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Abstract

Skill acquisition capabilities vary substantially from one individual to another. Volumetric brain studies have demonstrated that
global volume of several subcortical structures predicts variations in learning outcome in young adults (YA) and older adults
(OA). In this study, for the first time, we utilized shape analysis, which offers a more sensitive detection of subregional brain
anatomical deformations, to investigate whether subregional anatomy of subcortical structures is associated with training-
induced performance improvement on a bimanual task in YA and OA, and whether this association is age-dependent. Compared
with YA, OA showed poorer performance, greater performance improvement, and smaller global volume and compressed
subregional shape in subcortical structures. In OA, global volume of the right nucleus accumbens and subregional shape of the
right thalamus, caudate, putamen and nucleus accumbens were positively correlated with acquisition of difficult (non-preferred)
but not easy (preferred) task conditions. In YA, global volume and subregional shape of the right hippocampus were negatively
correlated with performance improvement in both the easy and difficult conditions. We argue that pre-existing neuroanatomical
measures of subcortical structures involved in motor learning differentially predict skill acquisition potential in YA and OA.
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Introduction Converging evidence suggests that, on average, OA learn motor

Aging has been associated with declines in several cognitive and
sensorimotor abilities (Brosseau et al. 2007; Cai et al. 2014). These
declines can limit the ability of older adults (OA) to independ-
ently perform their daily life activities. Age-related decline
in motor skill acquisition is an example of such cognitive and
sensorimotor deficits (Swinnen et al. 1998; Seidler et al. 2010).

skills at a slower rate and, despite extended task practice, may
not attain the same performance level as their younger counter-
parts (Fozard et al. 1994; Desrosiers et al. 1999; Smith et al. 2005;
King et al. 2013). Several factors may lead to these age-related
deficits including changes in the biochemistry and neuroanatomy
of the central nervous system and/or alterations in the peripheral
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nervous system. However, in both young adults (YA) and OA,
motor skill acquisition may vary substantially from one individ-
ual to another (Unsworth and Engle 2005; Tubau et al. 2007;
Voelcker-Rehage 2008). The variability in skill acquisition poten-
tial may, at least partially, stem from these inter-individual var-
iations in brain neuroanatomy and biochemistry.

Advances in neuroimaging techniques have offered a unique
window into exploring brain structure and function. Functional
neuroimaging studies have implicated the cerebellum and several
cortical regions in motor leaming, including the primary motor,
premotor, prefrontal and parietal cortices (Jueptner et al. 1997b;
Toni et al. 1998; Doyon et al. 2003; Debaere et al. 2004a; Puttemans
et al. 2005; Rémy et al. 2008). In addition, the basal ganglia are also
considered crucial in motor learning. The basal ganglia are a group
of nuclei composed of the caudate, putamen, nucleus accumbens,
pallidum, substantia nigra, subthalamic nucleus, and olfactory
tubercle. The striatal structures (caudate, putamen, and nucleus
accumbens) receive cortical inputs from the associative, premotor,
and sensorimotor cortices and have been implicated in the leamn-
ing and execution of motor sequence memory and bimanual
visuomotor tracking tasks (Graybiel 1995; Salmon and Butters
1995; Hikosaka et al. 1999; Debaere et al. 2004a; Doyon and Benali
2005; Lehéricy et al. 2005; Halsband and Lange 2006; Haruno and
Kawato 2006). It has been shown that the rostro-dorsal (associa-
tive) portions of the striatum are involved in the early stages of
motor learning and the more caudo-ventral (sensorimotor) por-
tions of the striatum are involved at the later stages of learning
(Jueptner et al. 1997a; Toni et al. 1998; Doyon et al. 2002; Lehéricy
et al. 2005). The nucleus accumbens, which is part of the limbic
circuitry related to reward learning and motivation (Belin and
Everitt 2008; Graybiel 2008; De Martino et al. 2009), has also shown
to be involved in spatial learning and memory, selection of flexible
behavior, and translation of motivation into motor actions
(Mogenson et al. 1980; Rinaldi et al. 2012; Floresco 2015). Besides
the basal ganglia, the hippocampus has also been implicated in
the acquisition and consolidation of motor sequence memory
(Albouy et al. 2008, 2013; Rémy et al. 2008).

So far, only a limited number of studies have investigated
whether individual variations in anatomical measures of gray
matter (GM) or white matter (WM) can explain variations in
motor learning performance. Using diffusion tensor imaging,
3 studies have reported that variations in the WM microstruc-
tural organization of the fiber tracts of the genu (connecting bilat-
eral prefrontal cortices) (Sisti et al. 2012) and body (connecting
bilateral supplementary motor area and caudal cingulate motor
area) (Johansen-Berg et al. 2007) of the corpus callosum as well
as WM microstructural organization of some cerebellar fiber
tracts (connecting the cerebellar cortex with motor and premotor
cortex) (Della-Maggiore et al. 2009) account for motor skill acqui-
sition variability in YA. Other studies utilized anatomical mea-
sures of GM to predict skill acquisition. Erickson et al. (2010)
tested video game skill acquisition in YA and reported that global
volume of both the dorsal and ventral striatum could predict
early skill acquisition rates. Tomassini et al. (2011) used a multi-
modal approach by combining findings from functional,
diffusion-weighted, and structural magnetic resonance imaging
(MRI) data in YA. They reported that variations in motor perform-
ance improvement on a unimanual visuomotor tracking task cor-
related with WM microstructural organization in the premotor
cortex and cerebellum and with GM density in the cerebellum.
Kennedy and Raz (2005) used a unimanual mirror drawing task
and investigated whether age, gender, and regional volume could
predict training outcome in both YA and OA. They found that lar-
ger lateral prefrontal cortex was positively associated with better

learning outcome, particularly in older participants. Moreover,
they reported that larger caudate was associated with more
improvement at a later phase of learning among men and at an
earlier phase of learning among women.

Except for Kennedy and Raz (2005), all the aforementioned
studies investigating the predictive value of brain anatomy in
learning outcome only included YA participants. Neuroimaging
studies have reported age-related GM atrophy in numerous
brain regions, including those subcortical structures involved in
motor performance and skill acquisition (Raz et al. 2005;
Cherubini et al. 2009; Fjell et al. 2013; Serbruyns et al. 2015).
This age-related subcortical atrophy could, at least partially,
explain skill acquisition decline in elderly. However, it still
remains elusive whether variations in the anatomical mea-
sures of medial subcortical GM structures show a differential
association with learning outcomes in YA and OA.

Furthermore, all the above mentioned studies on GM structure
either performed volumetric analyses on global volume of the
subcortical structures or used a voxel-based morphometry app-
roach, both of which have shown lower sensitivity than shape
analysis in detecting subtle anatomical changes (Patenaude et al.
2011; Menke et al. 2014). Indeed, exploring subregional structural
deformations using shape analysis techniques can offer a more
sensitive approach in detecting subtle age-related regional altera-
tions and brain-behavior effects (Serbruyns et al. 2015). For
example, several structural MRI studies have reported that while
volumetric analysis, using global volume of the subcortical struc-
ture, failed to detect effects of interest, shape analysis was suc-
cessful. This difference could/may be explained by effects
localized in specific subregions of a structure, which are asso-
ciated with specific functions (Posener et al. 2003; Ballmaier et al.
2008; Joseph et al. 2014; Serbruyns et al. 2015), or by compressions
and expansions of different subregions, canceling each other’s
effect (Qiu et al. 2009a; Sandman et al. 2014). Apart from the
claimed higher sensitivity, the shape analysis approach can also
help in better understanding the functional relevance of the mor-
phological changes. Specifically, individual subregions within
subcortical structures have distinct connections to areas of the
cortical territory or to the other subcortical structures and thus
contribute to distinctive functions. Therefore, identifying sub-
regional morphological changes using shape analysis can
improve our understanding of age- or pathology-related altera-
tions in specific functions. For example, a recent aging study
reported that only compression in the ventro-lateral subregion of
the bilateral thalamus, which specifically subserves connectivity
with the premotor, primary motor and somatosensory cortical
areas, mediated the relation between aging and performance
decline in a clinical bimanual task (Serbruyns et al. 2015). In
another study, Qiu and colleagues (2009a), who investigated
shape of the basal ganglia structures in children with attention
deficit hyperactivity disorder (ADHD), reported patterns of com-
pression in the head and body of the caudate, anterior putamen
and pallidum, and ventral putamen, as well as patterns of sub-
regional expansions in the posterior putamen, in boys with
ADHD as compared with typically developing boys. Based on the
connectivity patterns of these subregions, they concluded that
brain structural deformations in ADHD involve multiple frontal-
subcortical control loops, including circuits with premotor, oculo-
motor, and prefrontal cortices. Altogether, shape analysis is not
only a sensitive technique to detect localized effects, but can also
shed light onto the functional relevance of the observed struc-
tural changes (Qiu et al. 2008; Coscia et al. 2009; Zarei et al. 2010).

In the current study, YA and OA underwent anatomical imaging
and were subsequently trained on a bimanual visuomotor task.
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We investigated age differences in global volume and sub-
regional shape of brain medial subcortical GM structures, that
is, thalamus, putamen, pallidum, nucleus accumbens, caudate,
and hippocampus (Debaere et al. 2003, 2004a; Puttemans et al.
2005; Kraft et al. 2007; Rémy et al. 2008). While these subcortical
structures are involved in various cognitive, motor, and limbic
functions, we explored whether motor skill learning is specific-
ally correlated with the anatomical measures of the subcortical
structures involved in motor processing and skill acquisition
and whether this relationship varies with age. For this purpose,
we examined associations between training-induced perform-
ance improvement and global volume and subregional shape
measures within and across age groups.

Six hypotheses were proposed. 1) At the behavioral level, we
expected that OA, as compared with YA, would show poorer
motor performance level and lower skill improvement. 2) With
regard to the brain measures, we expected to find a smaller global
volume as well as a compressed subregional shape in all the sub-
cortical structures in OA. 3) Furthermore, within each age group,
we expected to observe associations between morphological
measures of subcortical structures and performance improve-
ment, particularly in the basal ganglia nuclei as inferred from
functional magnetic resonance imaging (fMRI) studies, showing
an involvement of these regions in motor learning (Graybiel 1995;
Salmon and Butters 1995; Hikosaka et al. 1999; Debaere et al.
2004a; Doyon and Benali 2005; Lehéricy et al. 2005; Halsband and
Lange 2006; Haruno and Kawato 2006). 4) In view of the antici-
pated subcortical differences between OA and YA (hypothesis 2)
and their role in learning, we expected the positive associations
between brain neuroanatomical metrics and motor skill learning
measures to be stronger within the OA than YA group (i.e., an
age-dependent effect). Particularly, as compared with YA, we
hypothesized that OA with greater subcortical volumes and lower
inward deformation would show greater improvement in per-
formance, specifically for those structures that have been asso-
ciated with learning, that is, the thalamus and striatal structures
(Debaere et al. 2004a; Doyon and Benali 2005). 5) Additionally, we
expected that subcortical structures that are highly involved in
motor learning (i.e., the thalamus and striatum) would show
stronger associations with performance improvement in the diffi-
cult as compared with easy task variants, reflecting task-
specificity of the positive associations. 6) Finally, as shape analysis
has been reported to be more sensitive in detecting subtle effects
than the global volumetric measures, we expected to find more
significant group differences and brain-behavioral correlations
using the shape measures.

Materials and Methods
Participants

Twenty-five YA (age: 21.08 + 2.34 years; 14 females) and 23 OA
(age: 68.65 + 5.57 years; 12 females) right-handed (Oldfield 1971)
volunteers participated in the study. The groups did not differ
significantly with respect to gender (Chi® = 0.71, P = 0.79). All par-
ticipants had normal or corrected-to-normal vision. They pro-
vided their written informed consent and all procedures were
performed according to guidelines established by the ethics com-
mittee for biomedical research at the KU Leuven, and in accord-
ance with the WMA International Code of Medical Ethics.

Task

We used a bimanual tracking task in which 2 dials controlled the
direction and speed of a cursor on a computer screen: the left
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dial controlled displacement along the y-axis and the right dial
along the x-axis (Fig. 1la; for details see Sisti et al. 2012).
Participants were instructed to track a white target dot moving
along a line by rotating both dials simultaneously (Fig. 1b).
During the 9-s trial, the target dot moved over the line at a con-
stant speed from start (center of the screen) to end. The goal was
to track the white target dot movement as closely as possible.
The inter-trial interval was 3s. Four coordination patterns
imposed by the line direction were tested: both hands rotating
inwards, outwards, clockwise, or counter-clockwise. Each pattern
was performed with 5 distinct inter-hand frequency ratios, com-
prising 1:1, 1:2, 1:3, 2:1, and 3:1 (left hand:right hand) (Fig. 1c).

Procedure

This study was part of a larger project investigating the neural
mechanisms underlying bimanual task performance using dif-
ferent modalities including fMRI and structural MRI (Beets et al.
2015). The protocol consisted of 3 phases: a pre-test scanning
phase, a training phase, and a post-test scanning phase. The
training phase included 5 practice sessions of 1.5h each, dis-
tributed over 2 weeks. Participants were tested in the scanner
for 1h at the beginning (Pre-test) and at the end (Post-test) of
this training period. During the 5 training sessions, which took
place outside the scanner, participants were seated in front of a
computer screen (distance ~ 0.5m), with vision of the hands
being occluded (Fig. 1b). On each of the 5 training days, 10
blocks of 20 randomized trials were performed with and with-
out augmented visual feedback. During the visual feedback
trials, participant’s actual performance was displayed online on
the screen with a red cursor on top of a white target dot show-
ing required performance. For the trials without augmented

Figure 1. Experimental setup (a) in the scanner at Pre- and Post-test and (b) on
the training days. (c) All possible bimanual directional combinations (n = 4) and
frequency ratios (n = 5).
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online feedback, the participant’s performance cursor was dis-
played in red on top of the target dot but only for 1s after each
trial had ended to reduce dependency on online visual feed-
back. On the Pre-test and Post-test days, which took place in
the MRI scanner, we used a similar device while participants
laid supine (Fig. 1a) with forearms resting on pillows. Visual
stimuli were projected by an LCD projector (Barco 6300, 1280 x
1024 pixels) onto a double mirror placed in front of the partici-
pant’s eyes. A non-ferromagnetic apparatus with 2 dials (diam-
eter = 5cm) was placed over the participant’s thighs. Each MRI
session consisted of 96 active trials divided into 6 runs with an
inter-run interval of approximately 3 min. Half of the trials pre-
sented at Pre-test and Post-test were performed with online
visual feedback. That is, concurrent visual feedback was pro-
vided by means of a red cursor displaying the actual tracking
trajectory based on the contribution of both limbs. The other
half of the trials was performed without any online visual feed-
back. In this study, we collapsed the performance outcomes of
the trials with and without visual feedback.

Kinematic Data Analyses

Data were recorded and analyzed with the Labview software
(version 8.5, National Instruments, Austin, TX, USA). The x and y
positions of the target dot to be tracked and the participants’
actual cursor were sampled at 100 Hz. Offline analysis was car-
ried out using Matlab R2011b. For each trial, the Euclidian dis-
tance between the target and the cursor position at each point in
time was measured and subsequently averaged over the whole
trial duration. This dependent measure will from now on be
called “trial error score”. The trial error score was used as an
indicator of accuracy with lower values reflecting better perform-
ance. Outlier trials (z > 3) were discarded from the analysis.

First, within each day and for each inter-hand frequency
ratio, subjects’ trial error scores were averaged across the
4 quadrants. For both YA and OA, we observed that trials with
different inter-hand frequency ratios (i.e., 1:2, 1:3, 2:1, 3:1) pro-
vided a greater challenge during learning than the trials with
similar (preferred) inter-hand frequency ratio (i.e., 1:1), as antici-
pated (see Fig. 3a and Behavioral Results). Moreover, no signifi-
cant differences were observed among the conditions with
different inter-hand frequency ratios (see Results). Because of
the latter finding and to reduce the dimensionality of our mea-
surements, we further averaged the trial error scores of the
trials with different inter-hand frequency ratios, resulting in a
single error score, referred to as the average trial error score
during “non-iso task conditions”. Later, we compared the statis-
tical results of this collapsed average trial error score to the
average trial error score of trials with similar inter-hand fre-
quency ratio, from now on being referred to as the average trial
error score during the “iso task condition”. Furthermore, for
each participant, performance improvements (in both non-iso
and iso task conditions) were calculated by subtracting the aver-
age trial error score of the Post-test from that of the Pre-test
(indicated as Pre-to-Post performance improvement).

Image Acquisition

A Siemens 3-T Magnetom Trio MRI scanner (Siemens, Erlangen,
Germany) with a 12-channel head coil was used for acquisition
of high-resolution T1-weighted structural images [MPRAGE;
repetition time (TR)/echo time (TE) = 2300/2.98ms, 1 x 1 X
1.1mm?> voxels, field of view = 240 x 256 mm? 160 sagittal
slices, flip angle = 9°].

Global Volumetric Analysis

First, all the anatomical images were manually checked for the
presence of anatomical abnormalities or MR artifacts. Automatic
segmentation of the subcortical structures (bilateral thalamus,
caudate, putamen, pallidum, hippocampus, and nucleus accum-
bens) from each participant’s anatomical image was conducted
using FMRIB’s Integrated Registration Segmentation Toolkit (FSL
FIRST; http:/fsl.fmrib.ox.ac.uk/fsl/fslwiki/FIRST) (Fig. 2). Global
volume of each subcortical structure was obtained from the out-
puts of the FSL FIRST segmentation and was imported into the
Statistical Package for the Social Sciences (SPSS, version 22.0;
IBM, Armonk, NY, USA). Furthermore, total intracranial volume
(TIV) was obtained using FreeSurfer (http:/freesurfer.net/) and
was used as a covariate in the subsequent analyses to correct for
variations in brain size.

Subregional Shape Analysis

FSL FIRST uses a deformable mesh model, constructed from a
training set of 336 manually segmented anatomical images, to
create a surface mesh for each subcortical structure. These
deformable meshes consist of sets of vertices connected by
edges and are topologically equivalent to a tessellated sphere.
The number of vertices for each structure is fixed so that corre-
sponding vertices can be compared across individuals and
between groups. Vertex-wise statistics were carried out using
FSL version 5.0. First, all surfaces were aligned to the FIRST
model space (MNI152). Pose (rotation and translation) was
removed by minimizing the sum-of-squares difference between
corresponding vertices of a participants’ surface and the target
surface. A general linear model approach, as implemented in
FSL, with Threshold-Free Cluster Enhancement correction for
multiple comparisons (Smith and Nichols 2009) was employed
to perform 2-sample t-tests for group comparisons as well as
regression analyses between localized shape and behavior.
Results were rendered on the shape surface, providing a map of
the subregions where the structure was significantly different
between groups, and/or correlated with behavior.

B Caudate
Il Thalamus

Il Hippocampus
I Putamen
Pallidum
Nucleus Accumbens

Figure 2. Subcortical structures segmented using FIRST. In the bottom figure,
the putamen has been removed to better illustrate the pallidum and nucleus
accumbens.
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We used the Oxford Thalamic Connectivity Probability
(Johansen-Berg et al. 2005) and the Oxford-Imanova Striatal
Connectivity (Tziortzi et al. 2014) atlases thresholded at 25% of
the maximum connectivity count, to visualize the cortical con-
nectivity profile of the subcortical structures.

Statistical Analyses

Statistical analyses were performed using SPSS. First, we inves-
tigated whether there were differences between the age groups
in the error scores of all the trials (i.e., 1:1, 3:1, 2:1, 1:2, and 1:3)
at Pre-test and Post-test (hypothesis 1). To do so, a2 x 2 x 5
(Age Group x Pre- or Post-test x Inter-Hand Frequency ratio)
analysis of variance (ANOVA) with repeated measures on the
latter 2 factors was conducted. Results of this analysis indi-
cated a distinction between the trials with non-iso and those
with iso inter-hand frequency ratio (see “Behavioral perform-
ance” section). Therefore, to assess training-induced changes
in motor performance across the age groups and across all
7 days in these 2 different types of task condition (i.e., iso and
non-iso), a 2 x 2 x 7 (age group x task difficulty condition x day)
repeated measures ANOVA was conducted.

Regarding the anatomical measures and to test hypothesis 2,
global volume was compared across age groups using univariate
analyses of co-variance (ANCOVAs), with TIV and gender as cov-
ariates and age group as a between-subject factor. Correction
for multiple comparisons was applied using false discovery rate
(FDR) correction and an alpha level of 0.05 was chosen.
Moreover, patterns of subregional group differences in subcor-
tical structures were explored using shape analysis.

In order to test hypothesis 3 and investigate whether varia-
tions in the global volume or subregional shape of the regions
of interest can explain training-induced performance improve-
ment, a series of partial correlations were performed between
Pre-to-Post performance improvement scores and global vol-
ume and subregional shape of the subcortical structures within
each age group. The latter statistics were controlled for initial
performance at Pre-test, TIV, and gender.

Additionally, to investigate whether global volume of any
subcortical structure is differentially related with the Pre-to-
Post performance improvement measure across the age groups
(hypothesis 4), a series of multiple regression analyses with the
“enter” method were performed using the Pre-to-Post perform-
ance improvement score as main dependent variable and the
global volume of the subcortical structures as independent
variable. In the latter analyses, initial performance at the Pre-
test, TIV, and gender were entered as extra covariates.
Additionally, interaction between age group and global volume
of the subcortical structures was also entered as an independ-
ent variable. The interaction effect on the subregional shape
was also assessed using shape analysis. For the interaction
analyses an alpha level of 0.05 (uncorrected) was used.

Furthermore, we hypothesized that those subcortical struc-
tures that are highly involved in motor leamning (i.e., the thal-
amus and striatum) would generally show stronger positive
associations with performance improvement in the difficult,
than the easy, task variants (hypothesis 5). To do so, for each
of the correlation and regression analyses, the coefficients were
calculated for the easy (i.e, iso task condition) and difficult
(i.e., non-iso task condition) task variants and were statistically
compared. Finally, we investigated whether shape analysis could
detect more subtle effects than the volumetric approach (hypoth-
esis 6), as suggested by previous literature (Patenaude et al. 2011,
Menke et al. 2014; Serbruyns et al. 2015).
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Results
Behavioral Performance

To study hypothesis 1, a repeated measures ANOVA tested for
differences in trial error scores of all the trials (1:1, 3:1, 2:1, 1:2
and 1:3) across 2 testing days (Pre-test vs. Post-test) and across
age groups (YA vs. OA). Results revealed a significant main
effect of age group [F(1,44) = 56.164, P < 0.001], indicating that
average performance was better in YA as compared with OA,
across Pre-test and Post-test sessions. A significant main effect
of testing day [F(1,44) = 164.97, P < 0.001] was also found, indi-
cating that performance was better at Post-test as compared
with Pre-test. Finally, a significant main effect of inter-hand
frequency ratio [F(4,41) = 63.04, P < 0.001] was observed (Fig. 3a),
whereby trial error score was higher in all the trials with differ-
ent inter-hand frequency ratio (i.e., 3:1, 2:1, 1:2, 1:3, all P <
0.001) than in the trials with similar inter-hand frequency ratio
(i.e., 1:1). There was a significant interaction effect of testing
day x age group [F(1,44) = 24.97, P < 0.001], indicating that per-
formance improvement from Pre-test to Post-test was larger in
OA than YA. Additionally, there was an interaction effect of age
group x inter-hand frequency ratio [F(4,41) = 5.55, P = 0.001],

non-iso and iso task conditions

40 - Pre-test OA
35 @ Post-test OA
30 & Pre-test YA
25 -@- Post-test YA

Trial error score

5 N PR N

3:1 2:1 1:1 1:2 1:3
L:R hand frequency ratio

45
40 non-iso task conditions
35 +
30
25
20
15{ =m
10
5
0

- OA
‘B YA

Average trial error score =2

TD1 TD2 TD3 TD4 TD5
Days

Pre-test Post-test

45
40 iso task conditions
35 -+ OA

30 + ‘B YA

25

20

15

101 u
5
0

Average trial error score o

TD1 TD2 TD3 TD4 TD5
Days

Pre-test Post-test

Figure 3. Error scores across testing days. (a) In both YA and OA, trial errors
were higher in the non-iso task conditions than in the iso task conditions.
Furthermore, OA consistently showed higher errors than YA. Panels (b) and (c)
represent average trial error scores in the non-iso and iso task conditions,
respectively. For both task conditions, performance of both YA and OA
improved throughout the training days. Moreover, although OA consistently
showed higher error scores, their performance improvement was greater than
YA. LR, leftright; TD, training day; iso, trials with similar inter-hand frequency
ratio (i.e., 1:1); non-iso, trials with different inter-hand frequency ratio (i.e., 1:2,
2:1,1:3, and 3:1).
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indicating that OA performed poorer on the trials with different
inter-hand frequency ratio than YA. The remaining interaction
effects were not significant.

Following the results of the previous repeated measures
ANOVA, which indicated that trials with non-iso inter-hand
frequency ratio were more challenging than those with iso
inter-hand frequency ratio for both age group, we averaged the
error scores of the trials with the more difficult inter-hand fre-
quency ratios (i.e., 3:1, 2:1, 1:2, and 1:3) and created one col-
lapsed score, referred to as the average trial error score during
the “non-iso” task conditions. Average of the error scores of
the trials with the easier inter-hand frequency ratio (i.e., 1:1)
was referred to as the average trial error score during the “iso”
task conditions. Repeated measures ANOVA on the average
trial error scores across all 7 days (Pre-test, training day 1-5 and
Post-test) and across age groups (YA vs. OA) revealed significant
main effects of age group [F(1,46) = 45.601, P < 0.001], task
condition [F(1,46) = 197.24, P < 0.001], and day [F(6,41) = 36.51,
P < 0.001]. These results indicate that trial error scores were high-
er in OA than YA, in the non-iso than iso condition, and per-
formance improved across the 7 days in both age groups and
task conditions (Fig. 3b,c). The age group x task condition inter-
action was significant [F(1,46) = 15.34, P < 0.001], indicating that
average trial error score during the non-iso condition was higher
in OA than YA. The age group x day interaction was significant
[F(6,41) = 7.96, P < 0.001], indicating a stronger improvement in
OA compared with YA across days. The age group x task condi-
tion x day interaction was significant [F(6,41) = 2.57, P = 0.033],
indicating a stronger improvement in the non-iso condition in
OA compared with YA across days.

On average, there was no significant difference between
males and females in task performance across days (P > 0.05).
Furthermore, t-test showed that Pre-to-Post performance
improvements in both iso and non-iso task conditions were
significantly higher in OA than in YA (both P < 0.001).

Age-Related Differences in Global Volume and
Subregional Shape

Univariate ANCOVA comparing global volume of the subcor-
tical structures across age groups (i.e., hypothesis 2) revealed
that OA, as compared with YA, had smaller global volume of
the bilateral thalamus, putamen, nucleus accumbens, caudate,
and left hippocampus (Table 1). No interaction effect of age
group x gender was observed.

Additionally, we investigated age-related morphological dif-
ferences (i.e., hypothesis 2) using the shape analysis approach.
This analysis revealed widespread subregional deformations in
the form of compression in OA, as compared with YA, in all the
subcortical structures (Fig. 4). Furthermore, in OA as compared
with YA, localized expansions were found in a few subregions
within bilateral caudate (subregions subserving connectivity
with executive and parietal cortices) and subicular and dentate
gyrus subregions of the left hippocampus (Fig. 4).

Association of Anatomical Measures with Training-
Induced Performance Improvement

Global Volume Measures

Table 2 summarizes results of the partial correlation (i.e.,
hypothesis 3: within group correlations) and regression ana-
lyses (i.e., hypothesis 4: between group interactions) on the glo-
bal volume of the subcortical structures. In this table, the
correlation coefficients and beta values were compared

Table 1 Global volumes (cm?) of the subcortical GM structures in YA
and OA

Subcortical structures Mean (SD) ANCOVA
OA YA P-value
Left thalamus 7196 (623) 8530 (763)  <0.001*
Right thalamus 7102 (665) 8338 (809) <0.001*
Left caudate 3271 (353) 3880 (439) <0.001*
Right caudate 3488 (390) 3972 (471) 0.009*
Left putamen 4605 (415) 5489 (432) <0.001*
Right putamen 4717 (473) 5609 (439) <0.001*
Left pallidum 1727 (216) 1835 (185) 0.55
Right pallidum 1770 (224) 1845 (199) 0.97
Left hippocampus 3687 (400) 4031 (364) 0.020*
Right hippocampus 3752 (512) 4029 (477) 0.30
Left nucleus accumbens 466 (75) 633 (93) <0.001*
Right nucleus accumbens 331 (84) 556 (79) <0.001*

*P-value < 0.05 (corrected for multiple comparison using FDR method).

between the iso and non-iso task conditions (i.e., hypothesis 5:
task difficulty effect). In OA, Pre-to-Post performance improve-
ment in the non-iso task condition was positively correlated
with global volume of the right nucleus accumbens (r = 0.48,
P = 0.032). In other words, the larger the nucleus accumbens,
the higher the performance improvement in OA (hypothesis 3).
However, within this age group no significant correlation was
observed between Pre-to-Post performance improvement in the
easier iso task condition and global volume of the subcortical
structures. In this age group, the Hotelling’s T-square test
revealed that for the left putamen (Z = -2.27, P < 0.05) and right
nucleus accumbens (Z = -2.07, P < 0.05) the correlation coeffi-
cients differed significantly between the iso and non-iso task
conditions (hypothesis 5). In YA, Pre-to-Post performance
improvement in the non-iso task condition was negatively cor-
related with global volume of the right pallidum (r = -0.44, P =
0.039) and right hippocampus (r = —0.68, P < 0.001) (hypothesis
3). Furthermore, Pre-to-Post performance improvement in the
iso task condition negatively correlated with volume of the
right hippocampus (r = —0.53, P = 0.014). In YA, no significant
difference was found comparing the correlations coefficients
between the iso and non-iso task conditions (hypothesis 5).

Multiple regression analyses revealed that global volume of
the bilateral thalamus (left: P = 0.034; right: P = 0.036), right
hippocampus (P = 0.045), and right nucleus accumbens (P =
0.010) were differentially correlated with Pre-to-Post perform-
ance improvement in the non-iso task conditions across the
age groups (hypothesis 4). In contrast, no interaction effect of
age group X global volume (of the subcortical structures) was
found for predicting Pre-to-Post performance improvement in
the iso task condition. These findings indicate that the age
effects were more pronounced in the more difficult (i.e., non-
iso) task conditions (hypothesis 5).

Subregional Shape Measures

In OA, vertex-wise correlation analyses revealed positive corre-
lations between Pre-to-Post performance improvement in the
non-iso task conditions and subregional shape of the right thal-
amus (r = 0.73, P < 0.001) (subregions subserving connectivity
with the prefrontal, posterior parietal and temporal cortices),
right putamen (r = 0.85, P < 0.001) (subregions subserving con-
nectivity with the limbic cortices), right nucleus accumbens (r =
0.77, P < 0.001) (subregions subserving connectivity with the
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Figure 4. Vertex-wise comparison of (a) thalamus, (b) putamen, (c) pallidum, (d) nucleus accumbens, (e) caudate, and (f) hippocampus across YA and OA. Compared
with YA, OA showed compressions in all the subcortical structures. Furthermore, OA, as compared with YA, showed subregional expansion in the caudate and

hippocampus.

Table 2 Results of correlation analyses between Pre-to-Post performance improvement in the iso and non-iso task conditions and global vol-
ume of the motor-related subcortical structures within and across age groups

Subcortical structures

Within OA

Correlation coefficient?®;

significance level

Within YA

Correlation coefficient?;

significance level

Age group interaction: Beta®;

significance level

Iso Non-iso Iso Non-iso Iso Non-iso
L thalamus 0.06; ns 0.36; ns —-0.06; ns -0.061; ns —0.84; ns —-2.13; 0.03*
R thalamus —-0.01; ns 0.31; ns 0.08; ns -0.13; ns —0.55; ns —-2.01; 0.04*
L caudate -0.19; ns -0.11; ns 0.08; ns 0.18; ns -0.25; ns 0.29; ns
R caudate —-0.42; ns —0.33; ns 0.22; ns 0.08; ns 0.16; ns 0.76; ns
L putamen —-0.32; ns 0.09; ns —0.15; ns -0.27; ns 0.29; ns -1.36; ns
R putamen -0.31; ns -0.1; ns -0.17; ns —-0.14; ns 0.15; ns —0.35; ns
L pallidum -0.01; ns 0.12; ns —0.08; ns —-0.34; ns —-0.36; ns -0.77; ns
R pallidum 0.12; ns 0.3; ns -0.17; ns —-0.44; 0.04* —0.54; ns —-1.15; ns
L hippocampus 0.04; ns 0.21; ns -0.41; ns -0.3; ns -0.80; ns -1.11; ns
R hippocampus —0.06; ns 0.21; ns —-0.53; 0.01* -0.68; <0.001* —-0.02; ns —1.55; 0.05*
L nucleus accumbens 0.06; ns 0.15; ns —0.07; ns -0.32; ns —0.24; ns —0.9; ns
R nucleus accumbens 0.09; ns 0.48; 0.03* —-0.07; ns -0.2; ns -0.8; ns -1.57;0.01*

#Correlation coefficient controlling for initial performance on Pre-test, TIV, and gender.
bStandardized beta value calculated using linear regression with Pre-to-Post performance improvement as dependent variable, and global volume of the subcortical
structures, age group, and interaction of global volume x age group as independent variables, and initial performance on Pre-test, TIV, and gender as covariates.

*P-value < 0.05 (uncorrected).
L, Left; R, Right; iso, trials with similar inter-hand frequency ratio (i.e., 1:1); non-iso, trials with different inter-hand frequency ratio (i.e., 1:2, 2:1, 1:3, and 3:1); ns, non-

significant.
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limbic cortices), and right caudate (r = 0.64, P = 0.002) (subre-
gions subserving connectivity with the executive cortices)
(Fig. 5a-d). These findings indicate that those subjects with
more expanded subregions also showed higher Pre-to-Post per-
formance improvement (hypothesis 3). In this age group, Pre-
to-Post performance improvement in the iso task condition
only showed positive correlations with subregional shape of
the right thalamus (subregions subserving connectivity with
prefrontal and temporal cortices).

In YA, vertex-wise correlation analyses revealed mostly nega-
tive correlations between Pre-to-Post performance improvement
in the non-iso task conditions and subregional shape of the cor-
nu ammonis (CA1-3) and subicular subregions of the right
hippocampus (r = —0.68, P = 0.001) (Fig. 5e). This finding implies
that larger Pre-to-Post performance improvement was asso-
ciated with smaller subregions (hypothesis 3). In this age group,
Pre-to-Post performance improvement in the iso task condition
showed no correlation with the shape of any of the subcortical
structures.

Vertex-wise interaction analyses (hypothesis 4) were per-
formed using the scores from the non-iso and iso task condi-
tions, separately. Regarding the non-iso task condition, these
analyses revealed greater associations in OA than in YA between
Pre-to-Post performance improvement in the non-iso task con-
ditions and subregional shape of the left thalamus (subregions
subserving connectivity with prefrontal, posterior parietal, pre-
motor, and temporal cortices), left putamen (subregions subserv-
ing connectivity with rostral and caudal motor and limbic
cortices), right putamen (subregions subserving connectivity with
rostral motor, executive, and temporal cortices), and bilateral
nucleus accumbens (subregions subserving connectivity with
limbic cortices) (Figs 6 and 7). With regard to the iso task condi-
tion, greater associations were found in OA as compared with YA
between Pre-to-Post performance improvement in the iso task

medial view
Left Right

N (a)

condition and subregional shape of the right thalamus (subre-
gions subserving connectivity with sensory, primary motor, pre-
motor, and posterior parietal cortices), right caudate (subregions
subserving connectivity with executive and limbic cortices), right
putamen (subregions subserving connectivity with rostral motor
cortex), and right and left nucleus accumbens (subregions sub-
serving connectivity with limbic cortices) (Fig. 8). Altogether, the
interaction results imply that the effects observed in the sub-
regional shape of the left thalamus, putamen, and accumbens
were more specific to the training-induced improvement in the
more difficult (i.e., non-iso) task conditions (hypothesis 5).

Discussion

In this study, we investigated the neuroanatomical correlates of
variation in bimanual skill acquisition in YA and OA. Further-
more, we used the shape analysis approach for the first time to
explore age-dependent associations between training-induced
performance improvement and subregional shape of the medial
subcortical GM structures. Our behavioral results showed that
OA, as compared with YA, performed poorer on the bimanual
coordination task across all training days (hypothesis 1), but they
demonstrated a greater performance improvement. Our volumet-
ric and shape analyses indicated an age-related difference
between OA and YA in global volume and subregional shape of
the studied subcortical structures (hypothesis 2). In OA, global
volume of the right nucleus accumbens and subregional shape of
the right thalamus, putamen, nucleus accumbens, and caudate
were positively correlated (hypothesis 3) with training-induced
performance improvement in the more difficult task conditions,
whereby the 2 hands moved with different cycling frequencies
(i.e., non-iso tasks). In contrast, in YA, global volume of the right
pallidum and right hippocampus and subregional shape of the
right hippocampus were negatively correlated with performance
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Figure 5. Vertex-wise correlations with Pre-to-Post performance improvement in the non-iso task conditions in different age groups. In OA, subregions within the
(a) right thalamus, (b) right putamen, (c) right nucleus accumbens, and (d) right caudate showed significant positive correlations with Pre-to-Post performance
improvement in the non-iso task conditions. However, in YA, subregions within the (e) right hippocampus were negatively correlated with Pre-to-Post performance
improvement in the non-iso task condition. Iso, trials with similar inter-hand frequency ratio (i.e., 1:1); non-iso, trials with different inter-hand frequency ratio (i.e.,
1:2,2:1, 1:3, and 3:1).
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Figure 6. Vertex-wise interaction analyses between age group and Pre-to-Post performance improvement in the non-iso task conditions. OA showed greater associa-
tions than YA between Pre-to-Post performance improvement in the non-iso task conditions and subregional shape of the (a) left thalamus, (b) bilateral putamen,
and (c) bilateral nucleus accumbens. Non-iso, trials with different inter-hand frequency ratio (i.e., 1:2, 2:1, 1:3, and 3:1).

Left thalamus

10 -

—10 - .

Pre-to-Post performance
improvement

=15

-1 =05 0 0.5 1
subregional shape measure

Left nucleus accumbens

10 1

Pre-to-Post performance
improvement

=10 1 o

=15

-15 -1 =05 0 05 1 15
subregional shape measure

Pre-to-Post performance

Right putamen
QA
" 10 - L. L YA
% ~ 0A
YA
t
3 s
o .E
s =
@
o
=15 L ; : ; ;
-2 - 0 1 2
subregional shape measure
Right nucleus accumbens
10 1

improvement

-2 -1 0 1
subregional shape measure

Figure 7. Scatter plots showing that Pre-to-Post performance improvement in the non-iso task conditions (controlled for performance at Pre-test) was differentially
correlated with subregional shape measures of the voxels within the left thalamus, right putamen, and bilateral nucleus accumbens (controlled for the TIV) across
YA and OA. Non-iso, trials with different inter-hand frequency ratio (i.e., 1:2, 2:1, 1:3, and 3:1).

improvement in these more difficult task conditions. Further-
more, the interaction analyses revealed that global volume of the
bilateral thalamus, right nucleus accumbens and hippocampus
and subregional shape of the left thalamus, putamen and
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accumbens demonstrated differential associations with per-
formance improvement across age groups (hypothesis 4). Our
findings not only indicate that pre-existing anatomical features of
these subcortical areas partially account for the variations in
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Figure 8. Vertex-wise interaction analyses between age group and Pre-to-Post performance improvement in the iso task conditions. OA showed greater associations
than YA between Pre-to-Post performance improvement in the iso task conditions and subregional shape of the (a) left thalamus, (b) bilateral putamen, and (c) bilat-

eral nucleus accumbens. Iso, trials with similar inter-hand frequency ratio (i.e., 1:1).

training-induced performance improvement, but also suggest
that the role of the thalamus, putamen, nucleus accumbens and
hippocampus is age-dependent.

Training-Induced Behavioral Changes

Performance level on the bimanual coordination task was gen-
erally lower in OA as compared with YA. This finding is in
agreement with hypothesis 1 and previous reports demonstrat-
ing an age-related decline in motor skill performance (Swinnen
et al. 1998; Wishart et al. 2000; Voelcker-Rehage 2008; Seidler
et al. 2010; Sleimen-Malkoun et al. 2013). Furthermore, relative
to YA, OA showed greater performance improvement, which
may be accounted for by a lower initial level of performance in
OA at Pre-test, providing a larger window for performance
improvement. These findings are consistent with the hypoth-
esis that even though aging is associated with diminished
accuracy and speed in motor performance, OA are still able to
acquire new skills and improve through practice (Durkina et al.
1995; Rodrigue et al. 2005; King et al. 2013). The question is
whether the age-related brain atrophy may hamper their learn-
ing capabilities, as discussed next.

Age-Related Differences in Global and Subregional
Subcortical Anatomy

With regard to the brain anatomical measures, OA as compared
with YA showed smaller global volume and widespread sub-
regional compressions in several medial subcortical structures.
Furthermore, subregional expansions were found within the
bilateral caudate and left hippocampus. However, the number
of voxels showing compression was consistently higher than
the number of voxels showing expansion. These findings are in
accordance with hypothesis 2, which was based on previous
reports indicating age-related degeneration of subcortical GM

structures (Raz et al. 2000, 2005; Walhovd et al. 2005; Cherubini
et al. 2009; Goodro et al. 2012; Fjell et al. 2013; Inano et al. 2013;
Serbruyns et al. 2015). With regard to the pallidum, although its
global volume did not differ significantly between OA and YA,
shape analysis indicated subregional bilateral compressions in
OA. Findings regarding age-related pallidal volume changes
have been inconsistent so far. While some volumetric studies
have reported age-related pallidal atrophy (Goodro et al. 2012;
Fjell et al. 2013; Jancke et al. 2015), others did not report such
atrophy (Walhovd et al. 2005; Cherubini et al. 2009; Inano et al.
2013). In a recent aging study, Serbruyns et al. (2015) reported
that atrophy of the bilateral pallidum does not start before the
seventh decade of life. Therefore, results of our shape analysis
are in agreement with the latter study as OA in our study were
all over 60 years of age.

Even though the exact neurobiological underpinnings of the
observed subregional deformations (i.e., mostly compression
but also some expansions) in OA are still unclear, some tenta-
tive mechanisms for future investigation are proposed, as dis-
cussed next.

First, subregional compressions observed in OA can be attrib-
uted to subregional neuronal shrinkage and loss (Haug et al.
1984; Simic et al. 1997), loss of intralaminar myelin (Courchesne
et al. 2000), or loss of dendritic arborization (Jacobs et al. 1997).
Compression in the striatum can be linked to the age-related
loss of dopaminergic receptors (Volkow et al. 1998) or loss of the
neostriatal source neurons (i.e., substania nigra, pars compacta)
(Alheid et al. 1990). Second, converging evidence from cross-
sectional and longitudinal developmental studies indicates that
aging is associated with enlargement of the cerebrospinal fluid
(CSF)-filled spaces (including sulci, fissures, and ventricles) that
occur at the expense of GM volume (Pfefferbaum et al. 1994;
Resnick et al. 2003). Therefore, it is equally possible that enlarge-
ment of the CSF-filled spaces (including ventricles) is responsible
for the subregional compressions observed in the subcortical
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structures. Consistently, further exploratory analyses in the pre-
sent study revealed enlarged total ventricular volume (extracted
using FreeSurfer) in OA, as compared with YA (P < 0.001).
Furthermore, partial correlation between total ventricular
volume and total GM volume, controlled for TIV, showed a trend
towards a significant negative correlation in OA (r = —0.412;
P = 0.057), while this effect was non-significant in YA (r = —0.312;
P = 0.138). Third, it has been speculated that subregional exp-
ansions (as observed in the caudate and hippocampus) may
indirectly relate to the compensatory mechanisms implemented
by OA to overcome their emerging structural brain atrophy
(Serbruyns et al. 2015) but supportive experimental evidence is
currently lacking. Nevertheless, the results of this morphometric
study alone fail to determine the causal factors for the observed
effect. Future histological studies combined with structural
imaging studies can provide a better picture for the true neuro-
biological underpinnings of the observed subcortical deforma-
tions in OA.

Relationship Between Pre-Training Global and
Subregional Subcortical Anatomy and Training-Induced
Performance Improvement

Our most important finding was the association between
training-induced performance improvement and global volume
as well as subregional shape of the subcortical structures, within
(hypothesis 3) and between (hypothesis 4) age groups. Interest-
ingly, the associations were more pronounced for performance
improvement during the more difficult (i.e., non-iso) as opposed
to the easy (i.e., iso) task conditions (hypothesis 5). This is not
surprising because the iso task conditions refer to the preferred
motor coordination repertoire (i.e., in-phase and anti-phase pat-
terns) whereas the non-iso task conditions deviate from these
intrinsic coordination modes and thus leave more room for
learning (Swinnen 2002; Swinnen and Wenderoth 2004). Further-
more, these associations were found to be age-dependent for
several subcortical structures (hypothesis 4). Specifically, in OA,
we found positive associations between performance improve-
ment in the more difficult task conditions and global volume of
the nucleus accumbens and subregional shape of the right thal-
amus, putamen, caudate and nucleus accumbens. These find-
ings are consistent with previous literature on the functional
role of these structures. The thalamus serves as a relay station,
receiving inputs from various structures, including the cerebel-
lum and basal ganglia, and transfers this information to a large
part of the cortical surface, including the sensorimotor areas
(Behrens et al. 2003). The role of the thalamus in the control of
bimanual movements and in learning new bimanual skills has
been well documented (Debaere et al. 2004a, 2004b; Aramaki
et al. 2006; Wenderoth et al. 2006; Wu et al. 2010; Ng et al. 2013).
Moreover, age-related atrophy in the thalamus has shown to
contribute to bimanual performance decline on the Purdue peg-
board task (Serbruyns et al. 2015). Thus, those OA whose thal-
amus underwent a greater extent of compression also showed a
lower rate of bimanual skill learning.

The putamen and caudate have also been assigned important
functions in motor sequence learning and bimanual skill learn-
ing (Graybiel 1995; Salmon and Butters 1995; Hikosaka et al. 1999;
Debaere et al. 2004a; Doyon and Benali 2005; Puttemans et al.
2005; Halsband and Lange 2006; Haruno and Kawato 2006).
In line with our results, volumetric studies have reported that
volume of these dorsal striatal structures can predict (motor)
performance and learning outcome (Kennedy and Raz 2005;
Erickson et al. 2010).
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With regard to the ventral striatum, preclinical, and human
learning studies have implicated the nucleus accumbens in
motivation, reward and spatial learning, memory, selection of
flexible behavior, and translation of motivation into motor
actions (Mogenson et al. 1980; Hernandez et al. 2002; O’'Doherty
et al. 2004; Roitman et al. 2005; Atallah et al. 2007; Humphries
and Prescott 2010; Rinaldi et al. 2012; Floresco 2015; Boisgontier
et al. 2016). Global volume of the nucleus accumbens has been
shown to predict progress in learning a video game in YA
(Erickson et al. 2010). The nucleus accumbens is a major target
region of dopamine neurons in the brain (Haber et al. 2000) and
it receives inputs from the substantia nigra and ventral teg-
mental area dopaminergic neurons. Dopamine decline, occur-
ring as part of the normal aging process (Fearnley and Lees
1991; Backman et al. 2006; Diizel et al. 2010; Vaillancourt et al.
2012), has been associated with deficits in motor function
(Volkow et al. 1998), decision-making and reward anticipation
(Schott et al. 2007; Samanez-Larkin et al. 2011; Chowdhury
et al. 2013). Our findings may indirectly suggest that the thal-
amus, putamen, and caudate, which are involved in motor-
related processes, as well as the nucleus accumbens, which
regulates reward- and motivation-related processes, are
important structures in OA for successful learning of motor
(including bimanual) skills.

In OA, significant subregional correlations with behavior
were found in the thalamic subregions (which have connec-
tions with the prefrontal, posterior parietal and temporal corti-
ces), in the putamen and nucleus accumbens subregions
(subserving connectivity with the limbic cortices) and in the
caudate subregions (which have connections with executive
cortices). These connectivity profiles extend beyond the sen-
sorimotor pathways that one would typically expect in motor
control tasks. In this respect, it is important to note that the
complex bimanual visuomotor tracking task set we used here
engaged several cognitive and motor functions, such as atten-
tion, task selection, error correction, motor execution, memory,
and learning (Beets et al. 2015). Therefore, it is not surprising to
find correlations with subregions which are associated with
non-motor functions. In fact, using a similar task set, Sisti et al.
(2012) reported in YA that WM microstructural organization of
the genu of the corpus callosum, which connects the inter-
hemispheric prefrontal cortices, was highly correlated with
training-induced change in the bimanual task.

In YA, smaller hippocampal volume was associated with
better motor skill acquisition. This finding might seem puzzling
at first glance, as converging evidence yields that the hippo-
campus is involved in declarative and spatial memory forma-
tion, maintenance, and retrieval (Bohbot et al. 1998; Small et al.
2001) and acquisition and consolidation of motor sequence
memory (Albouy et al. 2008, 2013) and it is generally assumed
that a larger hippocampus correlates with better performance.
However, our finding is in accordance with several imaging
studies investigating memory ability in YA. It has been reported
that while in older populations (Hackert et al. 2002; Head et al.
2008) and patients with neurological disorders (Videbech and
Ravnkilde 2004; Schuff et al. 2009), smaller hippocampal vol-
ume effectively predicts poorer memory, findings in young par-
ticipants with no neurological disorders have been inconsistent
and have provided little support for the hypothesis that “bigger
is always better” (for a review, see Van Petten 2004). In fact, sev-
eral studies in children, adolescents and YA have supported
the hypothesis that with regard to the relation between hippo-
campal size and memory, “smaller is better” (Chantome et al.
1999; Foster et al. 1999; Sowell et al. 2001; Pruessner et al. 2007).
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Although the neurobiological mechanism underlying this nega-
tive association is still unclear, it has been hypothesized that
insufficient and abnormal pruning of the hippocampus follow-
ing neural development during childhood and adolescence
may lead to poorer memory efficiency (Foster et al. 1999).
Similarly, in YA, hippocampal size might exhibit a negative
relationship with motor learning.

Although anticipated, another interesting finding of the pre-
sent study is the fact that the shape analysis approach detected
more subtle effects than the conventional volumetric analysis
(i.e., hypothesis 6). This confirms previous studies showing that
shape analysis could provide more detailed information about
the location of the effects (Patenaude et al. 2011; Menke et al.
2014; Serbruyns et al. 2015).

Even though the results of our shape and volumetric ana-
lyses partially converged, it is worth mentioning that this was
not the case for all results. The most consistent findings, how-
ever, were related to the right nucleus accumbens for which
both analysis techniques indicated: 1) a smaller volume in the
OA (between group comparisons), 2) significant morphological
correlations with performance improvement in the difficult task
variant in OA (within group correlations), and 3) greater brain-
behavior associations in OA than in YA (interaction effect ana-
lysis). While it is not possible to draw direct conclusions from
these findings, they might indirectly indicate that in a popula-
tion with sub-optimal brain function (i.e.,, OA), the nucleus
accumbens becomes more important in learning complex motor
tasks (such as the one used in this study). As nucleus accum-
bens is involved in reinforcement processes during learning, our
findings may imply that OA with less atrophy of nucleus accum-
bens are more effective in learning these types of tasks.

Some limitations of this study should be noted. First, suc-
cessful performance of a complex bimanual coordination tasks
requires a network of brain regions including the (pre)frontal,
motor, and parietal cortices as well as the subcortical structures
and cerebellum (Beets et al. 2015). However, here we chose to
focus only on the association between motor skill acquisition
and subcortical structures. The reason for this decision was to
investigate brain-behavior associations using a novel approach,
that is, subcortical shape analysis, which has been suggested to
be more sensitive in detecting small and subregional effects
than the conventional volumetric approaches (Menke et al.
2014; Serbruyns et al. 2015). Second, as healthy aging has also
been associated with global and regional cortical atrophy (Salat
et al. 2004), future volumetric studies should also consider the
contribution of aging-related cortical thinning in motor skill
acquisition decline. This issue might raise the question whether
general cortical morphometric changes better predict motor
learning performance improvement. To further investigate this
matter and ensure that our regression findings represent genu-
ine effects, we repeated the regression analyses using total GM
volume (instead of TIV) as a covariate. These analyses yielded
that the significant interaction effects were the same as the
ones reported in the Results section: left thalamus (Beta = —-2.12;
P = 0.036), right thalamus (Beta = —2.01; P = 0.036), right nucleus
accumbens (Beta = —-1.35; P = 0.017), and right hippocampus
(Beta = —1.48; P = 0.05). These results highlight the specificity of
the interaction effects for this complex bimanual task.

In sum, our findings demonstrate that variation in the struc-
ture of the subcortical structures involved in motor learning and
motivation/reward partially account for variations in skill acqui-
sition potential in YA and OA. More specifically, we found that
global volume of the thalamus, caudate, putamen, nucleus
accumbens, and hippocampus, and subregional shape of the

thalamus, putamen, and nucleus accumbens “differentially” pre-
dicted motor learning outcome in YA and OA. These findings are
consistent with previous functional activation studies, showing
the importance of subcortical structures in neuroplasticity and
motor skill acquisition potential in different age groups.
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