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Abstract
In the scientific literature, there is much evidence of a relationship between age and dexteri-

ty, where increased age is related to slower, less nimble and less smooth, less coordinated

and less controlled performances. While some suggest that the relationship is a direct con-

sequence of reduced muscle strength associated to increased age, there is a lack of re-

search that has systematically investigated the relationships between age, strength and

hand dexterity. Therefore, the aim of this study was to examine the associations between

age, grip strength and dexterity. 107 adults (range 18-93 years) completed a series of hand

dexterity tasks (i.e. steadiness, line tracking, aiming, and tapping) and a test of maximal grip

strength. We performed three phases of analyses. Firstly, we evaluated the simple relation-

ships between pairs of variables; replicating the existing literature; and found significant re-

lationships of increased age and reduced strength; increased age and reduced dexterity,

and; reduced strength and reduced dexterity. Secondly, we used standard Multiple Regres-

sion (MR) models to determine which of the age and strength factors accounted for the

greater variance in dexterity. The results showed that both age and strength made signifi-

cant contributions to the data variance, but that age explained more of the variance in

steadiness and line tracking dexterity, whereas strength explained more of the variance in

aiming and tapping dexterity. In a third phase of analysis, we used MR analyses to show an

interaction between age and strength on steadiness hand dexterity. Simple Slopes post-

hoc analyses showed that the interaction was explained by the middle to older aged adults

showing a relationship between reduced strength and reduced hand steadiness, whereas

younger aged adults showed no relationship between strength and steadiness hand dexter-

ity. The results are discussed in terms of how age and grip strength predict different types of

hand dexterity in adults.
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Introduction
The hand is the most active and interactive part of the upper extremity. Hand dexterity is a
term used to explain a range of different hand abilities and performances. These include reac-
tion time; hand preference; wrist flexion speed; finger tapping speed; aiming; hand stability and
arm stability (e.g., [1]). From these, four main factors are considered as the most characteristic
and reliable for the evaluation of hand dexterity. These include: (i) steadiness; (ii) tracking; (iii)
aiming (where typically the participant points to a target object), and (iv) tapping (where the
participant taps as fast as possible for a set time period) ([1]; [2]; [3]; [4]; [5]).

The relationship between increased age and reduced hand dexterity has been widely re-
ported in both the clinical and scientific literature. For example, [6] presented the first kine-
matic assessment that compared the reach-to-grasp movements for gender-matched groups of
older aged (60–71 years, n = 12) and younger aged (18–25 years, n = 12) adults. Participants
reached to grasp either a small cylinder using a precision grip or a large cylinder using a whole
hand prehension. The actions performed by the two groups were similarly coordinated with
similar times to peak for wrist velocity and acceleration from movement initiation (i.e. the
transport component), and showed no differences in the size of the grip apertures used (i.e. ob-
ject manipulation). However, the older aged participants made significantly slower movements
than the younger aged adults, replicating previous findings (e.g., [7]; [8]; [9]; [10]; [11]). Al-
though movement speed can be encapsulated within the term of hand dexterity, it is worth not-
ing that slower movements with increased age may not necessarily correspond to a reduced
performance for the other dexterity factors (e.g., aiming, stability etc.). This point will be inves-
tigated in the present study.

Despite numerous studies demonstrating a significant relationship between increased age
and reduced hand dexterity, few studies have attempted to investigate the causes of the rela-
tionship. Instead, a common explanation is provided in the discussion of these papers stating
that the relationship between increased age and reduced hand dexterity is likely caused by a de-
cline in musculoskeletal strength and mass (see for example [12]; [13]; [14]; [15]; [16]; [17];
[18]). Much support can be found for these claims within related literature, with major reduc-
tion in muscle mass ranging from 20% to 45% in aging skeletal muscle (described as “sarcope-
nia of old age”; [19], p477) (see also [20]; [21]; [22]; [23]; [24]; [25]). More precise
investigations of hand strength have also demonstrated diminished strength with increased age
(e.g., [26]; [27]; [28]; [29]; [30]), with studies reporting that diminished hand strength appears
associated to decreasing general muscle mass reduction ([13]; [21]; [25]; [31]). Furthermore,
changes in muscle mass with increased age has been linked to changes in peripheral and central
nerve conduction ([32]; [33]; [34]), proprioception ([35]) and changes in the human motor
unit that relate to a degeneration of the nervous system ([23]; [36]); all of which are likely to
impact hand dexterity.

Given the overwhelming evidence for relationships between age and hand dexterity, and be-
tween age and grip strength, it is perhaps surprising that there are very few studies that have in-
vestigated the relationships between age, grip strength and hand dexterity together in one
study. Instead, the few studies considering the three factors in a single study have investigated
differences in these factors for different age groups of participants. For example, Marmon et al.
[17] tested three groups of adult participants (young 18–36, middle 40–60 and older� 65
years aged adults) on measures of index finger abduction, precision pinch, and hand grip
strength and measures of hand dexterity with the Grooved Pegboard test, the game Operation,
a scissor task and a tracing task. The results showed significant differences between the young
and older age groups for the measures of index finger abduction, precision pinch and handgrip
strengths, and further for the measures of hand dexterity. A further analysis showed evidence
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of significant associations among similar tests (i.e. the strength measures; the steadiness mea-
sures and the four function measures) and between different measures. As a final multiple re-
gression analysis showed that the time to complete two functional measures, the Grooved
Pegboard and the game Operation were significantly predicted by index finger and grip
strength or by pinch steadiness, index finger steadiness and grip strength respectively.

The aim of the current study was to extend these findings and investigate, using regression
analyses, the relationships and interactions between age, grip strength and hand dexterity in
adults. We hypothesised to replicate previous research by showing negative relations between
age and strength, and age and hand dexterity, with increased age being related to reduced
strength and hand dexterity. We also hypothesised a positive relationship between strength
and dexterity (so that reduced strength was related to reduced hand dexterity). In a second
phase of analyses, we then sought to extend the research findings by determining the variance
of age and strength on the different components of dexterity (i.e. steadiness; tracking; aiming
and tapping). In a final phase of analyses, we explored interactions in age and strength on
hand dexterity.

Methods

Ethics Statement
All participants gave written informed consent to participate in the study, and the study was
approved by the School of Sport and Exercise Sciences, University of Birmingham ethical com-
mittee in accordance with the ethical standards established by the 1964 Declaration of
Helsinki.

Participants
A total of 107 participants, aged 18–93 years were tested (60 female: mean 50 ± 21 years; range
18–86 years, and 57 male: mean 48 ± 18 years; range 20–93 years). All participants were re-
cruited from the city of Birmingham (UK) following advertising the project at local community
social groups and by giving short presentations about the project. Prior to giving an invitation
to participate in the study, potential participants were pre-screened via an informal verbal dis-
cussion to determine eligibility. The inclusion criteria were that participants must be 18+ years
of age, able to travel unaided to the University of Birmingham (i.e. by walking, driving or using
public transport) and reported no muscular skeletal, arthritis or neurological problems. This
information was collected using a purpose written self-report health questionnaire to assess for
arthritis, and an informal verbal interview, all performed immediately prior to the testing ses-
sions. These criteria were used to ensure that only participants in good ‘health’ were tested and
that healthy age effects could be explored without being potentially confounded by ill health
influencing the results. For clarity, good ‘health’ was classified as the absence of any diagnosed
physical diseases, mental illnesses, recent surgeries or hospitalisation, feelings of illness, no re-
ported sign of arthritis and with a high score (27/30) on the Mini Mental State Examination
[37]. Any participants not meeting the criteria were not included in the study.

Apparatus and Design
For the main study, we assessed hand dominance (Edinburgh handedness inventory: [38]) and
measured grip strength for both hands and dexterity for the dominant hand only. To measure
grip strength we used a handgrip dynamometer (Takei Scientific Instruments, Japan) that has
been shown to be an easy, fast and reliable method ([39]). Participants were positioned sitting
upright, with their elbows by their left and right sides, and flexed to right angles. A neutral
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wrist position held the dynamometer in their hand to be tested. The handle of the dynamome-
ter was adjusted so that the base of the dynamometer was positioned with the rest on first
metacarpal (heel of palm), and the handle rested on the middle of the four fingers prior to test-
ing. The results were recorded as kilograms taken from the digital display of the dynamometer
to the nearest 0.1 kg. The digital display of the dynamometer displayed the maximum strength
within a trial and the value was reset to zero before each subsequent measurement.

Dexterity was measured using the ‘Vienna Test System: Motor Performance Series Work-
board’ (VTS: MLS; Lafayette Instrument, Model 64030, Lafayette, IN [40]; developed by
Schoppe [41]; and based on Fleishman’s factor-analytic examinations of fine motor abilities in
arms: [42]; See Fig. 1). The test is a standardised diagnostic tool used to provide valid and reli-
able assessments of hand dexterity (see [43]; [44]; [45]). The VTS part of the test consists of a
main computer with test interface management software and the MLS part consists of a periph-
eral panel containing a variety of different tests. Test-retest reliability has been reported for the
MLS to range from. 60 to. 94, dependent on the dexterity measure used ([45]). From the MLS
tests, we used measures of steadiness, line tracking, aiming and tapping (explained in the pro-
cedure section); thus measuring the different components most characteristic for the evalua-
tion of hand dexterity performance ([1]; [2]; [3]; [4]; [5]). The MLS was placed on a wooden
testing table, and participants sat on a stable wooden chair with back support in a normal sit-
ting posture with slightly bent forearms. Participants were positioned at the mid-point of the
table, perpendicular to the MLS and throughout the tests were instructed not to make contact
with the wooden table or MLS (i.e. so that no additional postural support was achieved).

Procedure
Participants took part in one session that lasted approximately ninety minutes. At the begin-
ning of the session, after providing informed consent, participants were given the set of ques-
tionnaires that were used for the inclusion criteria. If a participant was not compatible with the

Fig 1. A schematic diagram of the motor performance series work panel.

doi:10.1371/journal.pone.0117598.g001
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inclusion criteria, they were not included in the study. Following the questionnaires, and con-
firmation of their inclusion, participants performed the grip dynamometry assessment. The
participant squeezed the dynamometer with maximum effort for at least 5 seconds. Handgrip
strength was tested three times with a minimum of 60 seconds rest was provided for recovery
between each attempt. Maximum grip strength was recorded as the highest value of three trials.
Note that the maximum value was used rather than the mean of three trials allowing for a mea-
sure that was independent of fatigue, which may have been possible in some of
the participants.

Next participants completed the series of fine motor tests using the VTS: MLS. Before com-
mencement of the selected MLS tests, each test was verbally explained and demonstrated to the
participant with a brief period provided for the participant to familiarise themselves with each
test. The VTS management software controlled the order of the MLS tests and recorded all
measurements. The same order of tests was used for all participants (as the software was unable
to randomise the order of the tests). At the end of each test sequence, a break was provided.

In the fixed sequence of tests, the first MLS test was the steadiness test. This involved the
participant to vertically insert a pen stylus (2mm diameter) into a pre-assigned hole (5.8mm di-
ameter) and then hold the stylus as still as possible for 32 seconds without touching the sides or
bottom of the hole. If the participant touched the sides they simply had to correct and position
the stylus in the centre of the hole and continue until the end of the 32 seconds period. Mea-
surements recorded by the software were the number of times the stylus came into contact
with the sides or the bottom of the hole and the total duration of the contact time. The second
test was line tracking. This involved the insertion of the pen stylus into a grooved track and
tracing the pen stylus through the track without touching the sides or the bottom. The test was
undertaken at a self-selected pace. If the sides were touched, participants had to correct the po-
sition of the pen stylus and continue along the grooved track until the end. Measurements re-
corded were the number of times the stylus touched the side or bottom, the total duration of
any touches and the total duration of the tracking. The third test was the aiming test. This in-
volved the participant touching 20 brass disks (5mm diameter) that were arranged in a row
with the pen stylus. The distance between each disk was 4mm. The participant was instructed
to tap one circle in the row after the other using the pen stylus, moving from right to the left
across the disks. Measurements recorded were the number of correct taps, the number of incor-
rect taps, the total duration of any incorrect tap and the total duration to complete. The final
task was tapping. This involved the participant tapping a square plate (40 mm2) with the pen
stylus as many times as within 32 seconds. The measurement recorded was the total number of
taps. The VTS software recorded all measurements. Each dependent variable consisted of a
composite performance score calculated using the Fleishman-factor of weighted variables from
each measure (e.g., a composite of the number of touch errors and the total duration of any
touches for line tracking etc.) (See [3]; [45]; [46]).

Data Analyses
The data analysis was undertaken in three phases. In the first phase, we report the simple rela-
tionships between two of the variables using simple regression analysis; between age and
strength; age and each dependent measure of the MLS; and strength and each dependent mea-
sure of the MLS. The aims of these first analyses were to replicate the existing findings in the lit-
erature. In the second phase of analysis, the three variables were compared together using
standard multiple regression. In a third phase, we modified the variables to allow analyses of
interactions. The independent variables of age and grip strength were mean centred to provide
numerical stability (see recommendations by Cohen and Cohen [47]; and Aitken andWest
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[48]). Prior to the standard Multiple Regressions (MR) preliminary analyses were conducted to
ensure no violation of the assumptions of normality; linearity; multicollinearity and homosce-
dasticity occurred, using a criterion of p< 0.001 for Mahalanobis distance. No outliers among
the cases were found. Then a standard MR was used to analyse the predictive variance between
the independent variables of age and strength, and each dependent dexterity measure. Where
both independent variables had a significant contribution to the dependent variable, a further
standard MR analysis was undertaken using the mean centred data and the mean centred cross
product of age and strength to test for an interaction (see [47]). In addition, post hoc Simple
Slopes Technique analyses were used to further investigate the interaction (see [47]; [48]). This
was done to determine specific values of (centred) age, that were one standard deviation below
the sample mean, the mean, and one standard deviation above the mean; in this instance to
represent low aged, mean aged and high aged adults, respectively, and the same to represent
low strength, mean strength and high strength adults, respectively. These values were then en-
tered into the regression equation Y = (b1+b3Z)X + (b2Z+b0) to calculate the data to plot the
simple slopes for analysis, where X = Strength and Z = Age. All statistical analyses were per-
formed using SPSS v21 (SPSS, Chicago, Illinois, USA), except the Simple Slopes Technique
that was performed in Matlab (Mathworks, Massachusetts, USA) using a bespoke script.

Results

Phase 1: Simple Linear Regressions
Analyses of the simple relationships between variables showed a significant negative relation-
ship between age and grip strength (r = -0.42, p<0.001; see Fig. 2a; see also S1 Fig.). As
hypothesised, this showed that increased age was related to decreased strength, with the linear
best fit showing a decline of 0.25 kg for each year of age. There were also significant simple
relationships between age and each dependent measure of the MLS (see Fig. 2b) (steadiness:
r = 0.56, p<0.001; line tracking: r = 0.61, p<0.001; aiming: r = -0.46, p<0.001, and: tapping:
r = 0.51, p<0.001) and between strength and each dependent measure of the MLS (see Fig. 2c)
(steadiness: r = -0.42, p<0.001; line tracking: r = -0.40, p<0.001; aiming: r = 0.57, p<0.001,
and: tapping: r = 0.62, p<0.001).

Phase 2: Multiple Regression (MR) Analysis
The results of the MR analyses are presented in Tables 1 and 2. Table 1 shows the results of the
standard MR analyses. This showed that both variables of age and strength significantly pre-
dicted the variance of each hand dexterity dependent variable. However, the results showed
that age predicted more variance than strength for the hand dexterity measures of steadiness
and line tracking, whereas strength predicted more variance than age for the hand dexterity
measures of aiming and tapping. Table 2 shows the results of the MR analyses in which the
product of the age and strength variables only showed a significant interactions effect for age
and strength on the hand dexterity dependent variable of steadiness. Fig. 3 presents these inter-
action effects between age and strength for each of the hand dexterity dependent variables in
four separate MR plane fit plots (the data points are not plotted).

Phase 3: Simple Slopes Post-Hoc Analyses
The interaction effects were analysed using Simple Slopes post-hoc analyses. For the interac-
tion effect for steadiness dexterity, the high aged (68.8 years) and mean aged (48.8 years) adults
showed a significant positive relationship between strength and steadiness, whereas lower aged
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Fig 2. Nine scatterplots to illustrate the relationships between: (A) age and grip strength; (B) the
dependent measures of hand dexterity and age; and (C) the dependent measures of hand dexterity
and strength. Also shown on each plot is the best-fit simple regression line and the linear regression
equation (***p<0.001, n = 107). NB: Dependent measures are represented in the following order: (i)
steadiness; (ii) tracking; (iii) aiming; (iv) tapping; with the direction of a positive/negative performance
score indicated.

doi:10.1371/journal.pone.0117598.g002
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(28.8 years) adults showed no relation between strength and steadiness. No other interaction
analyses were performed (see Fig. 4).

Discussion
The goal of the present study was to examine the relation between age, grip strength and hand
dexterity. The motor tests were chosen to reflect those factors most characteristic and reliable
for the evaluation of hand dexterity. Here, we firstly replicated previous literature showing sig-
nificant simple relationships between age and strength, age and hand dexterity, and strength
and hand dexterity. Increased age was significantly associated with decreased strength and de-
creased hand dexterity, and decreased strength was significantly associated with decreased
hand dexterity. MR analyses showed that performance on steadiness and line tracking dexterity
tests were better explained by age than strength, but aiming and tapping dexterity were better
explained by strength than age. Analyses of the interaction between age and strength for hand
dexterity showed a significant interaction for steadiness hand dexterity. Post-hoc analyses of
the steadiness interaction highlight that the older and mean aged adults showed reduced hand
steadiness with reduced strength, but that there was no effect for younger adults.

The finding of a simple relationship between age and grip strength replicated previous stud-
ies in the literature (e.g., [25]; [26]; [28]; [29]; [30]; [49]; [50]; [51]; [52]; [53]; [54]). Further-
more, the finding that grip strength reduced by 0.25 kg or 1.4% per year was roughly consistent
to previous findings showing that grip strength declines annually between 1%–1.5% ([26];
[30]). We know that grip strength is linked to reductions in muscle mass ([13]; [21]; [25]), and
that age associated reductions in muscle mass are also consistently linked to changes in the
properties of muscle activation and muscle recruitment that likely have an impact on hand dex-
terity. For example, notable age-related changes in muscle properties are: a slowed rate of

Table 1. The results of the multiple regression analysis for age and strength on each movement dexterity task.

Variables Parameter B SE Standardised β Model R2 sr2 (unique)

Steadiness

Intercept 5.12 0.58

Age 0.17 *** 0.03 .46 0.18

Strength - 0.14 ** 0.05 -.23 0.35 *** 0.04

Line Tracking

Intercept 14.80 0.78

Age 0.28 *** 0.04 .53 0.23

Strength - 0.15 ** 0.7 -.18 0.40 *** 0.03

Aiming

Intercept 35.86 0.37

Age - 0.06 *** 0.02 -.26 0.06

Strength 0.19 *** 0.03 .46 0.39 *** 0.18

Tapping

Intercept 63.28 0.62

Age - 0.13 *** 0.03 -.30 0.08

Strength 0.35 *** 0.06 .49 0.46 *** 0.20

* p < 0.05;

**p < 0.01;

***p < 0.001.

doi:10.1371/journal.pone.0117598.t001
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muscle contraction ([55]; [56]); a slowed neural conduction velocity ([57]; [58]); and increased
muscle antagonist coactivation that’s necessary to stabilise a joint during a movement ([13];
[59]), but has the by-product of also restricting joint movement. The simple relations between
age and the hand dexterity measures of steadiness, line-tracking, aiming and tapping also repli-
cated existing literature, showing a reduced performance with increased age ([17]; [50]; [52];
[60]; [61]; [62]). For example, Marmon et al. [17], recently evaluated finger dexterity using the
Grooved Pegboard test along with measures of strength, steadiness and other hand functions.
For all of their measures, they observed that increased age was associated with reduced perfor-
mance and that progressive declines in strength (i.e. grip, pinch and index finger abduction)
are observed with increased age. In the final simple relation that we investigated, we showed
that all hand dexterity tasks significantly declined with decreased strength. This indicates that
adults with weaker grip typically had worse movement dexterity than stronger adults.

While our study is not the first study to show associations between age and hand dexterity
or strength and hand dexterity (as discussed above), this is the first study that provides evi-
dence of associations between the three factors of age, strength and hand dexterity using stan-
dard MR analyses. These analyses showed that age and strength significantly moderated hand
dexterity, with the two variables explaining between 35% and 46% of the different hand dexter-
ity tasks variance. This finding is consistent with the findings from the simple two variable cor-
relation analyses. As adults increased in age, their strength and hand dexterity declined.
Interestingly, these results showed two main findings. This was that hand dexterity perfor-
mance on steadiness and line tracking were better explained by age than strength, but aiming

Table 2. The results of the multiple regression interaction analyses (age, strength and age x strength) for each dexterity task.

Independent Variables Parameter B SE Standardised β Model R2 sr2 (unique)

Steadiness

Intercept 4.39 0.63

Age 0.14 *** 0.03 .38 0.10

Strength -0.12 * 0.05 -.20 0.03

Age X Strength -0.01 * 0.00 -.22 0.35 *** 0.04

Line Tracking

Intercept 14.80 0.87

Age 0.25 *** 0.05 .49 0.18

Strength -0.14 * 0.07 -.17 0.02

Age X Strength -0.01 0.00 -.11 0.40 *** 0.00

Aiming

Intercept 35.86 0.42

Age -0.07 ** 0.02 -.27 0.05

Strength 0.19 *** 0.03 .47 0.18

Age X Strength 0.00 0.00 -.03 0.39 *** 0.00

Tapping

Intercept 63.25 0.69

Age -0.12 ** 0.04 -.28 0.06

Strength 0.34 *** 0.06 .49 0.19

Age X Strength 0.00 0.00 .06 0.46 *** 0.00

* p < 0.05;

**p < 0.01;

***p < 0.001.

doi:10.1371/journal.pone.0117598.t002
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Fig 3. Three-dimensional plot of the best-fit multiple regression plane relating age and strength for
each dependent measures of hand dexterity (i: steadiness; ii: line tracking; iii: aiming; iv: tapping).

doi:10.1371/journal.pone.0117598.g003
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and tapping dexterity were better explained by strength than age. We discuss each of these
findings in turn.

The hand dexterity tasks of steadiness and line tracking both rely on a stable control of the
arm and hand, and eye-hand coordination with visual guidance. Strength had little predictive
value to the variance of steadiness and line tracking hand dexterity, suggesting that other fac-
tors may have influenced the result. The other factors could have included vision, or cognitive
capacity for online visual guidance; though we excluded participants with impaired visual acu-
ity, vision or cognitive capacity; it is clear that all these factors deteriorate with age ([63]). Also,
Marmon et al. [17], who also reported reduced steadiness hand dexterity with older compared
to younger aged adults, found the effect irrespective of whether the task was performed with or
without visual feedback, suggesting that factors of reduced visual guidance with increased age
may be less relevant. An alternative explanation for the poor steadiness and line tracking hand
dexterity with increased age could be a consequence of the control of hand muscle force,
known to fluctuate more in older adults ([17]; [64]; [65]; [66]; [67]; [68]). These moderations
in muscle control are thought to involve changes in average motor unit force output ([65];
[69]), antagonist coactivation ([69]; [70]; [71]), and motor unit discharge variability ([69];
[72]), and are unrelated to muscle strength per se. A similar explanation could be that tremor-
related movements caused by irregular fluctuations in muscle and limb displacement ([73];
[74]; [75]) reduced steadiness and line tracking hand dexterity performance. We propose that

Fig 4. Four plots illustrating the simple slope post hoc interaction analyses: (i) strength and
steadiness; (ii) strength and line tracking; (iii) strength and aiming; (iv) strength and tapping.Data
plotted are mean centred age ± 1 SD, where minus one standard deviation represents younger adults (Low
age) and plus one standard deviation represents older adults (High age). Note that the direction of positive
performance score is indicated.

doi:10.1371/journal.pone.0117598.g004

The Age, Strength and Dexterity Relationship

PLOS ONE | DOI:10.1371/journal.pone.0117598 February 17, 2015 11 / 18



future studies should investigate the role of muscle control and tremor on steadiness and line
tracking hand dexterity in ageing.

The results of the MR analyses showed that the variance of aiming and tapping hand dexter-
ity tasks was more explained by grip strength than age. This suggests that dexterous actions
that rely on the fast and precise coordinated movement control of the hand, wrist, elbow and
shoulder, such as that of aiming and tapping, appear directly associated to hand grip strength.
Although this is the first time that this point is made, it is well known that the successful coor-
dination of muscles during movement execution depends on well-regulated muscular forces,
sensory information and body scheme ([76]; [77]; [78]). The presence of fluctuations in muscle
force during a movement influences the capacity to produce the intended movement correctly,
causing compensations within the movement. In aiming and tapping, the thumb and index fin-
ger must pinch the stylus object with a minimum force that must be greater than the friction
force required to prevent object slipping when lifting the object ([79]; [80]). The performance
of the swift aiming and tapping movements then requires large (and sequenced) muscle activa-
tions with rapid accelerations of movement to respond to the task. At the same time, the
thumb and index finger pinch of the stylus must coordinate force with the movement accelera-
tions and the impact with the target. Therefore, reduced strength will lead to increases in the
variability of force capability, causing increases in variability to the movement trajectory and
the accuracy of the final position ([14]; [81]; [82]; [83]; [84]). These effects will be compounded
in repeat performances of a task (e.g., the tapping task) in that fluctuations in muscle force dur-
ing a voluntary contraction will cause an increase in the variance of movement kinematics
from trial to trial ([14]; [85]; [86]; [87]; [88]; [89]; [90])

The suggestion in our data here is that having a higher level of grip strength will lead to a
higher aiming and tapping ability. Currently, this view is speculative, but we propose that in-
creased grip strength will be associated with fewer fluctuations in muscle force during movement
execution, allowing for faster, more fluent, less variable and more stable successful successive
movements. Support for our speculation is present in existing literature where increases in mus-
cle strength, after just a few weeks of strength training, have been associated with decreases in
force fluctuations during isometric and anisometric contractions in a number of muscles (e.g.
first dorsal interosseus muscle and knee extensor muscles) ([91]; [92]; [93]; [94]) (for a review of
mechanisms that contribute to differences in motor performance between young and old adults,
see [14]). Additionally, individuals who regularly practice rapid, coordinated, goal directed
movements, such as expert musicians, appear not to display the same age related decrements of
dexterity that are typical of age matched non-musical adults ([95]; [96]). Such an observation
suggests that regular exercise is possibly sufficient to maintain rapid, coordinated, goal directed
dexterous actions (such as tapping and aiming). If correct, strength exercises in adults may be a
simple preventative measure against hand dexterity decline, independent of age. We propose
that future research should test where moderations in strength cause changes in rapid, coordinat-
ed, goal directed movements such as tapping and aiming hand dexterity.

A final novel finding of this paper was that age and strength variables interacted with the
hand dexterity measure of steadiness. The post hoc analyses indicated that the mean aged and
older aged adults showed a relationship where reduced strength was associated to reduced
steadiness hand dexterity, but the younger aged adults showed no relationship between
strength and steadiness hand dexterity. This interaction result was interesting, as it appeared to
suggest that steadiness hand dexterity was moderated by strength, only for older adults. This
finding needs further investigation. It is unclear whether strength training interventions would
be beneficial to steadiness hand dexterity in the same way as the exercises proposed to improve
aiming and tapping hand dexterity, discussed above. It may be that other factors such as muscle
control may co-vary with grip strength, explaining the apparent strength effect here. Beyond
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strength, changes in touch sensation may be considered as a plausible factor to explain such
changes; however, in light of a recent research study [50] it would appear that any age-related
reductions in sensation and motor function cannot easily be inferred from each other, and as
such do not offer a simple explanation.

Our study presents some novel findings and some factors that we propose future studies
should include and consider. The finding that steadiness and line tracking hand dexterity was
moderated more by age than strength suggests that another factor must contribute to the
moderation in performance. In the discussion above, we suggested that muscle control and / or
tremor may have been a causal factor, and we advocate the measure of these factors in future
studies. Additionally, future studies should consider the effects of impaired visual acuity upon
aspects of hand dexterity performance such as steadiness; here we had no in-depth assessment
of visual acuity but simply controlled vision with a self-report of corrected vision and an
informal discussion.

In this study, we also showed that aiming and tapping hand dexterity was moderated more
by strength than age, and we proposed that future studies should investigate the effect of exer-
cise on these types of action performance. Furthermore, our study could have included control
for levels of physical activity or specific dexterity skills (i.e. musicians, jugglers, etc. . .), and we
propose that future studies manipulate or control these factors. In this study, we only assess
handgrip strength but have no measure of wrist, elbow or shoulder strength or power; arms
movements during the experimental measures were free to reflect natural unsupported func-
tional performance as such handgrip strength may not allow us to fully account for different
task strategies of whole arm function that may be interesting for future studies. A final proposal
for future studies is the investigation of hand dominance or differences in participant gender in
these effects. We know that the dominant hand is usually stronger than the non-dominant
hand, and also that males are stronger than females. However, it is currently unclear how these
factors interact with age. We might expect that strength differences between the dominant and
non-dominant hand show parallel effects in the age and hand dexterity relationship. However,
it is unclear whether the same parallel effect will be present for males compared to females.

In conclusion, the present research showed that age and grip strength were all statistically sig-
nificant predictors of hand dexterity, and that aiming and tapping hand dexterity (involving
rapid, coordinated, goal directed actions) appeared to be moderated by the factor of grip strength
more than age. This suggests that physical activity may improve particular types of hand dexteri-
ty. The research also showed that steadiness and line tracking hand dexterity performance was
better explained by age than strength, and an interaction between age and strength on steadiness
hand dexterity showed that mean to older adults were particularly influenced by strength. These
latter findings need further investigation, with aim to determine what other factors than strength
appear to moderate steadiness and line tracking hand dexterity. Future research into hand func-
tion should be complemented by other neurophysiological recordings that can provide insight
into the mechanisms responsible for age-related differences in muscular control.

Supporting Information
S1 Fig. Scatterplot of age and grip strength for the non-dominant hand.
(TIFF)

Acknowledgments
We are indebted to the volunteers that took part in the study and to the University of Birming-
ham and the University of Worcester who co-funded the research project. A special thank you

The Age, Strength and Dexterity Relationship

PLOS ONE | DOI:10.1371/journal.pone.0117598 February 17, 2015 13 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0117598.s001


from Jason Martin to Maria Bither for her love and support. The authors have nothing further
to disclose.

Author Contributions
Conceived and designed the experiments: JAMMGE. Performed the experiments: JAM. Ana-
lyzed the data: JAMMGE. Contributed reagents/materials/analysis tools: JAM JR MGE. Wrote
the paper: JAMMGE. Finalisation of the manuscript: JAM JR DMP CHMGE. Provided the
equipment for measurement: JR. Provided guidance for research design and analysis and dis-
cussion: DMP CHMGE.

References
1. Barnsley RH, Rabinovich S (1970) Handedness: Proficiency versus stated preference. Perceptual and

Motor Skills 30: 343–362. PMID: 5454044

2. Annett M (1976) A coordination of hand preference and skill replicated. British Journal of Psychology
67: 587–592. PMID: 1009286

3. Fleishman EA, Ellison GD (1962) A factor analysis of fine manipulative performance. Journal of Applied
Psychology 46: S96–105.

4. Provins KA, Cunliffe P (1972) The reliability of somemotor performance tests of handedness. Neurop-
sychologia 10: 199–206. PMID: 5055226

5. Rigal RA (1992) Which handedness: preference or Performance? Perceptual and Motor Skills 75:
851–866. PMID: 1454487

6. Bennett KMB, Castiello U (1994) Reach to grasp: Changes with age. Journal of Gerontology 49B(1):
1–7. PMID: 8282970

7. Amrhein PC, Stelmach GE, Goggin NL (1991) Age differences in the maintenance and restructuring of
movement preparation. Psychology of Aging 6: 451–66.

8. Carnahan H, Vandervoort AA, Swanson LR (1998) The influence of aging and target motion on the con-
trol of Prehension. Experimental Aging Research 24(3): 289–306. PMID: 9642554

9. Cerella J (1985) Information processing rates in the elderly. Psychological Bulletin 98: 67–83. PMID:
4034819

10. Smith CD, Umberger GH, Manning EL, Slevin JT, Wekstein DR, et al. (1999) Critical decline in fine
motor hand movements in human aging. American Academy of Neurology 53(7): 1458–1461.

11. Wishart LR, Lee TD, Murdoch JE, Hodges NJ (2000) Effects of Aging on Automatic and Effortful Pro-
cesses in Bimanual Coordination. Journal of Gerontology: Psychological Sciences 55B(2): 85–94.

12. Brown M, Sinacore DR, Host HH (1995) The relationship of strength to function in the older adult. Jour-
nals of Gerontology: Series A, Biological sciences and medical sciences 50: 55–59.

13. Carmeli E, Patish H, Coleman R (2003) The Aging Hand. Journal of Gerontology: Medical Sciences 58
(2): 146–152. PMID: 12586852

14. Enoka RM, Christou EA, Hunter SK, Kornatz KW, Semmler JG, et al. (2003) Mechanisms that contrib-
ute to differences in motor performance between young and old adults. Journal of Electromyography
and Kinesiology 13(1): 1–12. PMID: 12488083

15. Grabiner MD, Enoka RM (1995) Changes in movement capabilities with aging. Exercise & Sport Sci-
ence Review 23: 65–104. doi: 10.1016/j.fsigen.2014.12.010 PMID: 25603546

16. Harridge SDR, Young A (1998) Skeletal muscle. In: Pathy MSJ, editor. Principles and practice of geriat-
ric medicine volume II ( 3rd edition). London: JohnWiley & Sons. pp. 898–905.

17. Marmon AR, Pascoe MA, Schwartz RS, Enoka RM (2011) Associations among Strength, Steadiness,
and Hand Function across the Adult Life Span. Medicine & Science in Sports & Exercise 43(4): 560–567.
doi: 10.1016/j.bbalip.2015.01.004 PMID: 25603556

18. SpirdusoWW (1995) Physical dimensions of aging. Champaign, IL: Human Kinetics.

19. Carmeli E, Coleman R, Reznick AZ (2002) The biochemistry of gaining muscle. Experimental Gerontol-
ogy 37: 477–489. PMID: 11830351

20. Dutta C, Hadley EC, Lexell J (1997) Sarcopenia and physical performance in old age: overview. Muscle
Nerve 5: S5–S9. PMID: 9331374

The Age, Strength and Dexterity Relationship

PLOS ONE | DOI:10.1371/journal.pone.0117598 February 17, 2015 14 / 18

http://www.ncbi.nlm.nih.gov/pubmed/5454044
http://www.ncbi.nlm.nih.gov/pubmed/1009286
http://www.ncbi.nlm.nih.gov/pubmed/5055226
http://www.ncbi.nlm.nih.gov/pubmed/1454487
http://www.ncbi.nlm.nih.gov/pubmed/8282970
http://www.ncbi.nlm.nih.gov/pubmed/9642554
http://www.ncbi.nlm.nih.gov/pubmed/4034819
http://www.ncbi.nlm.nih.gov/pubmed/12586852
http://www.ncbi.nlm.nih.gov/pubmed/12488083
http://dx.doi.org/10.1016/j.fsigen.2014.12.010
http://www.ncbi.nlm.nih.gov/pubmed/25603546
http://dx.doi.org/10.1016/j.bbalip.2015.01.004
http://www.ncbi.nlm.nih.gov/pubmed/25603556
http://www.ncbi.nlm.nih.gov/pubmed/11830351
http://www.ncbi.nlm.nih.gov/pubmed/9331374


21. Hirsch CH, Fried LP, Harris T, Fitzpatrick A, Enright P, et al. (1997) Correlates of performance based
measures of muscle function in the elderly: The cardiovascular health study. Journal of Gerontology:
Medical Sciences 52A(4): M192–M200. PMID: 9224430

22. Lexell J (1995) Human aging, muscle mass and fiber type composition. Journal of Gerontology 50A
(Special Issue): 11–16.

23. Lexell J (1997) Evidence for nervous system degeneration with advancing age. The Journal of Nutrition
127: 1011S–1013S. PMID: 9164286

24. Narici MV, Maffulli N (2010) Sarcopenia: characteristics, mechanisms and functional significance. Brit-
ish Medical Bulletin 95: 139–159. doi: 10.1093/bmb/ldq008 PMID: 20200012

25. Metter EJ, Schrager M, Ferrucci L, Talbot LA (2005) Evaluation of movement speed and reaction
time as predictors of all-cause mortality in men. Journal of Gerontology: Biological Sciences 60A(7):
840–846. PMID: 16079205

26. Kallman DA, Plato CC, Tobin JD (1990) The role of muscle strength loss in the age-related decline in
grip strength: cross-sectional and longitudinal perspectives. Journal of Gerontology Series A: Biological
Sciences and Medical Sciences 45: M82–M88.

27. Kauranen K, Vanharanta H (1996) Influences of aging, gender and handedness on Motor Performance
of upper and lower extremities. Perceptual and Motor skills 82: 515–525. PMID: 8724924

28. Vianna LC, Oliviera RB, Araújo CGS (2007) Age-related decline in handgrip strength differs according
to gender. Journal of Strength and Conditioning Research 21(4): 1310–1314. PMID: 18076278

29. Mathiowetz V, Kashman N, Volland G, Weber K, DoweM, et al. (1985) Grip and Pinch strength: norma-
tive data for adults. Archives of Physical Medicine and Rehabilitation 66: 69–74. PMID: 3970660

30. Rantanen T, Masaki K, Foley D, Izmirlian G, White L, et al. (1998) Grip strength changes over 27yr in
Japanese-American men. Journal of Applied Physiology 85: 2047–2053. PMID: 9843525

31. Metter EJ, Conwit R, Metter B, Pacheco T, Tobin J (1998) The relationship of peripheral motor nerve
conduction velocity to age-associated loss of grip strength. Aging (Milano) 10: 471–478. PMID:
10078317

32. Dorfman LJ, Bosley TM (1979) Age related changes in peripheral and central nerve conduction in man.
Neurology 16: 38–44.

33. Kurokawa K, Mimori Y, Tanaka E, Kohriyama T, Nakamura S (1999) Age-Related Change in Peripheral
Nerve Conduction: Compound Muscle Action Potential Duration and Dispersion. Gerontology 45:
168–173. PMID: 10202263

34. Mackenzie RA, Phillips LH (1981) Changes in peripheral and central nerve conduction with aging. Clini-
cal Experimental Neurology 18: 109–116. PMID: 6926379

35. Kaplan FS, Nixon JE, Reitz M, Rindfleish L, Tucker J (1985) Age-related changes in proprioception and
sensation of joint position. Acta Orthopaedica Scandinavica 56(1): 72–74. PMID: 3984706

36. Payne AM, Delbono O (2004) Neurogenesis of excitation-contraction uncoupling in aging skeletal mus-
cle. Exercise and Sport Science Review 32: 36–40. PMID: 14748548

37. Folstein MF, Folstein SE, McHugh PR (1975) "Mini-mental state". A practical method for grading the
cognitive state of patients for the clinician. Journal of Psychiatric Research 12(3): 189–98. PMID:
1202204

38. Oldfield RC (1971) The assessment and analysis of handedness: the Edinburgh inventory. Neuropsy-
chologia 9(1): 97–113. PMID: 5146491

39. Schaubert KL, Bohannon RW (2005) Reliability and validity of three strength measures obtained from
community-dwelling elderly persons. Journal of Strength & Conditioning Research 19: 717–720. doi:
10.1016/j.bios.2015.01.017 PMID: 25603401

40. Lafayette Instruments (2013) https://www.lafayettelifesciences.com/

41. Schoppe KJ (1974) Das, MLS-Gerät. Ein neuer Testapparat zur Messung feinmotorischer Leistungen.
Diagnostica 20: 43–47.

42. Fleishman EA (1972) Structure and measurement of psychomotor abilities. In: Singer RN, editor. The
psychomotor domain. Philadelphia: Lea & Febiger. pp. 78–196.

43. Raczek J, Waskiewicz Z, Juras G (1997) Raum-, zeitliche- und dynamische Aspekte koordinativ-motor-
ischer Leistungsvoraussetzungen—ein Objektivierungsversuch der Diagnostik. In: Hirtz P, Nuske F,
editors. Bewegungskoordination und sportliche Leistung integrativ betrachten. Schriften der Deutschen
Vereinigung für Sportwissenschaft. Czwalina Verlag, Hamburg, 87, pp. 293–300.

44. Raczek J, Mynarski W, Ljach W (1998) Theoretical and empirical basis for developing and diagnosing
of co-ordination motor abilities. Acad. of Ph. Ed., Katowice (in Polish, English summary).

45. Raczek J, Juras G, Waśkiewicz Z (2001) The diagnosis of motor coordination. Journal of Human Kinet-
ics 6: 113–125.

The Age, Strength and Dexterity Relationship

PLOS ONE | DOI:10.1371/journal.pone.0117598 February 17, 2015 15 / 18

http://www.ncbi.nlm.nih.gov/pubmed/9224430
http://www.ncbi.nlm.nih.gov/pubmed/9164286
http://dx.doi.org/10.1093/bmb/ldq008
http://www.ncbi.nlm.nih.gov/pubmed/20200012
http://www.ncbi.nlm.nih.gov/pubmed/16079205
http://www.ncbi.nlm.nih.gov/pubmed/8724924
http://www.ncbi.nlm.nih.gov/pubmed/18076278
http://www.ncbi.nlm.nih.gov/pubmed/3970660
http://www.ncbi.nlm.nih.gov/pubmed/9843525
http://www.ncbi.nlm.nih.gov/pubmed/10078317
http://www.ncbi.nlm.nih.gov/pubmed/10202263
http://www.ncbi.nlm.nih.gov/pubmed/6926379
http://www.ncbi.nlm.nih.gov/pubmed/3984706
http://www.ncbi.nlm.nih.gov/pubmed/14748548
http://www.ncbi.nlm.nih.gov/pubmed/1202204
http://www.ncbi.nlm.nih.gov/pubmed/5146491
http://dx.doi.org/10.1016/j.bios.2015.01.017
http://www.ncbi.nlm.nih.gov/pubmed/25603401
https://www.lafayettelifesciences.com/


46. Fleishman EA (1953) Testing for psychomotor abilities by means of apparatus tests. Psychological Bul-
letin 50: S241–S262.

47. Cohen J, Cohen P (1983) Applied multiple regression/correlation analyses for the behavioural sciences
( 2nd edition). Hillsdale, NJ: Erlbaum.

48. Aitken LS &West SG (1991) Multiple regression: Testing and interpreting interactions. Newbury Park,
CA: Sage.

49. Bassey EJ, Harries UJ (1993) Normal values for hand grip strength in 920 men and women aged over
65 years, and longitudinal changes over 4 years in 620 survivors. Clinical Science 84: 331–337. PMID:
8384956

50. Bowden JJ, McNulty PA (2013) The magnitude and rate of reduction in strength, dexterity and sensa-
tion in the human hand very with ageing. Experimental Gerontology 48: 756–765. doi: 10.1016/j.exger.
2013.03.011 PMID: 23570975

51. Desrosiers J, Hebert R, Bravo G, Rochette A (1998) Comparison of Cross-Sectional and Longitudinal
Designs in the Study of Aging of Upper Extremity Performance. Journal of Geronotology: Biological Sci-
ences 53A: B362–B368.

52. Desrosiers J, Hébert R, Bravo G, Rochette A (1999) Age-related changes in upper extremity perfor-
mance of elderly people: a longitudinal study. Experimental Gerontology, 34: 393–405. PMID:
10433393

53. Hinson M, Gench B (1989) The curvilinear relationship of grip strength to age. Occupational Therapy
Journal of Research 9: 53–60.

54. Larsson L, Grimby G, Karlsson J (1979) Muscle strength and speed of movement in relation to age and
muscle morphology. Journal Applied Physiology 46(3): 451–6.

55. Doherty TJ, BrownWF (1997) Age-related changes in the twitch contractile properties of human thenar
motor units. Journal of Applied Physiology 82: 93–101. PMID: 9029203

56. Doherty TJ, Vandervoort AA, Taylor AW, BrownWF (1993) Effects of motor unit losses on strength in
older men and women. Journal of Applied Physiology 74: 868–874. PMID: 8458808

57. Bouche P, Cattelin F, Saint-Jean O, Léger JM, Queslati S, et al. (1993) Clinical and electrophysiological
study of the peripheral nervous system in the elderly. Journal of Neurology 240: 263–268. PMID:
8326328

58. Norris AH, Shock NW,Wagman IH (1953) Age changes in the maximum conduction velocity of motor fi-
bers of human ulnar nerves. Journal of Applied Physiology 5: 589–593. PMID: 13044736

59. Macaluso A, NimmoMA, Foster JE, Cockburn M, McMillan NC, et al. (2002) Contractile muscle volume
and agonist-antagonist coactivation account for differences in torque between young and older women.
Muscle Nerve 25: 858–863. PMID: 12115975

60. Desrosiers J, Bravo G, Hébert R, Dutil É (1994) Validation of the Box and Block Test as a measure of
dexterity of elderly people: reliability, validity, and norms studies. Archives of Physical Medicine and Re-
habilitation 75(7): 751–755. PMID: 8024419

61. Desrosiers J, Hébert R, Bravo G, Dutil É (1995) Upper extremity performance test for the elderly
(TEMPA): Normative data and correlates with sensorimotor parameters. Archives of Physical Medicine
and Rehabilitation 76: 1125–9. PMID: 8540788

62. Michimata A, Kondo T, Suzukamo Y, Chiba M (2008) The Manual Function test: Norms for 20-to 90-
year-olds and effects of age, gender, and hand dominance on Dexterity. The Tohoku Journal of Experi-
mental Medicine 214: 257–267. PMID: 18323695

63. Mitrushina MN (2005) Handbook of Normative Data for Neuropsychological Assessment. Oxford Uni-
versity Press: New York. PMID: 14591469

64. Cole K (2006) Age-related directional bias of fingertip force. Experimental Brain Research 175: 285–291.
PMID: 16738907

65. Galganski ME, Fuglevand AJ, Enoka RM (1993) Reduced control of motor output in a human handmus-
cle of elderly subjects during submaximal contractions. Journal of Neurophysiology 69(6): 2108–2115.
PMID: 8350134

66. Graves AE, Kornatz KW, Enoka RM (2000) Older adults use a unique strategy to lift inertial loads with
the elbow flexor muscles. Journal of Neurophysiology 83(4): 2030–2039. PMID: 10758113

67. McDonagh MJ, White MJ, Davies CT (1984) Different effects of ageing on the mechanical properties of
human arm and leg muscles. Gerontology 30: 49–54. PMID: 6698407

68. Voelcker-Rehage C, Alberts JL (2005) Age-related changes in grasping force modulation. Experimental
Brain Research 166: 61–70. PMID: 16096780

69. Macaluso A, DeVito G (2004) Muscle strength, power and adaptations to resistance training in older
people. European Journal of Applied Physiology 91: 450–472. PMID: 14639481

The Age, Strength and Dexterity Relationship

PLOS ONE | DOI:10.1371/journal.pone.0117598 February 17, 2015 16 / 18

http://www.ncbi.nlm.nih.gov/pubmed/8384956
http://dx.doi.org/10.1016/j.exger.2013.03.011
http://dx.doi.org/10.1016/j.exger.2013.03.011
http://www.ncbi.nlm.nih.gov/pubmed/23570975
http://www.ncbi.nlm.nih.gov/pubmed/10433393
http://www.ncbi.nlm.nih.gov/pubmed/9029203
http://www.ncbi.nlm.nih.gov/pubmed/8458808
http://www.ncbi.nlm.nih.gov/pubmed/8326328
http://www.ncbi.nlm.nih.gov/pubmed/13044736
http://www.ncbi.nlm.nih.gov/pubmed/12115975
http://www.ncbi.nlm.nih.gov/pubmed/8024419
http://www.ncbi.nlm.nih.gov/pubmed/8540788
http://www.ncbi.nlm.nih.gov/pubmed/18323695
http://www.ncbi.nlm.nih.gov/pubmed/14591469
http://www.ncbi.nlm.nih.gov/pubmed/16738907
http://www.ncbi.nlm.nih.gov/pubmed/8350134
http://www.ncbi.nlm.nih.gov/pubmed/10758113
http://www.ncbi.nlm.nih.gov/pubmed/6698407
http://www.ncbi.nlm.nih.gov/pubmed/16096780
http://www.ncbi.nlm.nih.gov/pubmed/14639481


70. Häkkinen K, Kallinen M, Izquierdo M, Jokelainen K, Lassila H, et al. (1998) Changes in agonist-
antagonist EMG, muscle CSA, and force during strength training in middle-aged and older people. Jour-
nal of Applied Physiology 84(4): 1341–1349. PMID: 9516202

71. Hortobágyi T, Devita P (2006) Mechanisms responsible for the age associated increase in coactivation
of antagonist muscles. Exercise Sport Science Reviews 34(1) 29–35. PMID: 16394812

72. Barry BK, Pascoe MA, Jesunathadas M, Enoka RM (2007) Rate coding is compressed but variability is
unaltered for motor units in a hand muscle of old adults. Journal of Neurophysiology 97(5): 3206–3218.
PMID: 17360826

73. Elble RJ, Higgins C, Leffler K, Hughes L (1994) Factors influencing the Amplitude and Frequency of Es-
sential Tremor. Movement Disorders 9(6): 589–596. PMID: 7845397

74. Elble RJ (1995) The role of aging in the clinical expression of essential tremor. Experimental Gerontolo-
gy 30: 337–347. PMID: 7556512

75. Elble RJ (2000) Essential tremor frequency decreases with time. Neurology 55: 1547–1551. PMID:
11094112

76. Trombly CA (1989) Occupational therapy for physical dysfunction ( 3rd edition.). Baltimore: Williams &
Wilkins.

77. Zoltan B, Pedretti LW (1990) Evaluation of muscle tone and coordination. In: Pedretti LW, Zoltan B, edi-
tors. Occupational therapy: practice skills for physical dysfunction ( 3rd edition). St-Louis: CV Mosby.

78. Farber SD (1991) Assessing neuromotor performance enablers. In: Christiansen C, Baum C, editors.
Occupational therapy: overcoming human performance deficits. Thorofore, NJ: Slack.

79. Cole KJ (1991) Grasp force control in older adults. Journal of Motor Behaviour 23: 251–258. PMID:
14766507

80. Kinoshita H, Francis PR (1996) A comparison of prehension force control in young and elderly individu-
als. European Journal of Applied Physiology 74: 450–460. PMID: 8954293

81. Fitts PM (1954) The information capacity of the human motor system in controlling the amplitude of
movement. Journal of Experimental Psychology 47: 381–391. PMID: 13174710

82. de C Hamilton AF, Wolpert DM (2002) Controlling the statistics of action: obstacle avoidance. Journal
of Neurophysiology 87: 2434–2440. PMID: 11976380

83. Kim S, Carlton LG, Liu YT, Newell KM (1999) Impulse and movement space-time variability. Journal of
Motor Behaviour 31: 341–357. PMID: 11177642

84. van Galen GP, van Huygevoort M (2000) Error, stress and the role of neuromotor noise in space orient-
ed behaviour. Biological Psychology 51: 151–171. PMID: 10686364

85. Carlton LG, Newell KM (1993) Force variability and characteristics of force production. In: Newell KM,
Cordo PM, editors. Force Variability. Human Kinetics: Champaign, IL. pp. 128–135.

86. Christou EA, Carlton LG (2002) Age and contraction type influence motor output variability in rapid dis-
crete tasks. Journal of Applied Physiology 92: 489–498.

87. Christou EA, Carlton LG (2001) Old adults exhibit greater motor output variability than young adults
only during rapid discrete isometric contractions. Journal Gerontology 56: B524–B532. PMID:
11723145

88. Christou EA, Tracy BL, Enoka RM (2002) Steadiness of lengthening contractions. In: Latash M, editor.
Progress in Motor Control II. Human Kinetics: Champaign, IL. pp. 195–207.

89. Cordo P, Carlton L, Bevan L, Carlton M, Kerr GK (1994) Proprioceptive coordination of movement se-
quences: role of velocity and position information. Journal of Neurophysiology 71: 1848–1861. PMID:
8064352

90. Harris CM, Wolpert DM (1998) Signal-dependent noise determines motor planning. Nature 394:
780–784. PMID: 9723616

91. Bilodeau M, Keen DA, Sweeney PJ, Shields RW, Enoka RM (2000) Strength training can improve
steadiness in persons with essential tremor. Muscle Nerve 23: 771–778. PMID: 10797401

92. Keen DA, Yue GH, Enoka RM (1994) Training-related enhancement in the control of motor output in el-
derly humans. Journal of Applied Physiology 77: 2648–2658. PMID: 7896604

93. Laidlaw DH, Kornatz KW, Keen DA, Suzuki S, Enoka RM (1999) Strength training improves the steadi-
ness of slow lengthening contractions performed by old adults. Journal of Applied Physiology 87:
1786–1795. PMID: 10562623

94. Tracy BL, Kern DS, Mehoudar PD, Sehnert S, Enoka RM (2001) Strength training does not improve the
steadiness of muscle contractions in the knee extensors of older adults. Medicine & Science in Sports
& Exercise 33: S254. doi: 10.1016/j.bbalip.2015.01.004 PMID: 25603556

The Age, Strength and Dexterity Relationship

PLOS ONE | DOI:10.1371/journal.pone.0117598 February 17, 2015 17 / 18

http://www.ncbi.nlm.nih.gov/pubmed/9516202
http://www.ncbi.nlm.nih.gov/pubmed/16394812
http://www.ncbi.nlm.nih.gov/pubmed/17360826
http://www.ncbi.nlm.nih.gov/pubmed/7845397
http://www.ncbi.nlm.nih.gov/pubmed/7556512
http://www.ncbi.nlm.nih.gov/pubmed/11094112
http://www.ncbi.nlm.nih.gov/pubmed/14766507
http://www.ncbi.nlm.nih.gov/pubmed/8954293
http://www.ncbi.nlm.nih.gov/pubmed/13174710
http://www.ncbi.nlm.nih.gov/pubmed/11976380
http://www.ncbi.nlm.nih.gov/pubmed/11177642
http://www.ncbi.nlm.nih.gov/pubmed/10686364
http://www.ncbi.nlm.nih.gov/pubmed/11723145
http://www.ncbi.nlm.nih.gov/pubmed/8064352
http://www.ncbi.nlm.nih.gov/pubmed/9723616
http://www.ncbi.nlm.nih.gov/pubmed/10797401
http://www.ncbi.nlm.nih.gov/pubmed/7896604
http://www.ncbi.nlm.nih.gov/pubmed/10562623
http://dx.doi.org/10.1016/j.bbalip.2015.01.004
http://www.ncbi.nlm.nih.gov/pubmed/25603556


95. Krampe R, Ericsson K (1996). Maintaining excellence: deliberate practice and elite performance in
young and older pianists. Journal of Experimental Psychology: General 125: 331–359. PMID: 8945787

96. Krampe R (2002) Aging, expertise and fine motor movement. Neuroscience and Biobehavioural Re-
views 26: 769–776. PMID: 12470688

The Age, Strength and Dexterity Relationship

PLOS ONE | DOI:10.1371/journal.pone.0117598 February 17, 2015 18 / 18

http://www.ncbi.nlm.nih.gov/pubmed/8945787
http://www.ncbi.nlm.nih.gov/pubmed/12470688

