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Abstract: There is a convergence in the literature toward a critical role for the basal ganglia in action
selection. However, which substructures within the basal ganglia fulfill this role is still unclear. Here
we used shape analyses of structural magnetic resonance imaging data to determine the extent to
which basal ganglia structures predict performance in easy and complex multilimb reaction-time tasks
in young and old adults. Results revealed that inward deformation (i.e., local atrophy) of the nucleus
accumbens and caudate were predictive of longer action selection times in complex conditions, but not
in easy conditions. Additionally, when assessing the relation between behavioral performance and the
shape of the left nucleus accumbens in the two age groups separately, we found a significant perform-
ance–structure association in old, but not young adults. This result suggests that the relevance of the
nucleus accumbens for the process of action selection increases with age. Hum Brain Mapp 37:4629–
4639, 2016. VC 2016 Wiley Periodicals, Inc.
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INTRODUCTION

The selection of motor actions is fundamental to the sur-
vival of humans and other species. Therefore, action selec-
tion likely involves brain structures that were developed
in primitive vertebrates and have been conserved through-
out evolution (Cisek and Kalaska, 2010). Basal ganglia cir-
cuitry has been shown to be present even in the most
primitive vertebrates (Grillner et al., 2013; Stephenson-
Jones et al., 2011). Furthermore, basal ganglia act as a fun-
nel (Bar-Gad et al., 2003; Mink, 1996), receiving input from
a broad range of brain areas, and projecting directly to the
brainstem (Rolland et al., 2011) and through the thalamus
to the cerebral cortex, implicating both motor and cogni-
tive functions (Behrens et al., 2003; Middleton and Strick,
2000). Furthermore, there is a convergence toward a criti-
cal role for basal ganglia in action selection that is
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supported by computational models (Eliasmith et al., 2012;
Gurney et al., 2001). However, which substructure within
the basal ganglia is most predictive for action selection
remains unclear.

A measure that has been used to infer the neural pro-
cesses underlying action control is the actual time taken to
process information (Jensen, 2006). Specifically, it has been
suggested that subtracting reaction time (RT) in a single
task from RT in a multiple-choice condition reflects pro-
cesses related to action selection (Donders, 1969). Howev-
er, recent studies demonstrated that this also reflects
action preparation (Bastian et al., 2003; Maslovat et al.,
2014), and therefore did not sufficiently isolate the selec-
tion process. In a recent study, we investigated the com-
plexity of action selection in young adults using the
subtraction method with different task variants to isolate
the action selection component (Boisgontier et al., 2014).
Specifically, the number of limbs that could be moved was
identical (n 5 4) across trials, thereby controlling for the
potential effect of action preparation. As a consequence,
differences in performance only resulted from differences
in action selection processes. Results of the choice—single
RT subtraction—revealed that selecting 2 diagonal (e.g.,
left hand and right foot) and 3 limbs was more complex
than selecting 1, 2 ipsilateral, 2 homologous, or 4 limbs
(Boisgontier et al., 2014). This new subtraction method
may be very useful for studying the involvement of brain
structures underlying action selection.

Additionally, studying a motor system that exhibits defi-
cits as a result of aging (Seidler et al., 2010) may be more
sensitive to changes in task demands, due to changes in
brain structures that are critical for action selection. On a
behavioral level, aging has shown to impact both simple
and choice RT (Spirduso, 1975) and to increase intraindi-
vidual variability in choice RT conditions (Dykiert et al.,
2012). Furthermore, the effect of age on RT performance
increases with task complexity, suggesting an age 3 task
complexity interaction effect (Hale et al., 1987). Therefore,
aging may interact with the coordination effect we
reported earlier. However, the speed/accuracy tradeoff is
known to shift toward accuracy in old adults (Starns and
Ratcliff, 2010). The interaction between age and complexity
may be better reported by RT than error data. On a neuro-
biological level, Serbruyns et al. (2015) have shown an
age-related volumetric decline in the putamen, pallidum,
and caudate. What is currently unknown is the extent to
which these age-related declines impact regions associated
with action selection performance.

To investigate brain correlates of action selection in
young and old adults, we used magnetic resonance imag-
ing in association with a multilimb RT task (performed
outside the scanner) with a specific emphasis on responses
with 2 diagonal and 3 limbs, as these conditions are partic-
ularly complex (Boisgontier et al., 2014; Leenus et al.,
2015). Specifically, we used statistical shape analysis to
investigate whether the shapes (e.g., local structural

volume) of specific basal ganglia structures1, including the
putamen, caudate, pallidum, and nucleus accumbens, are
predictive of action selection performance, and whether
such predictions are dependent on age and the level of
task complexity. We hypothesized that (i) the effect of age
on RT performance is higher in the most complex condi-
tions, (ii) this effect of age is better evidenced by RT than
error rates, (iii) local atrophy of basal ganglia is predictive
of action selection taking longer, and (iv) aging alters the
relative contribution of these structures to behavioral
performance.

MATERIALS AND METHODS

Participants

Thirty-five young (22 6 3 years; 15 women) and thirty
old (70 6 6 years; 14 women) healthy volunteers participat-
ed in this study. All participants were right-handed
according to the Edinburgh Handedness Inventory (Old-
field, 1971). The average lateralization quotient was similar
between the young and old adults (190 6 15 vs 192 6 14,
respectively, with a 1100 score representing extreme right-
hand preference and a 2100 score representing extreme
left-hand preference). All participants had normal or
corrected-to-normal vision, and none reported neurologi-
cal, psychiatric, cardiovascular, or neuromuscular disor-
ders. Old participants were screened for cognitive
impairment with the Montreal Cognitive Assessment test
using the standard cutoff score of 26 (Nasreddine et al.,
2005). All participants gave their written informed consent,
and procedures were performed according to guidelines
established by the ethics committee for biomedical
research at the KU Leuven, and in accordance with the
WMA International Code of Medical Ethics (World
Medical Association Inc., 1964).

Multilimb Reaction-Time Task

RT was assessed with the multilimb reaction-time task
(Boisgontier et al., 2014). Participants were seated in front
of a PC screen, with their forearms resting on a table and
their fingers and forefeet on tablets with capacitive prox-
imity switches (Fig. 1A; Pepperl Fuchs CBN5-F46-E2, sam-
pling frequency: 1000 Hz). Four squares representing the
four limb segments were presented on the PC screen.
Mapping of the stimuli was maximally congruent relative
to the effectors, i.e., the right and left upper squares repre-
sent the right and left hands, whereas the right and left
lower squares represent the right and left feet, respective-
ly. Once all 4 limb segments had contacted the tablets,
some of the squares on the PC screen turned blue. In
response to this stimulus, participants had to release

1The thalamus was also tested and did not show any significant
result.
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contact with the corresponding tablets as quickly as possi-
ble by simultaneously lifting the corresponding limb seg-
ment(s). The specific sequence for each trial was the
following (Fig. 1B): Squares are grey when limbs are not
in contact with the tablets. They turn white as soon as a
limb contacts the corresponding tablet. A trial starts as
soon as the four limbs are in contact with the tablets.
When one or more squares turn(s) blue, this is the stimu-
lus for the participant to release contact with the corre-
sponding tablet(s) as quickly as possible. If the participant
lifts the incorrect limb(s), the corresponding square(s)

turn(s) red. If the participant lifts the correct limb(s), the
corresponding square(s) turn(s) green. A trial is not vali-
dated until the response is fully correct, i.e., without any
red squares on the screen. As soon as the trial is validated,
the green squares turn back to grey. Then, the participant
has to reposition all limb segments on the tablets to start a
new trial. All 15 possible coordination modes were tested
and arranged in 6 coordination clusters (Fig. 1C) com-
posed of 1-limb coordination modes (1L), 2-homologous
upper/lower-limb coordination modes (2L-HOMO), 2-
ipsilateral right/left-limb coordination modes (2L-IPSI), 2-
diagonal limb coordination modes (2L-DIAG), 3-limb coor-
dination modes (3L), and a 4-limb coordination mode (4L).

The experimental design was composed of two sessions
divided by a 5 min break. Each session consisted of two
blocks. One block was composed of randomized 5-trial
runs of each of the 15 coordination modes. Before each
run, the participant viewed a printed copy of the figure
that would appear on the screen for the subsequent 5-trial
run, thereby removing any choice from the process. This
first block measured simple RT. The second block con-
sisted in performing 75 trials (5 trials 3 15 coordination
modes) in randomized order, thereby including a choice in
the process. This second block measured choice RT. In
total, each participant performed 300 trials.

Behavioral Data Analyses

RT was defined as the time interval between the onset
of the visual stimulus and the time the participant released
all the limbs corresponding to the screen stimulus. RT was
averaged for each of the 15 coordination modes in the sim-
ple and choice RT blocks. To focus on the cognitive pro-
cesses involved in motor choice, normalized RT were
computed by subtracting the simple RT values from the
choice RT values. This was considered our distinct mea-
surement of action selection, free of confounds.

A response was considered as an error when the partici-
pant released an incorrect limb. The number of errors was
averaged across all trials of a given condition (i.e., number
of errors/number of trials) and multiplied by 100 to be
expressed as a percentage. Error rates were normalized by
subtracting the simple RT values from choice RT condition
values. To make the error comparisons meaningful among
conditions involving a different number of potential loca-
tions of error (i.e., the 1L condition has three potential
error locations because 3 limbs can be moved incorrectly,
while the 3L condition only has one), normalized error
rates in conditions involving 1, 2, and 3 limbs were divid-
ed by 3, 2, and 1, respectively.

Image Acquisition

Structural images of the brain were collected using a 3 T
Philips Achieva magnetic resonance scanner (Philips
Healthcare, Best, The Netherlands) and a 32-channel head

Figure 1.

Multilimb reaction-time task setup. (A) Participant setup. Partici-

pants were seated in front of a PC screen, their forearms rest-

ing on a table and their fingers and forefeet on tablets with

capacitive proximity switches (in green). (B) Example of a trial

sequence represented on the PC screen. The right and left

upper squares represent the right and left hands, respectively,

whereas the right and left lower squares represent the right and

left feet, respectively. (1) Squares are grey when limbs are not in

contact with the tablets. (2) The squares turn white as soon as

a limb contacts the corresponding tablet. (3) A trial starts as

soon as all limbs are in contact with the tablets. (4) When a

square on the PC screen turns blue, this is the stimulus for the

participant to release contact with the corresponding tablet as

quickly as possible. (5) If the participant lifts the incorrect

limb(s), the corresponding square(s) turn(s) red. (6) If he lifts

the correct limb(s), the corresponding square(s) turn(s) green.

(7) A trial is not validated until the response is fully correct, i.e.,

without any red squares on the screen. (8) As soon as the trial

is validated, the green squares turn back to grey. (9) The partici-

pant has to reposition all limb segments on the tablets to start a

new trial. (C). Coordination modes and clusters. The 15 possi-

ble coordination modes were grouped according to 5 clusters

(1L, 2L-HOMO, 2L-IPSI, 2L-DIAG, 3L, 4L) based on the number

of limbs to be recruited (1, 2, 3, or 4) and limb configuration.

Abbreviations: L 5 limb; DIAG 5 diagonal; IPSI 5 ipsilateral;

HOMO 5 homologous. [Color figure can be viewed at wileyonli-

nelibrary.com]
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coil. Images were acquired using a T1-weighted, high-eso-
lution, magnetization-prepared rapid gradient echo
(MPRAGE) sequence. The sequence consisted of a TR 5 9.7
ms, TE 5 4.6 ms, and a 88 flip angle, which resulted in 230
sagittal slices with a voxel size of 0.98 3 0.98 3 1 mm3 in
a field of view of 384 3 384 mm.

Image Processing

Before entering the analysis, all images were manually
inspected for the presence of anatomical abnormalities or
MR artefacts using xjview software in MATLAB R2011a
(The MathWorks Inc., Natick, MA, 2011). Next, subdivi-
sions of the basal ganglia (bilateral nucleus accumbens,
caudate, pallidum, and putamen) were segmented from
the T1 weighted images using FMRIB’s Integrated Regis-
tration Segmentation Toolkit (FSL FIRST; http://fsl.fmrib.
ox.ac.uk/fsl/fslwiki/FIRST; Patenaude et al., 2011) in FSL
version 5.0.8. (Jenkinson et al., 2012; Smith et al., 2004;
Woolrich et al., 2009). FSL FIRST is an active appearance
model approach based on a Bayesian framework segment-
ing subcortical structures. The active appearance model
approach models the distribution of an anatomical point
across participants as well as incorporating image intensity
information. This allows using probability relationships
between shapes of different structures, and between the
shape of a structure and image intensity. Furthermore,
using a deformable model limits topology of the structures
and maintains point correspondence. Finally, the approach
is not dependent on tissue classification, which can be
problematic for subcortical regions and does not depend
on arbitrary smoothing parameters (Patenaude et al.,
2011).

The models used are based on a training set of 336 man-
ually labeled anatomical images provided by the Center
for Morphometric Analysis (CMA), MGH Boston. The 336
images were collected from a variety of people including
old adults, making it representative of our participant
sample. The model fitting results in a deformable mesh for
each structure, consisting of a set of triangles of which the
apex of the adjoining triangles is called a vertex. The
meshes were reconstructed in model space (i.e., MNI
space) and pose (global rotation and translation) was
removed from the meshes by a rigid alignment with 6
degrees of freedom and boundary correction was applied.
Segmentations were visually inspected for all participants
in sagittal, coronal, and axial views using the FSLVIEW
toolbox.

Subcortical Grey Matter Vertex Analyses

Differences in the shape of the meshes, i.e., subcortical
structure, represent deformations that may be indicative of
individual differences (e.g., age-related local volumetric
increases or decreases). Currently, vertex analysis (FSL) is
capable of indicating the exact (subregional) location of

the relation between grey matter structure and perfor-
mance. FSL FIRST shape analyses (Patenaude et al., 2011)
restricts topology of the structures and preserves interpar-
ticipant vertex correspondence, enabling a vertex-wise
comparison across individuals or between groups. Differ-
ences in shape are quantified using the first_utils command
in (FSL), which projects vertex locations from each partici-
pant onto the surface normal vector (i.e., perpendicular to
the tangent plane to the surface and outward pointing) of
the average shape of a participant sample. These vertices
represent the signed, perpendicular distance from the
average surface. Negative values reflect inward deforma-
tion of the vertices (i.e., local atrophy) and positive values
reflect outward deformation (i.e., local expansion) of the
vertices.

Statistical Analyses

Reaction time and errors

To test the cognitive cost associated with a given coordi-
nation cluster in young and old adults, normalized RT
measures were modeled in Statistica using a 2 3 6
ANOVA with age (young vs old adults) as the between-
participant factor and coordination (1L, 2L-HOMO, 2L-
IPSI, 2L-DIAG, 3L, and 4L) as the within-participant factor.
The 4L coordination cluster always resulted in an absence
of error as all limbs had to be recruited. Therefore, nor-
malized error rates were analyzed using a 2 3 5 (age 3

coordination) ANOVA with repeated measures on the last
factor.

For all statistical analyses, the level of significance was
set at P< 0.05, two-sided. P values of ANOVAs were cor-
rected for sphericity (corr. P) using the Greenhouse-
Geisser method when Mauchly’s test was significant. To
stabilize the variance of the measurements and make the
analysis more valid, error rates were transformed using
the (x 1 0.5)

1=2 transformation (Bartlett, 1947). When
ANOVAs revealed significant effects, post-hoc tests (Tukey
HSD, which corrects for multiple comparisons) were con-
ducted to identify the loci of these effects. Partial eta
squared (g2P) were reported to indicate small (�0.01),
medium (�0.06), and large (�0.14) effect sizes (Sink and
Stroh, 2006).

Imaging analyses

For imaging analyses, simple RT, normalized RT, and
normalized error rates for each age group in the six task
conditions were demeaned and used as predictors in eight
regression models predicting subcortical shape of a given
structure. Specifically, our analyses tested all basal ganglia
structures currently implemented in FSL: left and right
nucleus accumbens, caudate, pallidum, and putamen (but
not subthalamic nuclei). Total intracranial volume (TIV)
was calculated using SPM8 (Ridgway et al., 2011) and
used as a covariate controlling for brain size. The focus of
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this article was on the association between the shapes of
subcortical structures and behavioral performance in easy
(1L, 2L-HOMO, 2L-IPSI, 4L) and complex task conditions
(2L-DIAG and 3L). For each structure, the two statistical
models of interest predicting structural shape were
defined as the RT from the easy or complex task condi-
tions as predictor of interest and TIV as predictor of no
interest. In addition, given the sexual dimorphism of at
least some of the subcortical structures (Rijpkema et al.,
2012), gender was also added as a predictor of no interest.
A subsequent whole-group negative association between
behavioral (i.e., simple RT, normalized RT, and error rates)
and brain measures (i.e., signed distance from the average
shape of a given structure for each vertex) was further
investigated. Structures showing such associations were
tested for age-related differences in shape (i.e., deforma-
tion) to determine whether age-related differences drove
the behavior–brain association. Next, associations between
shape and performance were analyzed per age group to
determine if one or both age groups determined the whole
group result. Models were calculated using the
“randomize” procedure in FSL, which is a distribution-
free permutation method, using 5000 iterations. Results
were regarded as significant at P< 0.05 level, with
Threshold-Free Cluster Enhancement correction for multi-
ple comparisons (Smith and Nichols, 2009).

Linear mixed models

Finally, to strengthen the validity and specificity of our
results, the sum of the significant vertices of the basal gan-
glia substructures (bilateral nucleus accumbens and cau-
date, and right pallidum) for each structure and
participant were used in linear mixed models to reveal the
extent to which these structures predict action selection.
Linear mixed models take into account the sampling vari-
ability of both the participants and conditions, thereby lim-
iting a large inflation of false positives, whereas traditional
analyses of variance disregard such sampling variability
(Boisgontier and Cheval, 2016). Moreover, linear mixed
models avoid information loss due to averaging over
observations, as each single trial is taken into account in
the model. Here, the linear mixed model also allowed
including all the tested structures in a single model as pre-
dictors of RT performance, which was not possible with
the vertex analysis. Specifically, an exploratory linear
mixed model with choice RT as a dependent variable, the
5 structures as predictors, and simple RT as a covariate
(mean of each condition for each subject) was used to
define which interactions (structure 3 complexity) should
be tested. The main model was then built, including the
structures tested in the exploratory model, the interactions
between the structures that were predictive of choice RT
in the exploratory model and complexity (easy vs com-
plex). This main model controlled for the effect of age
(young vs old adults), gender (males vs females), simple
RT, error (vs no error), session (1 vs 2), trial (1 to 75), and

total intracranial volume. These models specified partici-
pants (n 5 65) and conditions (n 5 15) as random factors
and were built using the R language lmerTest package,
version 2.0–30 (http://www.r-project.org/). The continu-
ous variables were scaled and centered on zero. Predictors
were checked for the absence of multicollinearity and
showed variance inflation factors below five (Hair et al.,
1995).

RESULTS

Multilimb Reaction-Time Task

With regard to normalized RT, the two-way ANOVA
demonstrated main effects of age [F(1,63) 5 75.05;
P< 0.001; g2

P 5 0.54], and coordination [F(5,315) 5 199.59;
P< 0.001; g2

P 5 0.76], and an interaction effect of age 3

coordination [F(5,315) 5 22.93; P< 0.001; g2
P 5 0.27]. Post-

hoc analyses revealed that RT were the longest in the 2L-
DIAG and 3L conditions (735 and 757 ms respectively;
ps< 0.001), and the shortest in the 1L, 2L-HOMO, and 4L
conditions (256 ms, 274 ms, and 318 ms, respectively; Fig.
2). RT in the 2L-IPSI (377 ms) was longer than 1L and 2L-
HOMO but shorter than the 2L-DIAG and 3L conditions.
Furthermore, old adults showed significantly longer RT in
the 2L-IPSI, 2L-DIAG, and 3L conditions as compared to
the young adults (486 vs 284 ms, 978 vs 527 ms, and 985
vs 562 ms, respectively).

Figure 2.

Normalized reaction time in the six coordination modes in

young (white bars) and old adults (black bars). ***P< 0.001; NS,

nonsignificant.

Figure 3.

Normalized error rate in the six coordination modes in young

(white bars) and old adults (black bars). ***P< 0.001; **P< 0.01;

NS, nonsignificant.
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With regard to normalized error rates, the two-way
ANOVA demonstrated a main effect of coordination
[F(4,252) 5 125.62; P< 0.001; g2

P 5 0.67]. Post-hoc analyses
revealed that error rates were the highest in the 2L-DIAG
and 3L condition (3.5 and 3.2%, respectively; ps< 0.001)
and the lowest in the 2L-IPSI condition (0.8%; P< 0.006)
(Fig. 3). In contrast, the main effect of age [F(1,63)< 0.01;
P 5 0.964; g2

P< 0.01] and the interaction effect
[F(4,252) 5 1.31; P 5 0.273; g2

P 5 0.02] were not significant.

Basal Ganglia Structures

As RTs were the shortest in the 1L, 2L-HOMO, and 4L
conditions and the longest in the 2L-DIAG and 3L condi-
tions, brain structure analyses were performed on easy
(1L, 2L-HOMO, 2L-IPSI, 4L) and complex task conditions
(2L-DIAG and 3L). Raw data of simple and choice RT in
these easy and complex conditions are reported in Figure
4. Analyses of the relation between performance in the
easy task conditions (1L, 2L-HOMO, 2L-IPSI, 4L) and the
shapes of subcortical structures across the whole group
did not result in any significance. Conversely, analyses of
the relation between performance in the most complex
task conditions (2L-DIAG and 3L) and the shapes of sub-
cortical structures across the whole group resulted in sig-
nificant associations. Specifically, longer normalized RT
during the most complex conditions was associated with
inward deformations of the mostly lateral and inferior
medial right pallidum. Also, associations were established
with medial parts of the left and right caudate. Inward

deformations of the posterior, anterior, and medial part of
the left nucleus accumbens, and almost the entire surface
of the right nucleus accumbens (Fig. 5, in red-yellow) were
also associated with longer RT. No associations were
detected with the putamen. Finally, the same vertex analy-
ses, but with simple RT (and gender and TIV) as predict-
ing variables, did not show any significant results, thereby
strengthening the specificity of the previous results.

Age-related inward deformation was observed in large
parts of the bilateral pallidum, caudate, and accumbens
(Fig. 6, in green-blue). In addition, these areas demonstrat-
ing age-related decline showed substantial overlap with
areas associated with RT performance (Figs. 5 and 6). To
quantify this overlap, we calculated the percentage of the
vertices associated with action selection performance that
were also associated with the age of the participant.
Results showed that 87.6% of the area of the right pal-
lidum was associated with both performance and age.
There was a 100% overlap for the left and right caudate,
and respectively 100% and 97.4% for the left and right
nucleus accumbens.

Dividing the total sample into young and old adult sub-
groups resulted in a significant performance–structure
association in the posterior and anterior parts of left

Figure 4.

Raw simple and choice reaction time (RT) in the easy (1L, 2L-

HOMO, 2L-IPSI, 4L) and complex conditions (2L-DIAG and 3L).

Figure 5.

Association between performance in most complex task condi-

tions (normalized reaction time in 2L-DIAG and 3-L) and inward

deformation (i.e., local atrophy) of the pallidum, caudate, and

nucleus accumbens in young and old adults. YA, young adults;

OA, old adults; L, left; R, right. [Color figure can be viewed at

wileyonlinelibrary.com]
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nucleus accumbens in old, but not young adults (Fig. 5).
The contrasts testing normalized error rates as predictors
for subcortical shapes were not significant.

Results of the exploratory linear mixed model showed a
significant fixed effect of simple RT (b 5 66.0, P< 0.001),
left caudate (b 5 295.2, P< 0.001), and left nucleus accum-
bens (b 5 255.1, P 5 0.042). The fixed effects of the right
pallidum (b 5 20.8, P 5 0.972), right caudate (b 5 24.7,
P 5 0.105), and right accumbens were not significant
(b 5 20.24, P 5 0.993).

Results of the main linear mixed model (Table I) showed
a significant interaction between the effect of complexity
and the effects of the left caudate (b 5 98.4, P< 0.001) and
left nucleus accumbens (b 5 96.6, P< 0.001), and revealed
that these structures predicted choice RT in the complex
(P< 0.016), but not easy conditions (P> 0.330). Important-
ly, these effects of the left caudate (b 5 270.7, P 5 0.016;
Fig. 7) and left nucleus accumbens (b 5 283.2, P 5 0.001;
Fig. 7) in the complex conditions were significant while
controlling for the effect of simple choice RT (b 5 22.8,
P< 0.001), thereby allowing these effects to be predictive
of the action selection process. Furthermore, these effects
were significant irrespective of age group (b 5 326.7,
P< 0.001), gender (b 5 215.9, P 5 0.746), the number of
failed trials (b 5 288.8, P 5 0.083), the practice effect across
sessions (b 5 263.0, P< 0.001) and trial (b 5 20.4,
P< 0.001), and total intracranial volume (b 5 28.8,
P 5 0.740). In sum, the atrophy of the left caudate and left
nucleus accumbens was the only basal ganglia substruc-
tures predicting action selection in the complex conditions.

DISCUSSION

Here we investigated whether the shape of specific basal
ganglia structures was associated with action selection per-
formance in a multilimb RT task, and whether such pre-
dictions are dependent on age and the level of task
complexity. As expected on the basis of the study by
Boisgontier et al. (2014), behavioral results demonstrated
the highest normalized RT and error rates in the 2L-DIAG
and 3L conditions for both young and old adults. Further-
more, the difference in performance between young and
old adults, as assessed with normalized RT, was the larg-
est in these two task conditions. These results suggest spe-
cific age-related impairment in processes underlying
performance during these conditions. Imaging analyses
and linear mixed models revealed that local atrophy of the
left caudate and left nucleus accumbens were predictive of
performance in the most complex task conditions, but not
in the easier conditions. This result indicates that the cen-
tral processing that dissociates the 2L-DIAG and 3L condi-
tions from the other conditions is related to caudate and
nucleus accumbens grey matter.

Action Selection in Young and Old Adults

To be able to interpret the results of this study, we first
need to account for the mechanisms that dissociate the
two most complex task conditions (2L-DIAG and 3L) from

Figure 6.

Association between age (young vs old adults) and inward defor-

mation (i.e., local atrophy) of the pallidum, caudate, and nucleus

accumbens. L, left; R, right. [Color figure can be viewed at

wileyonlinelibrary.com]

Figure 7.

Fixed effects and the 95% confidence interval of the mean of

the vertex values of the left caudate and left accumbens on

choice reaction time (RT). These effects were significant while

controlling for all the other effects reported in Table I, including

simple reaction time and age group.
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the others. On an information processing level, Boisgontier
et al. (2014) have studied the principles that govern infor-
mation processing during choice RT task performance,
and constructed a model in which two principles deter-
mine RT. First, the recruitment principle states that
response complexity increases with the number of effec-
tors to be moved. Second, the selection principle states
that moving a particular combination of effectors (e.g., 2
limbs located diagonally vs ipsilaterally) determines
response complexity. While performance in choice RT
tasks is highly dependent on both of these principles, per-
formance in simple RT tasks is mainly dependent on the
recruitment principle. Therefore, by normalizing the RT
data (i.e., choice RT 2 simple RT), a clean measure of the
time needed for limb selection can be obtained. The longer
normalized RT, as observed in our study during 2L-DIAG
and 3L task conditions, can therefore be explained by
increased complexity in the specific process of limb selec-
tion and this should be considered against the backdrop of
specific (neural) coupling effects among the 4 effectors.
More specifically, coupling is strongest between the
homologous effectors, followed by ipsilateral and diagonal
effectors. This implies that selection of one hand may also
facilitate selection of the contralateral hand unless this is
actively suppressed, and the same applies for the feet
(Boisgontier et al. 2014). This is actually supported by
transcranial magnetic stimulation work in a choice RT

task, showing that selection of 1 limb is associated with
active inhibition of the homologous limb (Cuypers et al.,
2013), highlighting homologous bimanual movement as
being the default movement. Additionally, the level of
inhibition of cortical motor pathways in cyclical move-
ments has shown to be higher between ipsilateral, relative
to diagonal limbs (Fujiyama et al., 2009). Old adults are
disproportionally impaired during these task conditions,
as suggested by the normalized RT data. This impairment
supports previous studies highlighting an age-related
decline in inhibitory pathways (Levin et al., 2014), espe-
cially that associated with diagonal movements (Fujiyama
et al., 2012). Taken together, these results suggest that
brain structures associated with action selection (as deter-
mined in our RT task) are also involved in the regulation
of inhibitory pathways.

It is important to note that, as compared to RT, aging
did not impact normalized error rates. The absence of dis-
proportionate error rates is consistent with performance
strategies known in old adults. Being aware of their
impairment, old adults adapt by slowing down the
response time to emphasize response accuracy. In other
words, the speed/accuracy tradeoff is shifted toward accu-
racy and this is a remarkable strategic phenomenon in the
aging system (Starns and Ratcliff, 2010). Therefore, the
impact of age on action selection was only revealed
through RT and not error rate.

TABLE I. Predictors of the choice reaction time (RT)

Easy Complex

Fixed Effects b SE P b SE P

Intercept 5.869 3 102 4.379 3 101 <0.001*** 1.095 3 103 4.650 3 101 <0.001***
Young vs Old adult 3.267 3 102 6.282 3 101 <0.001*** 3.267 3 102 6.282 3 101 <0.001***
Male vs female 21.590 3 101 4.878 3 101 0.746 21.590 3 101 4.878 3 101 0.746
Simple reaction time 2.282 3 101 4.736 3 100 <0.001*** 2.282 3 101 4.736 3 100 <0.001***
Error (0 vs 1) 2.888 3 102 1.663 3 102 0.083 2.888 3 102 1.663 3 102 0.083
Session (1 vs 2) 26.296 3 101 5.010 3 100 <0.001*** 26.296 3 101 5.010 3 100 <0.001***
Trial (1–75) 23.940 3 1021 1.163 3 1021 <0.001*** 23.940 3 1021 1.163 3 1021 <0.001***
Complexity 5.086 3 102 3.533 3 101 <0.001*** 25.086 3 102 3.533 3 101 <0.001***
Total intracranial volume 28.764 3 100 2.633 3 101 0.740 28.764 3 100 2.633 3 101 0.740
Caudate R 1.633 3 101 1.405 3 101 0.248 1.633 3 101 1.405 3 101 0.248
Accumbens R 1.532 3 101 2.438 3 101 0.532 1.532 3 101 2.438 3 101 0.532
Pallidum R 1.738 3 100 2.214 3 101 0.938 1.738 3 100 2.214 3 101 0.938
Caudate L 2.772 3 101 2.826 3 101 0.330 27.068 3 101 2.847 3 101 0.016*
Accumbens L 1.347 3 101 2.485 3 101 0.590 28.317 3 101 2.510 3 101 0.001**
Caudate L 3 complexity 9.664 3 101 6.266 3 100 <0.001*** 9.664 3 101 6.266 3 100 <0.001***
Accumbens L 3 complexity 9.841 3 101 6.218 3 100 <0.001*** 9.841 3 101 6.218 3 100 <0.001***

Random effects r2

Participant
Intercept 1.426 3 104

Condition
Intercept 4.369 3 103

Residual 5.476 3 104

L, left; R, right; P< 0.1; *P< 0.05; **P< 0.01; ***P< 0.001.
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Nucleus Accumbens

So far, the nucleus accumbens, often referred to as the
ventral striatum, has widely been considered as a critical
structure within the reward circuitry (Ikemoto and Pan-
ksepp, 1999). Specifically, the nucleus accumbens is acti-
vated when successfully choosing between a variety of
nonmotor responses (e.g., Botvinick et al. 2009, Kuhnen
and Knutson 2005). However, increasingly attention is
turning to the potential role of the nucleus accumbens in a
diversity of behavioral functions, including motor control
and learning (Floresco, 2015; Salamone et al., 2005; Sawada
et al., 2015). Specifically, administration of dopamine/nor-
epinephrine agonist in the core of the nucleus accumbens
results in premature responses in a choice RT task
(Economidou et al., 2012). Experimentally impaired nucle-
us accumbens functioning shows large effects on RT per-
formance when there is ambiguity in the correct choice of
response (Christakou et al. 2004, Pezze et al. 2007). Taken
together, reward and RT studies suggest that the nucleus
accumbens is involved in both approach and avoidance
behavior at the psychological and at the motor level. Our
results clearly supported this view of the nucleus accum-
bens being critical in action selection, especially in old
adults. Therefore, the age-related difference in normalized
RTs could be accounted for by the possible age-related
structural alteration of the nucleus accumbens.

Caudate

The association between performance and the caudate
structure was significant only in the more complex condi-
tions of our multilimb RT task. This is consistent with
results of a study using the Tower of London task and
showing that the activity of the caudate was correlated
with task complexity (Dagher et al., 1999). Other studies
showed that the caudate is critical in performing automatic
tasks and adapting fast responses (Iaria et al., 2003;
Poldrack et al., 2001). Here, the ability to link perceptual
information or input with motor output commands in an
automatic manner indeed likely mainly determined perfor-
mance in the complex conditions.

Pallidum

In the literature, blockade of the pallidum has been
shown to increase RT in monkeys (Kato and Kimura,
1992), whereas other studies did not show any involve-
ment of the pallidum in RT (Amato et al., 1978; Horak and
Anderson, 1984; Mink and Thach, 1991). Accordingly, the
impact of the pallidum on RT was unclear as was the
effect of task complexity. Results of the shape analysis
suggested that pallidal integrity was associated with per-
formance during complex, but not during easy task condi-
tions. However, the linear mixed model revealed that
when all the basal ganglia substructures are taken into
account, the pallidum does not predict action selection.

We also showed that the association between performance
and pallidum structure was not affected by age. Therefore,
the age-related difference in normalized RTs could not be
explained by the possible age-related structural alteration
of the pallidum.

CONCLUSION

On a behavioral level, we showed that (i) age impacts
action selection in demanding task conditions such as
moving 2 diagonally located limbs or 3 limbs, and (ii) this
age-related impairment is evidenced by RT, but not error
rates. On a neurobiological level, we showed that (iii) local
atrophy of the caudate and nucleus accumbens are associ-
ated with longer action selection times and (iv) the action
selection performance in old adults is more tightly linked
to local atrophy of the left nucleus accumbens than in
young adults. This latter result corroborates emerging evi-
dence suggesting that the nucleus accumbens is particular-
ly relevant for the process of action selection.
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