisms. Age was positively correlated with 9-hole pegboard times,
demonstrating a more general age-related decline in manual dexterity for older adults. The
second largest descriptor was the time for the resultant force to match the 10% MVC target
force during concurrent pinch and wrist extension. As with middle-aged adults, the positive
correlation between time to match a target force and 9-hole pegboard times for older adults
indicates that those participants who matched the target force more quickly had superior
manual dexterity.

4.2 Grooved Pegboard Test

The cumulative covariance for the first three independent components of the grooved
pegboard test as performed by middle-aged adults accounted for 72.4% of the covariance
between the outcome measures. The largest contributors to the latent variables included
measures of force steadiness, which provides an index of the effective neural drive to muscle
(Negro et al., 2009). Force steadiness (coefficient of variation for force) during two force-
matching tasks were correlated with grooved pegboard time: index finger abduction during
concurrent wrist extension to 10% target force and index finger abduction to 5% target force.
The two measures of force steadiness were positively correlated with middle-aged grooved
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pegboard times, indicating that those participants with greater force variability, hence greater
variability in the common modulation of motor unit discharge rates (Farina and Negro,
2015), had slower times on the test of manual dexterity.

The cumulative covariance for the three independent components of the grooved pegboard
test as performed by older adults accounted for 100% of the covariance between descriptive
outcome measures. These descriptors included one NIH Toolbox measure of cognition and
age. Scores on a test of working memory were negatively correlated with grooved pegboard
times, indicating that the higher test scores were associated with faster pegboard times. The
working memory test (List Sorting Working Memory Test) required participants to recall
and sequence different visual and orally presented stimuli in order of size from smallest to
largest (Gershon et al., 2013; Weintraub et al., 2013). When performing the grooved
pegboard test, short-term memory is required to remember the peg orientation for insertion
based on visual and cutaneous information about the peg held in the hand. Furthermore, age
of the older adults was positively correlated with grooved pegboard times, similar to the
results for the 9-hole pegboard test.

4.3 Age differences

Advancing age is a common descriptor and predictor of declines in manual dexterity
(Reuben et al., 2013; Wang et al., 2015, 2011). Previous research suggests age-specific
neural adjustment strategies (Christou et al., 2007), increased endpoint variability (Christou
and Enoka, 2011), decreased force steadiness (Marmon et al., 2011a), and age-specific
strength/dexterity interactions of late middle-aged and older adults (Martin et al., 2015)
account for decreased manual dexterity with advancing age. In the current study, time to
complete the two pegboard tests was longer for older adults than middle-aged adults and was
associated with lower scores on three cognitive tests (Table 1), weaker left-hand grip
strength (Table 1), and greater force variability during steady contractions (Table 2) for the
older adults.

There were some similarities and differences in the outcome measures that contributed to the
latent variables for the two pegboard tests performed by each group (Figures 2-5). The
similarities for the 9-hole pegboard test were that each group included two measures derived
from the force-matching tasks. The differences were that the middle-aged group included a
measure of education, whereas the older group included age, sex, and the score on a
cognitive test. Interestingly, middle-aged and older adults only differed in force-matching
ability on two tasks: time to match a 5% target force during wrist extension and force error
during a pinch to the 10% target. However, neither of these outcomes emerged as descriptors
of manual dexterity.

Additionally, higher education levels have been found to be associated with better
performance on tests of manual dexterity (Buchman et al., 2007; Ruff and Parker, 1993).
The results of the current study extend this finding to include manual dexterity assessed by
the 9-hole test for middle-aged adults. Although education was not found to be a descriptor
for older adults, episodic memory—a memory construct that involves storage of unique
events or experiences in a time-specific manner (Weintraub et al., 2013)—was negatively
correlated with 9-hole pegboard times for older adults. Episodic memory is often the first
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measure of cognitive function to show an age-related decline and is susceptible to brain
trauma and neurodegenerative disease (Albert, 1996; Weintraub et al., 2013).

In contrast to the 9-hole test, the outcome variables that contributed to the three latent
variables for the grooved pegboard test differed for the two age groups. The correlated
measures for the middle-aged adults comprised three characteristics derived from the force-
steadiness tasks, one measure of muscle strength, and one force trajectory measure, which
contrasted with the correlated measures for the older adults of age and the score on a
cognitive test. Although the older adults generally had greater force variability during steady
contractions than middle-aged adults (Table 2), measures of force steadiness did not
contribute to the latent variables for the older adults. Instead, older adults had significantly
lower scores on the List-sorting working memory test (Table 1; £ < 0.05), despite similar
education levels for the two groups of participants.

The results of the current study suggest that middle-aged adults should be encouraged to
engage in activities that challenge manual dexterity and the underlying motor control
mechanisms. Previous studies and interventions have mainly focused on differences between
young and older adults (Christou, 2011; Christou et al., 2007; Kornatz et al., 2005; Poston et
al., 2008), but future interventions need to include middle-age adults before neurological
adaptations begin to constrain performance. One consistent, but somewhat surprising feature
of the current work, is the strength of the association between steadiness tasks involving
index finger abduction and performance on tests of manual dexterity. Tasks requiring index
finger abduction are predictive of pegboard performance (Almuklass et al., 2016; Marmon et
al., 2011b). This action is likely more novel than pinching or wrist extension, which suggests
that the adaptations underlying the decline in manual dexterity do not progress uniformly
among the muscles involved in such tasks.

5. CONCLUSION

Older adults were slower than middle-aged adults on both the 9-hole and grooved pegboard
tests. The main descriptors associated with these age differences in pegboard times differed
for the two tests. Measures derived from force-matching tasks were associated with 9-hole
peghoard times for both groups of participants, but with grooved pegboard times for only the
middle-aged adults. Grooved pegboard time for middle-aged adults was the only one of the
four conditions (two tests and two age groups) that was associated with force steadiness.
Both pegboard tests appear to challenge cognitive function in older adults, but the 9-hole test
is also associated with an element of fine motor control. These differences provide a
framework for subsequent work on the adaptations responsible for increases in pegboard
times—a consensus index of manual dexterity—in middle-aged and older adults.
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Highlights
. Latent variables underlying age-related differences in pegboard times were
identified.
. Significant associations were unique for each age group and the two pegboard
tests.
. Results provide a framework to identify responsible adaptations in pegboard
times.
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Figure 1.
Force trajectory during a rapid isometric contraction to match a 10% MVC target force.

Initial force erroris the difference between the initial force peak and the target force. Rise
time is the time from force onset to the initial force peak. Stabilization time is the time from
the initial force peak to the beginning of the steadiness window. Coefficient of variation is
the steadiest 10 s in the 30-s window.
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Figure 2. ICA model for middle-aged 9-hole pegboard test
Correlations between the four outcome measures and the covariance they explained for the

three significant independent components. Upward bars indicate positive correlations and
downward bars denote negative correlations. 9HPT = time to complete the 9-hole pegboard
test, Error double wrist 10% = force error of double-action wrist extension at 10% MVC,
Match time index 5% = time to match a 5% index finger abduction force target, and
Education = ordinal measure of education level from the NIH Toolbox.
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Figure 3. ICA model for older adult 9-hole pegboard test
Correlations between the six outcome measures and the covariance they explained for the

three significant independent components (ICs). Correlations <0.10 are not shown. Upward
bars indicate positive correlations and downward bars denote negative correlations. 9HPT =
time to complete the 9-hole pegboard test, Age = age in years at the time of assessment, Sex
= binary measure of sex where 0 = women and 1 = men, Time pinch 5% = rise time to the
5% MVC pinch target, Picture = NIH Toolbox Picture sequence memory test score, and
Match resultant 10% = time to match double-action pinch/wrist extension resultant 10%
MVC target force.
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Figure 4. ICA model for middle-aged grooved pegboard test
Correlations between the six outcome measures and the covariance they explained for the

three significant independent components (ICs). Correlations <0.10 are not shown. Upward
bars indicate positive correlations and downward bars denote negative correlations. GPT =
time to complete the grooved pegboard test, CV double index 5% = force steadiness
(coefficient of variation for force) during double-action index finger abduction at 5% MVC,
MVC index = index finger abduction strength, CV double index 10% = force steadiness of
double-action index finger abduction at 10% MVC, CV single index 5% = force steadiness
of index finger abduction at 5% MVC, and Time double wrist 5% = rise time to a 5%
double-action wrist extension target.
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Figure 5. ICA model for older adult grooved pegboard test
Correlations between the three outcome measures and the covariance they explained for the

three significant independent components (ICs). Correlations <0.10 are not shown. Upward
bars indicate positive correlations and downward bars denote negative correlations. GPT =
time to complete the grooved pegboard test, Age = age in years at the time of assessment,
and List = NIH Toolbox List sorting working memory test score.
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Anthropomorphic and functional measures

Table 1

Middle-aged Older
Age (yrs) 51.3+6.8 73.8+6.9%
Height (m) 174009  1.72+0.10
Body mass (kg) 72+12 74+14
9-hole test (s) 18.3+28 211+31%
Grooved pegboard test (s) 600+85 gpg+181%
Grip strength, right (kg) 42+11 37+11
Grip strength, left (kg) 415+103  346+92%
Wrist extension MVC (N) 104 + 42 95+ 35
Pinch MVC (N) 36.7+12.2 32.2+8.9
Index finger abduction MVC (N) 254+7.8 23.1+10.1
Tactile discrimination test (au) 81+19 72+20
Education (au) — mode (median) 21 (21) 21 (22)
Dimensional (au) 29.6 +0.6 289+1.8
Flanker inhibitory (au) 20+0 20+0
List sorting (au) 18.4+2.6 159+3.0%
Pattern comparison (au) 58 + 12 3+117
Picture sequence (au) 18.4+8.6 115+53%

Values are mean + SD, excluding Education which is represented as mode (median). MVC = maximal voluntary contraction

*
P < 0.05 relative to middle-aged adults.
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Table 2

Coefficients of variation for force during single and double actions at the two target forces for middle-aged

and older adults

Wrist extension

Single action

With pinch

With index abduction
Pinch grip

Single action

With wrist extension

Index finger abduction

Single action

With wrist extension

Middle-aged
5%

29+13

36+237
3016

35+11

45+217

49+15

6.1+237

10%

1.8+0.8
21+11 "

26+35 "

22+0.6

31+17 %

32+11

46+3.0

+

#

*t

Older
5%

33+137%
4317

36+157

47+237%

50+28 77

73+317%

78+327%

10%

21+08 77
26+10

22+08 7%

28+137%

3742077

48+22 7%

54+25

Values (in %) are means + SD.

*
P < 0.05 relative to 5% target force.

fP< 0.05 relative to single action.

t

P<0.05 relative to middle-aged adults.
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