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Abstract Leversen et al. (PLoS One 7(6):e38830, 2012)
emphasise the importance of understanding the principles of
life-long development. In their study of motor control, they
found a common tendency towards improved motor perfor-
mance from childhood to adulthood and a subsequent dete-
rioration. The aim of our study was to examine this issue
further by investigating fine motor behaviour (tracing a model
line) in 196 participants (age range 12-95 years old) in two
sensory conditions—proprioceptive + visual (PV) and pro-
prioceptive only—in both hands and in two types of move-
ment, frontal and transversal. Regression analyses of line
length and task performance speed in relation to age were
conducted for the different test conditions. The best perfor-
mance was found in middle age, and a quadratic function
provided the best fit for most of the test conditions. The cor-
responding inflection points (the age at which graphical ana-
lysis showed a change in performance as a peak of maturation
before decline due to ageing) showed earlier ages in the
proprioceptive condition. For most types of movement ana-
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lysed, performance speed was slower under the PV condition.
Paired correlation analysis showed that the symmetry of
precision performance between hands became stronger with
age. The results provide information on age-dependent dif-
ferences in proprioception based on fine motor performance.
They may be of use in the design of preventive strategies for
preserving proprioceptive function by reducing the risk of
falls and accidents or diseases such as Parkinson’s.
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Introduction

Given that human life expectancy is increasing and the
percentage of older individuals is also rising, especially in
developed countries, the question of how to maintain health
in the elderly is becoming ever more urgent. A key factor,
needless to say, is cost: for instance, fall-related costs for
people over 65 years of age alone are expected to exceed
USD 32 billion by the year 2020 (Shaffer and Harrison
2007). In fact, the ageing process poses numerous chal-
lenges, and one of the most important is the design of
preventive measures for maintaining individuals’ health
and autonomy for as long as possible. An integrative
approach comprising different research areas is clearly
required. One of the areas involved is postural control and
proprioception. In this field, studies have examined ways of
preventing age-related sensorimotor deficits (Goble et al.
2009), and have highlighted the role of cognitive processes
when older individuals have to reweight sensory inputs, a
task that may heighten the risk of losing balance (Teasdale
and Simoneaub 2001).
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The famous riddle of the Sphinx “Which creature in the
morning goes on four legs, at mid-day on two, and in the
evening upon three, and the more legs it has, the weaker it
be?” reflects a hypothesis about general evolution; and the
development of proprioceptive and visuo-proprioceptive
functions in relation to fine motor behaviour across the
human lifespan follows the same law. Although this
behaviour shows a complex polynomial pattern, with ‘ups’
and ‘downs’ and small cycles within a larger one, it can be
regarded as consisting of two main stages. In the first stage,
which corresponds to the period of growth and maturation,
there is a gradual improvement in motor performance. In
the second, performance begins to deteriorate with the
passing of time, as part of the ageing process.

Neurological studies based on fMRI analysis, which
reflect the results of motor control, have shown that brain
maturation and ageing effects follow a complex pattern that
is not always linear, and varies throughout the cortex
(Sowell et al. 2003; Bartzokis et al. 2010). Specifically,
Sowell et al. (2003) found that the left posterior temporal
region gained grey matter density up to age 30, before
entering a rapid decline; white matter density, on the other
hand, increased between the ages of 19 and 40 years, after
which it declined. Non-linear (quadratic) effects were
observed in total white matter volume, which peaked at age
43 (Sowell et al. 2003).

Motor performance also approximately fits the quadratic
function, as shown by Leversen et al. (2012) in a study of
338 participants (7-79 years, cross-sectional study). Per-
formance improved from childhood (7-9) to young adult-
hood (19-25) and then deteriorated in old age (66—80). The
authors stressed that our knowledge of general develop-
ment throughout the lifespan is still insufficient and few
motor domain studies have been conducted (Leversen et al.
2012). In psychology, motor control studies are underes-
timated and have been described by Rosenbaum (2005) as
the “Cinderella” of psychological research.

Fine motor performance decreases with age, while the
learning of gross motor skills with age appears to be more
multidirectional (with some skills declining at earlier ages,
while others improve or are at least maintained) (Voelcker-
Rehage 2008). In addition, a progressive worsening in vision
was usually observed after age 50 and in balance after age 65
(Sturnieksa et al. 2008). Proprioception also decreases with
age and is closely related to loss of muscle and joint strength.
Muscle strength has been found to remain stable until the fifth
or sixth decade, but shows a 50 % decrease by age 80 (Cole
etal. 1999; Sturnieksa et al. 2008). The winning performance
of Senior Olympians (>50 years) declines approximately
3.4 % per year over 35 years of competition: slowly from age
50 to 75 years and then dramatically after age 75 years
(Wright and Perricelli 2008). Furthermore, some researchers
have shown decreased hand asymmetry (the performance
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difference between both hands) in motor tasks with ageing
(Kalisch et al. 2006; Przybyla et al. 2011). Others have
reported that the right hemisphere (left hand) worked faster on
non-verbal and visual tasks, and found little change in this
speed with age (Stern et al. 1980). Nonetheless, there are still
very few studies on hand asymmetries and their development
with age.

Engagement in daily physical activity (Ribeiro and Oli-
veira 2007), combined with a healthy diet, to avoid obesity
and improve balance (Teasdale 2012), rich in antioxidants and
essential fatty acids to reduce negative stress effects (Willis
et al. 2009), could contribute to preserving proprioceptive
function. It has also been shown that old people present lim-
ited improvements in cognitive performance after cognitive
training (Martin et al. 2011). Thus, an alternative way to
mitigate the loss of cognitive performance would be to pre-
serve the proprioceptive function for as long as possible. This
can be achieved by focusing on physical and psychological
health (Liutsko 2013) in the form of exercises that improve or
maintain proprioception (tai-chi, relaxing and stretching,
yoga, Pilates, or simply dancing and singing and playing
musical instruments); promoting healthy diet (apart from
balance problems, certain substances can impair propriocep-
tion—alcohol, drugs or heavy metals and pesticides are risk
factors for Parkinson’s disease) or in some way improve it, as
in the case of medical drugs like L-dopa (Mongeon et al.
2009); promoting emotional intelligence in order to reduce the
negative effects of stress that provoke oxidative processes and
accelerate ageing (Guzman et al. 2010); and all other factors
that help to maintain a healthy lifestyle. Thus, the mainte-
nance or improvement of proprioception is a part of general
health and can promote better cognitive status (since more
attentional resources are available for cognitive tasks and
attention does not have to be split in order to maintain balance)
and quality of life.

Very few studies have explored the relationship between
proprioceptive motor control and emotional state and cogni-
tive performance. In an earlier experimental study by our
group, negative sign correlations were found between certain
indicators of fine motor imprecision in a proprioceptive con-
dition and visual memory performance (Liutsko et al. 2012a).
Moreover, imprecision was negatively related to academic
performance and emotional equilibrium (Liutsko et al.
2012b). Ingram and colleagues reported a significant reduc-
tion in motor task performance in a patient with propriocep-
tive problems who showed a 60 % decrease (compared to a
10 % decrease in the control group) when the motor task was
switched from single to dual (while subjects counted back-
wards). This experiment demonstrated the importance and
value of cognition as a compensatory function for proprio-
ceptive deficit in motor performance tasks (Ingram et al.
2000). The proprioception state may be even more challeng-
ing in older people and cause poor balance (Lin and
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Woollacott 2005) and irregularity of gait, especially with
cognitive load (Shellenbach et al. 2010). Research using fMRI
has also identified an age-related shift from automatic to more
cognitively controlled movements as subjects get older
(Heuninckx et al. 2005). In addition, elderly subjects were
found to rely more on visual control when they learnt and
performed a precision locomotor task (van Hedel and Dietz
2004).

Most studies compare proprioceptive state or acuity in
relation to fine motor precision or speed in different age
groups. Goble’s (2010) results showed U-shaped proprio-
ceptive acuity in joint position matching tests (30-degree
targets; individuals had to replicate a reference joint angle in
the absence of vision) for the average absolute errors, with the
highest errors in children (8-10 years), followed by the
elderly group (70+ years), adolescents (16—18 years) and
middle-aged (35-50 years), and the highest precision in the
young adult group (20-30 years). Hurley et al. (1998)
reported significantly lower proprioceptive acuity and func-
tional performance in an elderly population (mean age
72 years) than in young (mean age 23 years) and middle-aged
subjects (mean age 56 years). Moreover, the elderly group
performed functional tasks significantly more slowly than the
rest of the groups (Hurley et al. 1998), and more jerky
movements were reported in senior adults (81.2 £ 1.8 years)
than in young adults (25.2 £ 2.5 years) (Yan 2000).

In the light of these findings, we performed a cross-
sectional study to examine whether age has a similar
influence on proprioceptive and visuo-proprioceptive
functions in relation to fine motor performance (tracing
over a model line). Line length performance and task speed
were measured in frontal and transversal directions (touch
screen position was vertical for frontal movements and
horizontal for transversal ones), in both hands and under
two sensory conditions—proprioceptive only (P) and pro-
prioceptive—visual (PV). Our main hypothesis was that
age-related differences would fit a quadratic function. If
this was the case, we sought to identify the ages that cor-
responded to changes in fine motor behaviour under both
sensory conditions (P and PV), as inflection points of
parabolas. The aim of our study was to broaden our
understanding of the peculiarities of the developmental and
ageing processing by performing fine motor precision tasks
in both hands and in different movement types and sensory
conditions.

Method
Participants

Participants had normal or corrected-to-normal vision
(N =196, age = 33 & 21 years, range 12-95, male

75 %) and described themselves as healthy; none were
receiving medication and none had neurological prob-
lems. Handedness was checked by means of the Lateral
Preference Inventory (LPI; Coren 1993), which revealed
right-hand dominance in 95 % of subjects. Individuals
who had been forced to change their hand dominance at
school were excluded. All subjects took part voluntarily,
were informed about the aims of the research and gave
consent prior to inclusion in the study. All tests were
administered in accordance with ethical guidelines on
human research.

Instruments

We controlled for conditions that might affect test perfor-
mance, such as temperature or noise, and for the con-
sumption of any substances that might influence fine motor
activity. We developed a validated (Muifios 2008) com-
puterized test (Tous and Viadé 2002; Tous et al. 2007) on
the basis of myokinetic psychodiagnosis (MKP), a manual
version of which was originally proposed by Mira (1958).
The test equipment comprised a tactile screen (LGE, res-
olution 1,280 x 1,024, optimal frequency 60 Hz) and a
sensory stylus (for hand drawings), both of which were
connected to a laptop computer (Pentium IV) on which
specially designed software was installed for data coding
and analysis. A piece of cardboard (or an opaque screen)
was also available for use in the P part of the test, to hide
the active arm and prevent the subject from receiving
movement feedback. All subjects sat at a table on an
adjustable stool to perform the task. They were all given
prior instructions to ensure that they performed the task
correctly (Tous-Ral et al. 2012a, b).

Instructions

The following instruction was given to the study partici-
pants: “You have to trace over the model line from the
starting point to the end of it; then trace backwards (return)
to the starting point without interruption. Repeat these
movements to reproduce the model line as accurately as
possible. At first you will be able to see the model line, but
after some trials a piece of cardboard will be placed
between you and the screen, so that you cannot see your
active hand position or the movement feedback and model
line. You have to continue to draw the lines as before
without stopping. During each section of the test, do not lift
your stylus until the end of the task’. The starting point was
the same for all participants, as once the subject had set the
stylus at the correct coordinates, the line changed colour
from red to green. The researcher only started to record the
data once the line was green.
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Procedure

Fine motor behaviour, assessed by the precision of line
lengths (tracing over 40 mm model lines) and task speed',
was measured in frontal and transversal directions for both
hands and under two test conditions: proprioceptive
information only (P) and PV. Correct posture (body in the
upright position looking straight ahead without leaning to
the left or right during the performance of movements, and
with the feet together on the floor) was ensured in all
subjects, and stool and table heights were adjusted indi-
vidually to allow free elbow movement. This meant that
subjects were seated comfortably without having to bend
their back or extend their arms in an unnatural way. The
hand/arm used for the task was only in contact with the
stylus with which the drawing was being made, and the
wrist was kept rigid. The hand that was not being used in
the task rested on the ipsilateral leg. Subjects held the
stylus in the middle using their thumb, ring and index
fingers, as when painting. The software recorded data on
line length (LL) and performance speed for each subject
under both test conditions (P and PV), and the line lengths
were transformed from pixels into millimetres.

Data analysis

The line lengths drawn over the model line on the touch
screen were measured under both sensory conditions (P and
PV) for the two movement types (F—frontal and T—
transversal) and for both hands (D—dominant and ND—
non-dominant). For additional analysis (MANOVA), data
were split into four age groups: (1) 12-17 (N = 41, age
14.1 £ 1.3); (2) 1829 (N =63, age 219 +3.3); (3)
30-64 (N = 67, age 38.8 + 8.0), and (4) 65-95 (N = 25,
age 80.3 £ 6.7). We also measured the time spent on the
whole task and on each test condition (PV and P), thereby
enabling us to calculate the average speed for the complete
movement (forward/back or up/down) in both directions
and with both hands. Linear and curvilinear regression
analyses (second- and third-degree polynomials) were
performed using SPSS v18 with the precision and task
speed data to estimate the model that best fit the data, as
well as to determine the inflection points for all observable
variables so as to identify the approximate age corre-
sponding to optimal motor precision under both test con-
ditions and for both hands. Paired correlation coefficients
(r) and differences () were also calculated to examine non-
dominant and dominant hand performance under the PV-

! The principal aim of the study was precision (i.e. to trace the line as
accurately as possible). Participants were not instructed to perform the
task quickly.
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and P-test conditions and for both frontal and transversal
movements in the four age groups.

Results

In general, sensorimotor development across the lifespan
shows a complex behaviour that is similar to polynomial
dependence on age, with its corresponding cycles and
peaks. Although there is considerable variation at indi-
vidual level, it is nonetheless possible to identify common
population trends (means). Figure 1 shows a graphical
analysis of the variation in means for the P and PV con-
ditions, in relation to the subjects’ age. It can be seen that
the P and PV feedback functions are well matched after
20 years of age, and begin to diverge more clearly after
48-50 years. Moreover, the P condition shows greater
imprecision in fine motor performance after 48-50 years,
which may also contribute to a greater change in overall
performance under the PV-test condition (the amplitude of
PV plots was also higher after this age, as can be seen in
Fig. 1 for transversal movements). If we drew an adjusted
smoothing line through the data, we would see that
imprecision in transversal movements tends to increase
with age. The means of frontal movements were generally
more varied (presenting a sharper behaviour with many
peaks) than the results for transversal performance, espe-
cially under the P-test condition. However, after the age of
approximately 50 years, the plot showed a similar trend
towards greater imprecision.

The linear regression analysis, together with the curvi-
linear estimations, showed that a quadratic function pro-
vided the best fit for most of the observed variables, while a
cubic function was better (the explained variance was 17 %
greater) for variables obtained in the transversal movement
(in the PV-test conditions and for both hands). Although
the cubic function fitted the data better, the quadratic
function was preferred as a general or common model of
the effect of age. For the cubic approximation, the graph-
ical analysis showed a decline towards the end of life, due
to the low number of subjects aged over 90.

In a quadratic model, the precision of fine motor per-
formance was poorest at the initial measurement point (age
12). After this, it improved with age until it reached an
optimum point at which the movement was made with the
highest precision (middle-aged). It then started to decline
again as subjects entered an advanced age. With the
exception of line length in the frontal direction under the
PV condition (for both hands), in other test condition
regressions, the age® parameter had positive coefficients
(Table 1). This indicates a positive bias for line length at
the youngest and oldest ages for the majority of test con-
ditions. In any case, all peaks (minimum and maximum) of
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Fig. 1 Line length average values (y axis, mm) per age (x axis, years) for frontal movements (above), transverse movements (below), non-
dominant hand (on the /eff) and dominant hand (on the right) under the P (dark line)- and PV (light line)-test conditions

parabolas corresponded to the values for the greatest pre-
cision and best performance speed. Therefore, these
inflection points, assessed by an average population mean
for the given sample (196 subjects), provide an estimate of
the point on the x axis (age) that reflects the best fine motor
performance (line lengths, in mm, y axis). Quadratic
equations related to changes in fine motor precision for
subjects of different ages (12-95 years) were derived
separately for each test condition. The best regressions,
together with the highest R/R%adj values (Table 1), were
obtained for transversal movements, which, therefore,
provide a better prediction of the inflection points.

The inflection points were calculated by equalling the
first  derivations of the function flx) = B
age” + B*age + C to zero and resolving the equation for
each test condition (the corresponding coefficients B and
B were taken from the regression analysis). This process
revealed that for transversal movements the inflection
points for the proprioceptive function (P condition) were at
ages 35/31 for ND/D hands, respectively, whereas for the
visuo-proprioceptive function (PV condition) they were at
45/48. The regressions showed a poorer fit for frontal
movements, although the results were almost the same for
all test conditions: a critical age of 26 for the right hand
under the PV condition, and a critical age of 23 for the
other cases (Table 1).

The analysis of task performance speed (Table 2) for the
age groups also revealed a quadratic function, with higher
values at the two ends, and faster, less variable perfor-
mance in the 30-64 age group. As in the line length
evaluations, we conducted a regression analysis for per-
formance speed (the average time spent on the task under
each test condition), in order to find the inflection points

(Table 2). They ranged from 33 to 40 years old for dif-
ferent hands and sensory test conditions. The most signif-
icant and best-fitting models corresponded to the non-
dominant hand in the transversal and frontal directions (40
and 37 years old, respectively) under the PV condition, and
to the dominant hand in the frontal direction under the
same PV condition (36 years old).

In the MANOVA analysis with Bonferroni correction
for data split into four age subgroups, the oldest group
(65-95) presented statistically significant differences with
regard to the other three age subgroups in both precision
and speed in all test conditions (Table 2). However, dif-
ferences in precision were also found in the 12-17 and
18-29 age groups in frontal movement, D hand, and PV
test (p = 0.038). In transversal movement type and ND
hand but on the P test, the 12-17 age group’s precision
presented statistically significant differences with regard to
all three groups, being poorer than in the two middle-aged
groups but better than in the oldest one. However, the
12—17 age group performed significantly worse on the ND
hand and the PV test than the other ages. As regards
transversal movement, in the PV test, all four groups pre-
sented statistically significant difference.

Hand symmetry in performance

The lowest correlations for coherent performance (sym-
metry of motor lateralization) of the dominant and non-
dominant hands (Table 3) corresponded to the 12-17 age
group, in which significant moderate correlations were
obtained only under the P test condition. However, corre-
lations for the performance of both hands under the P-test
condition increased with age for both transversal and
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Table 3 Paired correlations for precision and speed

Age: 12-17 18-29 30-64 65-95
Paired correlations (r) for precision between ND and D hands
Movement type Test condition r r r r
Frontal P 0.57%%:% 0.76%#: 0.68%3#* 0.87%*:
PV 0.10 0.31* 0.45%%%* 0.46*
Transverse P 0.37** 0.49%#* 0.68*%%* 0.69%*%*
PV 0.08 0.54 %% 0.84%#%%* 0.24
Paired correlations () for speed of ND and D hands
Movement type Test condition r r r r
Frontal P 0.94%*% 0.90%** 0.97#%%* 0.971 %
PV 0.90%** 0.95%#* 0.95%3%%* 0.94 %%
Transverse P 0.89%*3 0.78%#* 0.61%#%* 0.827%#
PV 0.51 %% 0.86%#: 0.72%% 0.85%#3
Age: 12-17 18-29 30-64 65-95
Paired correlations (r) for precision between P and PV condition
Movement type Hand r r r r
Frontal ND 0.08 0.23 0.40%%* 0.28
D 0.53 % 0.46%** 0.38%** 0.21
Transverse ND 0.13 0.38%%* 0.68%** 0.23
D 0.11 0.37%*%* 0.69%** —0.44
Paired correlations () for speed between P and PV condition
Movement type Hand r r r r
Frontal ND 0.88*** 0.85%#* 0.97*%* 0.86%**
D 0.83%*%* 0.89%#* 0.95%%%* 0.77%*%*
Transverse ND 0.68*** 0.73 %% 0.90%%*%* 0.807%**
D 0.80%** 0.86%#* 0.81%%* 0.75%*%*

ND non-dominant and D dominant (hand), P proprioceptive only and PV proprioceptive—visual (sensory condition)

Level of significance: * p < 0.05, ** p < 0.01, *** p < 0.001

frontal movements, and ranged from 0.37 to 0.87
(Table 3). In addition, significant correlations were found
for hand coherence under the PV-test condition in the age
groups 18-29 (r = 0.31 and r = 0.54) for frontal move-
ments and 30-64 (r = 0.45 and r = 0.84) for transversal
movements. However, in the old group (65-95 years) the
correlation was only significant (r = 0.46) for the frontal
movement. The greatest symmetry between hand perfor-
mance was found in the oldest group (65-95), except for
the transversal movement under the PV-test condition, for
which the maximum correlation (r = 0.84) was observed
in the late middle-aged group (30-64 years), after which it
declined (Table 3).

Paired t-test differences in speed between the PV and P
conditions showed that performance was significantly

@ Springer

slower in the PV condition, except for the non-dominant
hand in transversal movement in the youngest (12—17) and
oldest (65-95) age groups, in which the difference did not
reach statistical significance. In fact, both movement types
were associated with high and significant correlations
between PV and P line length performance, with the
highest peaks corresponding to the 30-64 age group (for
both hands in frontal movements and for the non-dominant
hand in transversal movements) and the 18-29 age group
(for the dominant hand in the transversal movement). High
correlations suggest that although proprioception plays a
crucial role in the PV-test condition, the size of this
influence depends on age (Table 3).

Regarding the symmetry of motor lateralization, the
only group in which the performance speed did not differ
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significantly between ND and D hands in all test variables
was the 30-64-year-old group. The only age group in
which no significant differences were found for N and ND
precision performances was the 65-95-year-old group.
However, the difference between P test and PV test pre-
cision was significant for all observed variables (as per
results of paired ¢ test).

This is an exploratory study whose main aim was to
report the details of fine motor behaviour in terms of age-
dependent differences. For this reason the descriptive sta-
tistics are given in detail. The regression analysis revealed
the best fit of the quadratic function and the inflection
points showing the times of best performance. Moreover,
the symmetry/asymmetry age-dependent features were
described for different test conditions.

Discussion

Our results are consistent with the hypothesis of a shift to
symmetrical hand performances with ageing. There were
no statistically significant differences between dominant
and non-dominant hands in the eldest group (65-95), which
presented the highest correlations between the perfor-
mances of both hands. Significant differences between D
and ND hands were found mainly for the PV conditions: in
the 30-64 age group the precision was higher in the ND
hand in transversal movement, whereas in the rest of the
cases, the opposite was true: the D hand was more precise
for ages 30-64 and 18-29 in frontal movement. In the
12-17 age group (transversal movement), the D hand was
found to be more precise in both the P- and PV-test con-
ditions. The most significant differences between P and PV
performance in the eldest group (65-95 years) may reflect
the higher dissociation between performances in both
sensory-type outputs. This can also be observed graphi-
cally, as the gap between the two lines (mean P and PV
performances) increases with age.

The dominant hand only performed significantly faster
in the 12-17 age group (transversal movement type, P-test
condition). At 18-29 years, the situation was reversed in
favour of the non-dominant hand (statistical significance
was found only in transversal movement, P test). These
findings (excluding the 12—17 age group) are consistent
with the results of Stern et al. (1980), who showed that the
right hemisphere (left hand) works faster. From 30 to
64 years, no significant difference was found in task per-
formance speed, and at ages 65-95, the ND hand was faster
than the D hand for most movement types (in transversal
movement for both sensory conditions, P and PV, and in
frontal movement in the P-test condition).

The hypothesis of the quadratic distribution of fine
motor precision (line length performance) was confirmed

in this sample and helped to calculate the approximate ages
(for different test conditions) as the points of the highest
fine motor performance. Therefore, the results can con-
tribute to a better understanding of the developmental
(maturation) and ageing process. For some movement
types the ages were exactly the same or very similar (in
frontal movements, for example: 23-23-23-26). Neverthe-
less, the fit to the regression line was not as good for the
frontal movement (percentage of explained variance from
10 to 30 %) as for the transversal one (with higher per-
centages of explained variance, from 24 to 48 %). Inflec-
tion points corresponded to middle age, which was
consistent with the results of the neurological brain matu-
rity and motor precision studies described in the “Intro-
duction” section.

This study has limitations that should be borne in mind.
First, the health status of participants was self-reported and
not checked by any other means (however, participants
were not diagnosed with any neurological or motor
impairment disease or any other illness; they were also
asked about their medication intake). Moreover, the test
itself is a kind of measure of neurological status, since
participants started at the same point (the data were started
to be recorded once the correct point had been reached, as
stated in the instructions). Therefore, any severe problems
or other qualitative changes in performance were observed
in the proprioceptive part of the test (for example, loss of
linearity). In our previous study with Parkinson’s patients
(early stage of disease, medication on/state off), line length
was only significantly greater in the dominant hand of male
Parkinson group members for the frontal movement in the
PV condition (Gironell et al. 2012). However, for the
frontal movement in this study, the oldest groups drew
shorter lines in the PV condition (35.97 £ 3.80 mm for the
ND hand and 34.40 + 3.74 mm for the D hand) and longer
lines in the P condition than the model line length (40 mm)
and the rest of the groups’ performances.

Second, since this was a cross-sectional study, the
results highlighted the age-dependent differences in pro-
prioception. Longitudinal studies are required to assess
age-related changes; however, we can analyse differences
in the performance of both hands due to hemispherical
proliferation and differences between the two sensory
conditions (P vs. PV). Another limitation is that we had
fewer subjects in the older age groups. This is a question
of time, since the test is applied individually and depends
on the general willingness of volunteers (especially if they
are healthy and still working). Nevertheless, this gap may
be covered by future research. As life expectancy and
retirement age vary in different countries, the information
obtained by current research is more reliable for Spain
and countries with indicators similar to those described
above.
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One important finding of this exploratory analysis was
that in the more difficult sensory test condition (without
visual guidance), age-related declines seem to set in earlier,
and age-related differences become more pronounced. The
ages identified as inflection points should be paid special
attention and considered as periods of change, in order to
prevent the risk of possible associated pathological states
or crises. The ages found for the P condition can be related
to the appearance of diseases like Parkinson’s. The
inflection point for the PV condition (transversal move-
ment) occurred at the ages of 45/48, which is consistent
with the age at which vision starts to decline (50 years)
(Sturnieksa et al. 2008). Moreover, these ages can be taken
into account in age group comparisons (especially young
vs. elder), in order to break down and interpret the results
more accurately. The age-dependent polynomial can be
split into two, which simplifies it into two linear regres-
sions. The first one (up to the inflection point) may be
related to developmental maturity and skill acquisition
processes, and the second may indicate changes that can be
attributed mainly to the natural ageing process and/or age-
cohort differences.

If proprioception is crucial for automatic locomotor
behaviour and spatial orientation, then its deterioration
must be compensated by other senses, principally, by
vision and cognition. In other words, more attention needs
to be paid to controlling the action, which can indirectly
affect cognitive performance. This may explain why cog-
nitive exercises were found to have little or no effect on
maintaining cognitive performance with ageing, and why
people with professional training that involves cognitive
functioning (such as pilots and architects) exhibited similar
age-related trends to those who had no such training
(Salthouse 2006). Moreover, sensory—sensorimotor vari-
ables were found to be statistically good predictors of age-
based differences in general intelligence in the old popu-
lation (Lindenberger and Baltes 1997). Another example of
the effect of proprioception on cognition (distribution of
attention), especially in dual-task performance, is reflected
in studies by Ingram and colleagues (Ingram et al. 2000). It
has also been reported that older adults need to invest more
cognitive resources in sensorimotor performance, and so
these resources are no longer available (or, at least, less
available than in the case of a younger group for the exe-
cution of the secondary cognitive task) (Lovdén et al.
2005) and their balance (trunk angle variability) is affected
(Shellenbach et al. 2010).

Thus, proprioception deterioration during ageing can
also decrease cognitive task performance, due to the
additional cognitive efforts required to maintain balance
and gait. However, performance in the proprioceptive
condition was more variable than in the task adjusted by
vision, and this dispersion in performance also follows the
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quadratic function: it is greater in young and old people,
who show higher variability in performance. Propriocep-
tion is important in maturation and ageing processes, and
can influence the speed of individual progress in age-
related development. It has also been found to be related to
brain plasticity, which reflects the unity of body-mind
states. For example, music positively affects propriocep-
tion and creates new nerve connections in the brain (Wan
and Schlaug 2010). It is used in the recovery of neuro-
logical patients after strokes (Schauer and Mauritz 2003).
Furthermore, music education has been found to be a
precursor of higher intellectual preparation and perfor-
mance in children (Glozman and Pavlov 2007). Moreover,
Baltes and Lindenberger (1997) stress the importance of
addressing cognitive ageing from the perspective of com-
mon factors for sensory and intellectual domains. Goble
(2010) underlined a crucial role for proprioceptive feed-
back in the reorganization and subsequent recovery of the
nervous system, and van Hedel and Dietz (2004) described
the optimization of remaining proprioceptive inputs in the
elderly. Finally, positive effects on balance (dynamic
postural control) were reported in elderly individuals who
regularly practiced low-energy proprioceptive physical
activities such as soft gymnastics or yoga (Gauchard et al.
1999).

To sum up the main findings, this exploratory study
shows the age-dependent differences in fine motor perfor-
mance and contributes detailed information by reporting
how performance of line length changes depending on age
in different test conditions (movement type, hand or sen-
sory input). Age-related differences in proprioception
based on fine motor behaviour have not been widely
studied to date. Regression analysis revealed the complex
relationship of age-dependent differences to fine motor
performance and helped to identify the inflection points of
quadratic function. MANOVA analysis showed whether
the age-related differences in performance were significant
across four age groups and different test conditions.
Finally, the correspondence between paired correlations
and differences highlighted the symmetry/asymmetry
between both hands and sensory test conditions.

These results could be the basis for further investigation
to explore some of the questions that have arisen—for
example, why is line length in old age underperformed in
the PV test and overperformed in the P test? The identifi-
cation of ages of change (as a peak of maturation and start
of decline due to ageing processes) may shed light on other
related developmental stages and on the mid-life crisis
period.
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