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A B S T R A C T   

Background: Adolescence is a sensitive period in motor development but little is known about how long-term 
learning dependent processes shape hand function in tasks of different complexity. 

Procedure: We mapped two fundamental aspects of hand function: simple repetitive and complex sequential 
finger movements, as a function of the length of musical instrumental training. We controlled maturational 
factors such as chronological and biological age of adolescent female participants (11 to 15 years of age, n =
114). 

Results: We demonstrated that experience improves performance as a function of task complexity, the more 
complex task being more susceptible for experience driven performance changes. 

Conclusion: Overall, these results suggest that fine motor skills involving cognitive control and relying on long- 
range functional brain networks are substantially shaped by experience. On the other hand, performance in a 
simple repetitive task that explains fine motor speed is primarily determined by white matter development 
driven by maturational factors.   

Appropriate hand function is fundamental for human performance 
during daily living activities and it is a basic requirement for many oc
cupations beyond that. Fine motor skills are determined both by 
genetically guided maturational processes and by experience-dependent 
changes during development. Adolescence is a sensitive period in 
development when the motor system reaches adult-like features by brain 
reorganization and musculoskeletal changes [1]. Since hand function is 
crucial in participation in education and in professional life, it is critical 
to understand how maturational and long-term learning dependent 
processes may differentially shape various aspects of fine motor per
formance. Musical instrumental training has been previously used as the 
model of long-term experience-dependent changes [2]. Our aim was to 
map two fundamental aspects of hand function, the simple repetitive 
and complex sequential finger movements as a function of musical 
instrumental training while controlling maturational factors in 
adolescence. 

The amount of time spent with focused and deliberate practice is an 
essential condition to improve performance in a wide range of fields 

such as musical instrumental skills [3,4], sport related skills [5,6], chess 
[7] or mathematical problem solving [8]. Study time is also a predictor 
of later individual differences in performance [4] and related to the 
maintenance of training specific skills in musical performance when 
general performance tends to decline in older age [7]. Musical and art 
training not only has effect on the performance with the trained in
strument but also may show near or far transfer effects [9,10]. Musical 
instrumental training usually starts at an early age, involves regular 
daily practice sessions for years, represents a highly specific practice in 
motor terms and may clearly determine some aspects of fine motor 
performance. Since musical study time characterises performance and 
may have a positive transfer to other more general abilities, our main 
question is whether the length of musical instrumental training has an 
effect on performance of independent finger movements with different 
complexity. 

The development of fine motor function in terms of simple and 
complex finger movements [11,12] and the maturation of the underly
ing brain areas continue well into adolescence [13]. It involves synaptic 
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pruning and synaptogenesis in the cortical and subcortical gray matter 
structures including cerebral cortex, basal ganglia and cerebellum [14, 
15]. Myelination and microstructural development in the white matter 
of the brain including the motor related areas is associated with sex 
steroid levels and pubertal stage and suggest the presence of 
pre-programmed hormonal maturation driven processes [16,17]. 
Adolescence is also a period of the transition of functional networks 
from local recruitment to more distributed networks involving 
long-range connections between cortical areas and cortical and 
subcortical structures [18,19]. These extended large-scale connections 
involve motor related networks [20] and also those that account for the 
cognitive and attentional aspects of a complex motor task such as the 
cingulo-opercular or control networks [21,22]. 

The maturational processes are paralleled by motor experience from 
childhood to adulthood, leading to their interaction during development 
[23]. The learning of finger sequences results in the reorganization of 
functional neural networks in motor cortical areas [24,25]. These 
rearrangements in long-range connections correlate with motor perfor
mance improvement in speed and accuracy of fine motor sequences 
[24]. Improvement during the learning of motor sequences that involve 
cognitive control is associated with the close interaction of local motor 
cortical activity and remote functional activity in the large scale fron
toparietal network [26]. Furthermore, professional adult musicians 
have been studied previously to investigate long-term learning, and 
musical training has been shown to be accompanied by structural and 
functional changes in multiple cerebral motor and sensory cortices and 
the cerebellum [2,27–29]. Experience-dependent changes may also 
involve motor related white matter structures in the long-term [29]. On 
the other hand, the association between the experience-dependent al
terations in the cerebral white matter and the amount of changes in 
motor performance is still contradictory [30]. 

Fine motor performance of the hand in terms of independent finger 
movements is frequently approached by the finger tapping (FT) task. 
The two subtypes of the FT task show differential correlation with 
maturational and experience-dependent changes. Performance in the 
sequential finger tapping task correlates with development [11] and also 
with long-term learning related changes in motor cortical areas [24]. In 
a recent study, performance in a finger sequence task was related to 
brain functional connectivity but not to corticospinal excitability [31]. 
In this type of the task that involves more cognitive control [32], 
improvement during learning was related to the functional connectivity 
of the frontoparietal network including primary motor cortex [26]. On 
the other hand, performance in the non-sequential repetitive FT task 
shows association with development [11] and with white matter 
maturation from childhood to adulthood [33]. Our goal was to study 
how long-term fine motor experience shapes these two types of motor 
performance until the period of adolescence. 

In the present study, our goal was to map the effect of the length of 
musical instrumental training on fine motor skills with different 
complexity in adolescence. We applied simple repetitive and complex 
sequential finger tapping tasks to measure fine motor performance. We 
carefully controlled the factors that may cause bias when examining fine 
motor function in an adolescent group with a maturational spurt. 
Therefore, to fully control the possible bias caused by differences in 
gender [11,34] and socioeconomic status [35], these factors were kept 
invariable in our sample. Furthermore, the period of adolescence may be 
characterised by variability in the level of biological maturation even 
within a given age group. Therefore, in our study we aimed to control 
maturation in not only the means of chronological age but also that of 
biological age. Skeletal age is suggested to be a predictor of biological 
maturation [36] that in turn can explain the variance in gross motor 
performance up to 6.1% in boys and 20.4% in girls [37]. To our present 
knowledge, no such relationship has been established in relation to fine 
motor control. Therefore, skeletal age of participants was additionally 
measured to control for possible differences in biological maturation. 
We analysed the effect of the length of the musical instrumental training, 

the effect of biological maturation in terms of bone age and the effect of 
chronological age on simple repetitive and complex sequential finger 
tapping performance. Our hypothesis was that performance in the more 
complex sequential fine motor task is susceptible to musical instru
mental experience and also shows the previously found maturational 
changes as a function of age (both chronological and bone age). We 
further assumed a differential effect on the maximum fine motor speed 
reflected by the simple repetitive finger tapping task. Our hypothesis 
was that maximum fine motor speed that is related to white matter 
development will be associated with maturation in terms of age but less 
associated with learning dependent changes in terms of the length of 
musical instrumental experience. 

Methods 

Participants 

The present study was conducted in relation to the project entitled 
“Biological and Experience-based Trajectories in Adolescent brain and 
cognitive development (BETA)” at HAS-PPCU Adolescent Development 
Research Group [38]. The main aim of the project is to investigate the 
differential effect of experience and maturation on various skills during 
adolescence. 

Students were recruited via contacting schools, and advertisements 
were also placed on Facebook and online magazines. The number of 
female participants aged from 11 to 15 years who were screened by 
parental questionnaire and ultrasonic bone age measurement was 300. 
Exclusion criteria in the study was the presence of developmental dis
order, learning disability, sleep disorder, neurological disorder or injury 
affecting upper extremity function. 

To ensure the control for the impact of education and socioeconomic 
status, all participants were recruited from top rated secondary schools 
in Budapest (based on official university enrolment data). Parents’ 
educational level was also obtained by a screening questionnaire, and 
90.4 percent of the parents have a university or college degree. 

In order to assure variance in biological maturity level, we also 
recruited participants based on bone age (BA) relative to chronological 
age (CA). Average maturity was defined as CA-0.5≤BA≤CA+0.5 years; 
advanced maturity was defined as CA+1.5≥BA>CA+0.5; delayed 
maturity was defined as CA-1.5≤BA<CA-0.5. In each one-year-wide 
chronological age band we invited participants with average, 
advanced and delayed bone age with approximately 10 participants in 
each chronological and biological age defined bin. 

Power analysis was conducted with respect to the sample size to 
avoid Type II error. The analysis indicated that for linear regression 
analysis including bone age, chronological age, and a further predictor 
approximately 120 participants need to be recruited. The size of the 
cohort that went under behavioural testing was 118. We excluded one 
participant who did not report on the length of musical training, one 
participant who was diagnosed with ADHD after enrolment to the study, 
and two participants where measurement equipment failed. The final 
cohort that participated in the present study consisted of 114 
participants. 

Participants’ chronological ages ranged from 11.1 to 15.1 years (M 
= 13.1, SD = 1.1), bone age ranged from 11.2 to 16.0 years (M = 13.2, 
SD = 1.2) and their musical instrumental experience ranged from 0 to 8 
years (M = 3.1, SD = 2.8). All subjects spoke Hungarian as their first 
language. 16 of the participants were left-handed based on the reports of 
hand preferred to perform unimanual tasks. 

Biological maturity (bone age) was assessed in their school or in the 
Research centre for Sport Physiology at the University of Physical Ed
ucation. The assessment of fine motor movement took place at the 
Developmental Neuroscience Laboratory of the Institute of Psychology 
at PPCU. The Hungarian United Ethical Review Committee for Research 
in Psychology (EPKEB) approved the study (reference number 2017/ 
84). Written informed consent was obtained from all the subjects and 
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their parents. Participants were given gift cards for their attendance. 

Musical instrumental experience 

Musical instrumental experience of participants was obtained 
through a questionnaire. The number of years spent with musical 
instrumental training was calculated as the summary of playing an in
strument for a full year. Number of years of playing an instrument or 
multiple instruments were maximised in 8 years. There was no restric
tion regarding the type of musical instrument. 

Bone age measurement 

Biological age refers to the biological development of an individual 
providing also an estimate of the maturity status (advanced, average, 
delayed). One of the most commonly used methods to estimate maturity 
is the assessment of bone age, which is a method evaluating the progress 
of ossification. Body height was measured with a standard anthrop
ometer (DKSH Switzerland Ltd, Zurich, Switzerland) and body mass 
with a digital scale (Seca). Age at menarche was collected retrospec
tively by interviewing the participants. Bone age was estimated with an 
ultrasound-based device (Sunlight Medical Ltd, Tel Aviv, Israel). During 
the measurement, the ultrasound passes through the subjects left wrist 
evaluating the distal epiphyseal and diaphyseal ossification of the two 
forearm bones (radius and ulna). Measurements were repeated five 
times and the transducers were raised by 2 mm for each measurement. 
The device estimated bone age (in years and months) by measuring the 
speed of sound (SOS) and the distance between the transducers. The 
same person performed all measurements. 

Fine motor tasks 

Motor tasks were performed both with the dominant and non- 
dominant hands. 

Sequential finger tapping (FT) task 
Sequential FT task was a four-element finger-to-thumb opposition 

task in the order of index-ring-middle-little fingers. Ten sets of 16 rep
etitions were performed. Participants were asked to perform as fast and 
as correctly as possible. Data acquisition started when participants were 
able to repeat three consecutive sequences correctly, eyes closed. 
Dependent variable was Performance Rate (PR) calculated as the num
ber of finger taps in correctly performed sequence/s. PR mean of ten 
blocks was used in each participant. 

Simple repetitive finger tapping task (Index FT task) 
The non-sequential task was an index finger to thumb opposition 

task. 64 taps were performed with maximum speed. Dependent variable 
was the number of taps/s. Mean of three blocks of 64 taps were calcu
lated in each participant. 

Data acquisition and processing 

Order and timing of finger tapping was detected by a custom-made 
data glove. It contained metal electrodes on the palmar surface of the 
distal phalanges on each finger. Data glove was attached to serial-to-USB 
hub connected to a laptop computer. A custom-made Java based soft
ware [12] acquired the data of timing and order of finger taps and also 
automatically calculated PR and number of index finger taps/s of each 
participant. 

Statistical analysis 

We have conducted a multistep data analysis on each dependent 
variable, respectively. First, we explored the bivariate associations be
tween musical experience, chronological age, bone age (as independent 
variables) and each dependent variable (performance rate in sequential 
finger tapping task and number of taps/s in index finger tapping task in 

dominant and non-dominant hands) by calculating the Pearson corre
lation coefficients, altogether, we had n = 12 coefficients. We applied 
Benjamini-Hochberg correction on p-values due to multiple testing. We 
also calculated Pearson correlation between dependent variables and 
only found relatively high association between the independent vari
ables of chronological age and bone age ((r(114) = 0.758). Second, to 
reveal the variance explained by each independent variable with the 
dependent variables, we calculated partial correlation coefficients con
trolling for each independent variable. Third, four hierarchical multiple 
linear regressions were carried out to test if musical instrumental 
experience is a chronological age and bone age independent predictor of 
fine motor performance as a function of index finger tapping and 
sequential finger tapping task with the dominant and non-dominant 
hands, respectively. Step 1 included bone age and chronological age. 
In order to determine its specific contribution, musical instrumental 
experience was entered in Step 2. Significance level was set at p<.05. 

Statistical analyses of correlation and regression models were per
formed by IBM SPSS Statistics for Windows, Version 23.0.(IBM, Armonk, 
New York). 

Results 

Sequential finger tapping task 

Results of the Pearson correlation indicated that there was a signif
icant positive association between musical instrumental experience and 
PR on the non-dominant hand (r(114) = 0.538, p = 6.4889E-10, 95% CI 
[.384, 0.667]) and PR on the dominant hand PR (r(114) = 0.451, p =
4.6769E-7, 95% CI [.278, 0.602]; Fig. 1.a-b.). Chronological age was 
also positively correlated with PR on the non-dominant hand (r(114) =
0.361, p = .000078, 95% CI [.177, 0.522]) and dominant hand (r(114) 
= 0.391, p = .000017, 95% CI [.203, 0.576]). Bone age showed positive 
association with PR on non-dominant (r(114) = 0.291, p = .001712, 
95% CI [.128, 0.439]) and dominant hand (r(114) = 0.379, p = .000033, 
95% CI [.204, 0.538]). All significant correlations remained significant 
after Benjamini-Hochberg correction. Chronological age and bone age 
were also significantly positively correlated (r(114) = 0.758, p =
1,5834E-22, 95% CI [.695, 0.812]). 

When Pearson correlation was controlled for chronological age and 
bone age, significant positive association between musical instrumental 
experience and PR remained high both in the dominant (r(110) = 0.398, 
p = .000014, 95% CI [.234, 0.546]) and the non-dominant hand (r(110) 
= 0.500, p = 1.9685E-8, 95% CI [.352, 0.627]). PR was positively 
correlated with chronological and bone age when correlation was 
controlled for musical experience both in the dominant (r(111) = 0.329, 
p = .000368, 95% CI [.170, 0.486] and r(111) = 0.322, p = .001, 95% CI 
[.170, 0.486]) and non-dominant (r(111) = 0.287, p = .002, 95% CI 
[.135, 0.453] and r(111) = 0.211, p = .025, 95% CI [.037, 0.380]) 
hands, respectively. Correlation controlled for musical instrumental 
experience and bone age showed significant positive association be
tween chronological age and PR in the non-dominant (r(110) = 0.200, p 
= .034, 95% CI [.036, 0.336]) but not on the dominant hand (r(110) =
0.142, p = .136, 95% CI [− 0.039, 0.319]). Correlation controlled for 
musical instrumental experience and chronological age revealed no as
sociation between bone age and PR neither in the dominant (r(110) =
0.121, p = .202, 95% CI [− 0.061, 0.301]) or the non-dominant hand (r 
(110) = − 0.005, p = .954, 95% CI [− 0.169, 0.166]). 

For the dominant hand, the Step 1 regression analysis which 
included bone age and chronological age was significant, R2= 0.169, F 
(2, 111)= 11.277, p= .000035. Step 2 was also significant, ΔR2= 0.132, 
ΔF(1, 110)=20.695, p= .000014 with the addition of musical instru
mental training (see Supplement 1). In other words, musical instru
mental experience has a chronological and bone age-independent effect 
in sequential fine motor performance accounting for approx. 13% of 
variance. 

For the non-dominant hand, the Step 1 regression analysis which 
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Fig. 1. Dissociation of experience-dependent changes in fine motor performance as a function of years spent in musical training in sequential and repetitive finger 
movements. Length of instrumental training significantly correlates with sequential performance improvement both in non-dominant (a) and dominant (b) hand. 
Simple repetitive finger tapping task performance is not related to musical experience either in non-dominant (c) or dominant (d) hand. After correction for age and 
bone age, sequential motor performance still strongly correlates with musical training (a and b), possibly reflecting the long-term musical instrumental experience 
dependent changes in motor cortical areas and related long-range networks. After correction, index finger tapping task exhibit no significant partial correlation with 
instrumental training (c and d). It likely reflects that experience dependent changes due to musical instrumental training have no significant effect on myelination 
related function of index finger tapping. 
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included bone age and chronological age was significant, adjusted R2=

0.131, F(2, 111)= 8.384, p= .000407. Step 2 was also significant, ΔR2=

0.217, ΔF(1, 110)=36.694, p = 1.9685E-8 with the addition of musical 
instrumental training (see Supplement 1). That is, musical instrumental 
experience has a chronological age and bone-age independent effect on 
sequential performance accounting for approx. 22% of the variance in 
sequential performance. 

In summary, the performance in a sequential fine motor task is 
associated with developmental factors in terms of both chronological 
age and bone age, but the effect of bone age independent from chro
nological age is not present. On the other hand, all lines of analyses 
clearly supported the independent effect of long-term motor experience 
due musical training explaining the majority of the variance in the 
complex fine motor task. 

Repetitive finger tapping task 

Results of the Pearson correlation indicated no significant associa
tion between musical instrumental experience and index finger tapping 
speed on either the non-dominant hand (r(114) = 0.166, p = 0,078, 95% 
CI [− 0.019, 0.333]) or the dominant hand (r(114) = 0.073, p = .439, 
95% CI [− 0.145, 0.282]; Fig. 1. c-b.). On the other hand, chronological 
age showed positive association with index FT speed on the non- 
dominant hand (r(114) = 0.320, p = .000494, 95% CI [.142, 0.491]) 
and the dominant hand (r(114) = 0.234, p = .012, 95% CI [.045, 
0.411]). Bone age also positively associated with the index finger FT 
speed on the non-dominant (r(114) = 0.210, p = .025, 95% CI [.050, 
0.376]) hand but not with that of the dominant hand (r(114) = 0.149, p 
= .115, 95% CI [− 0.022, 0.324]). All significant correlations remained 
significant after Benjamini-Hochberg correction. 

After controlling for age and bone age, association between index 
finger tapping speed and musical instrumental experience has dimin
ished both in the dominant (r(110) = 0.022, p = .815, 95% CI [− 0.174, 
0.215]) and the non-dominant hand (r(110) = 0.102, p = .284, 95% CI 
[− 0.083, 0.272]). These results suggest that age and maturation have 
all-decisive roles on simple repetitive fine motor performance in 
adolescence. When correlation was controlled for musical experience, 
index finger tapping was positively correlated with chronological age in 
the dominant (r(111) = 0.225, p = .017, 95% CI [.029, 0.401]) and non- 
dominant hand (r(111) = 0.295, p = .002, 95% CI [.108, 0.475]) but not 
with bone age in the dominant (r(111) = 0.136, p = .150, 95% CI 
[− 0.040, 0.291]) and non-dominant hand (r(111) = 0.180, p = .056, 
95% CI [.003, 0.351]). Correlation controlled for musical instrumental 
experience and bone age showed significant positive association be
tween chronological age and repetitive finger tapping performance in 
the non-dominant (r(110) = 0.244, p = .009, 95% CI [.071, 0.416]) and 
the dominant hands (r(110) = 0.187, p = .048, 95% CI [.006, 0.368]). 
Correlation controlled for musical instrumental experience and chro
nological age revealed no association between bone age and index finger 
tapping performance neither in the dominant (r(110) = − 0.048, p =
.612, 95% CI [− 0.207, 0.134]) or the non-dominant hand (r(110) =
− 0.061, p = .520, 95% CI [− 0.210, 0.101]). 

For the dominant hand, the Step 1 regression analysis which 
included bone age and chronological age was significant, R2= 0.057, F 
(2, 111)= 3.384, p= .037. Step 2 was not significant, ΔR2= 0.000472, 
ΔF(1, 110)= 0.055, p= .815 with the addition of the length of musical 
instrumental training (see Supplement 1). 

For the non-dominant hand, the Step 1 regression analysis which 
included bone age and chronological age was significant, R2= 0.106, F 
(2, 111)= 6.569, p= .002. Step 2 was not significant, ΔR2= 0.009, ΔF(1, 
110)=1.161, p= .284 with the addition of the length of musical instru
mental training (see Supplement 1). 

In summary, we did not find a significant effect of musical instru
mental training on simple repetitive fine motor tasks. In this type of 
performance, age in terms of chronological and bone age has a decisive 
effect on performance. 

Discussion 

We investigated two aspects of fine motor performance by employing 
a sequential and a repetitive finger tapping task to reveal the effect of 
long-term motor experience in terms of the length of musical instru
mental training. The results showed a differential effect of musical 
instrumental training in the repetitive and sequential tasks. While per
formance in the more complex sequential task seems to be strongly 
affected by the amount of experience in musical instrumental training, 
the same effect is lacking in the simple repetitive task. 

Experience-dependent effect on sequential task in terms of the length 
of musical instrumental training is in line with our hypothesis. We 
assumed that performance in the more complex sequential fine motor 
task is susceptible to musical instrumental experience. A sequential 
component in a motor task requires cognitive control and the coordi
nated interaction of several distant brain areas as compared to the 
simple repetitive task such as the dorsal premotor cortex, superior and 
posterior parietal areas and posterior cingulate cortex [39–41]. This 
cooperation depends upon the long-range networks between distinct 
cortical areas and between cortical and subcortical areas [42] that 
mature late during adolescence, especially between the late maturing 
functional hubs of the frontal and the parietal cortices [19]. 

The phenomenon of a lacking impact of musical experience on a 
simple repetitive task in non-professional adolescent participants in our 
study suggests that maximum fine motor speed is not determined by 
musical experience. Moreover, regardless of the amount of musical 
instrumental practice our participants’ results also correspond to the 
recently updated norms of finger tapping performance [34]. Similar 
results were reported in a study of adult professional piano players 
where neither the age of musical training initiation nor the amount of 
musical training before the age of twenty was a predictor of repetitive 
piano keystrokes [43]. The development of maximum motor speed as a 
function of repetitive finger tapping shows an inverted U-shaped curve 
peaking at 38 years and is related to the white matter myelination level 
in males [33]. The microstructure of callosal connections and cortico
spinal tracts is suggested to develop early and have a relative stability 
across ages from adolescence to adulthood [44]. It may be reflected in 
the transition from a rapid to a slower development in index FT per
formance that reached between puberty and young adulthood [45,46] 
with a continuous improvement in index FT speed in adolescence [11]. 
In spite of the ongoing myelination and age-related changes in the 
simple repetitive task during adolescence, long-term highly specific fine 
motor training did not interact with this process on the performance 
level. 

Our results showed the effect of maturation in terms of correlation 
with chronological age on both types of finger tapping performance. 
This effect is long known in the field [11,12,34] and was therefore also 
assumed to appear in the present study. On the other hand, the inde
pendent effect of biological maturation from chronological age in terms 
of bone age on fine motor performance was not found in our study. It 
should be noted that there was a high positive correlation between 
chronological age and bone age and this association should be there in 
any such study. Therefore, the lack of independent impact in terms of 
biological age may in part be due to these phenomena in our study. To 
our knowledge, there is no previous study that took biological and 
chronological age into account simultaneously when controlling for 
developmental effects in fine motor performance. A study to explore the 
relationship between fine motor performance and bone age did not 
reveal such effect in 5–9 years old boys and girls [47] while chrono
logical age was not controlled in this regard. 

Fine complex finger movements of the hand involve numerous 
human specific features. Independent finger movements are inevitable 
for manipulation to perform daily living activities. They also underpin 
highly specific skills such as tying shoelace, typing and keyboard skills 
that require serial action with high complexity [48]. Our results clearly 
demonstrated that for complex movements involving higher cognitive 
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demands such as advanced planning, composition of sequences and the 
cooperation of long-distance brain areas, the effect of experience over
rides the effect of age and maturity until adolescence in typically 
developing populations. It suggests that late maturing long-range brain 
networks may be more susceptible to prolonged experience dependent 
changes. On the other hand, performance in simple repetitive move
ments is driven by maturation, and age rather than experience de
termines the maximum motor speed of the hand. These results have 
several practical implications. From the educational point of view, while 
maximum motor speed may be a personal characteristic associated with 
age, production of skillful complex movements may be a function of the 
amount of practice spent with fine motor training in the typically 
developing population. While other types of motor skills certainly need 
to be also mapped in this regard, its applications may be useful in 
educational settings and during career planning before adolescence. 
Furthermore, the present phenomena should be further examined in 
atypical development since there are neurodevelopmental disorders 
such as autism spectrum disorder [40], attention deficit hyperactivity 
disorder [49] and rare disorders [50] that involve both atypically 
developing long-range brain networks including motor subsystems and 
altered hand function [51–53]. 

Our study’s strength causes its limitation at the same time. While we 
carefully controlled the inclusion criteria regarding gender, age, edu
cation and socioeconomic status it may reduce the generalizability of the 
results. On the other hand it was necessary to exclude as many con
founding factors as possible when looking at long-term effects in a cross 
sectional design. Our results may have implications for the use of in
struments that require complex fine motor coordination in education, 
work or recreation. These examples include the use of controllers or 
touch screen controls in video games in adolescence. The results of the 
present study suggest that the effects of long-term practice can be 
hypothesised for these fine motor activities. While there is little/no 
evidence for this in typical development, the results obtained with video 
games used for therapeutic purposes at this age support this assumption 
[54]. Here, we focused on adolescence and the mapping of the present 
effect of deliberate practice of fine motor skills still needs to be further 
explored in prepuberty and adulthood. Along with our findings, previ
ous studies showed that music specific practice has a differential positive 
effect on music related motor skills even when motor speed starts to 
decline at older ages in professional musicians [7]. 

In summary, our results demonstrated the dissociation of the white 
matter maturation related repetitive motor task and the long-range 
network associated complex sequential fine motor tasks’ susceptibility 
to prolonged practice. Complex fine motor performance is shaped by 
experience dependent changes in contrast to maturation determined 
repetitive task. 
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