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In complex everyday environments, action selection is critical for optimal goal-directed behavior. This refers to the process of
choosing a proper action from the range of possible alternatives. The neural mechanisms underlying action selection and
how these are affected by normal aging remain to be elucidated. In the present cross-sectional study, we studied processes of
effector selection during a multilimb reaction time task in a lifespan sample of healthy human adults (N= 89; 20-75 years; 48
males, 41 females). Participants were instructed to react as quickly and accurately as possible to visually cued stimuli repre-
senting single-limb or combined upper and/or lower limb motions. Diffusion MRI was used to study structural connectivity
between prefrontal and striatal regions as critical nodes for action selection. Behavioral findings revealed that increasing age
was associated with slowing of action selection performance. At the neural level, aging had a negative impact on prefronto-
striatal connectivity. Importantly, mediation analyses revealed that the negative association between action selection perform-
ance and age was mediated by prefronto-striatal connectivity, specifically the connections between left rostral medial frontal
gyrus and left nucleus accumbens as well as right frontal pole and left caudate. These results highlight the potential role of
prefronto-striatal white matter decline in poorer action selection performance of older adults.
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Significance Statement

As a result of enhanced life expectancy, researchers have devoted increasing attention to the study of age-related alterations in
cognitive and motor functions. Here we study associations between brain structure and behavior to reveal the impact of cen-
tral neural white matter changes as a function of normal aging on action selection performance. We demonstrate the critical
role of a reduction in prefronto-striatal structural connectivity in accounting for action selection performance deficits in
healthy older adults. Preserving this cortico-subcortical pathway may be critical for behavioral flexibility and functional inde-
pendence in older age.

Introduction
Everyday behavior requires a continuous stream of decisions for
actions among the many options emerging from navigation
through complex habitats. We need to decide what to do and

how to do it, referring to action selection and action specifica-
tion, respectively. Often, these processes may operate in an inte-
grated manner (Cisek, 2007). The “what” processes relate to goal
establishment (selection of motor goals). The “how” processes
refer to composing the movement to achieve that goal (motor
planning) (Wong et al., 2015). Motor planning refers to selection
of the effector and specification of the required movement.
When many potential actions are available, a specific action
needs to be chosen among the many motor bids that compete
with each other while others are deselected (Humphries, 2014).
Action selection plays a major role in the survival of biological
systems, motivating its investigation at both behavioral and neu-
ral levels (Gurney et al., 1998).

A rich history of experimental work has addressed action
(effector) selection processes using reaction time (RT) paradigms
(Welford, 1980; Stoloff et al., 2011; Labruna et al., 2014;
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Greenhouse et al., 2015). A simple or complex stimulus is fol-
lowed by a temporal delay before the buildup of muscle activity
and onset of movement. RT can be further decomposed into a
central processing (premotor time) and peripheral component
(motor time). Reacting to a single stimulus (simple RT [SRT]) is
faster than reacting to multiple possible stimuli (choice RT
[CRT]), and the difference between CRT and SRT reflects the
neural processes underlying action selection (Donders,
1969). Based on this idea, our group introduced a multilimb
RT (ML-RT) task, which focuses on visual stimulus process-
ing for effector selection (Boisgontier et al., 2014). It consists
of SRT and CRT subtasks requiring the selection and execu-
tion of one or more limb movements (1-4 limb segments)
(Boisgontier et al., 2014). Because of the strong connectivity
between brain regions controlling the limbs, accurate task
performance requires a balance between excitatory (effector
selection and integration) and inhibitory mechanisms (to
suppress the nonselected limb segments) to realize a unified
action plan (Swinnen, 2002). Nevertheless, the neural path-
ways underlying these mechanisms remain elusive and
require further investigation.

Cortico-subcortical brain systems contribute to ultimate
selection among competing actions. On the one hand, the pre-
frontal areas process information that is pertinent to action selec-
tion (Miller, 2000; Tanji and Hoshi, 2001) and its subjective
value (Schultz et al., 2000; Wallis, 2007). On the other hand, the
basal ganglia also play a critical role in action selection and inhi-
bition of the competing alternatives, thereby instantiating the
desired action plan (Mink, 1996; Redgrave et al., 1999; Schultz,
2004; Colder, 2015). Specifically, the striatum (caudate [CA],
putamen, and nucleus accumbens [NAC]) receives inputs from
various regions, particularly the (pre)frontal regions, and infor-
mation about action selection is sent from the basal ganglia via
the thalamus to the cortex (Alexander et al., 1986). Although
structural connectivity (SC) of the basal ganglia has been studied
in detail (Cacciola et al., 2017; Milardi et al., 2019), it is still
unclear which specific prefronto-striatal connections are candi-
date predictors of action selection and how these are affected by
aging and disease.

Brain morphologic studies have reported age-related decreases
in volume and shape of the basal ganglia and their association
with behavioral decline (Serbruyns et al., 2015; Chalavi et al.,
2018). Specifically, age-related gray matter atrophy of the CA and
NAC has been found to result in longer action selection times dur-
ing ML-RT task performance (Boisgontier et al., 2016). Moreover,
age-associated white matter alterations may compromise the in-
formation transmission capacity in prefronto-striatal connections.
Interestingly, Bonifazi et al. (2018) used functional (resting-state)
and structural (diffusion MRI [dMRI] tractography) connectivity
to establish a connectome “age” (structure-function connectome)
and compared this with the chronological age. They found that
the fronto-striato-thalamic circuit made the strongest contribution
to age estimation. Nevertheless, which specific prefronto-striatal
connections mediate different behavioral task conditions remains
unclear.

Here, we used dMRI to investigate SC of the prefrontal-
striatal pathways in association with action selection per-
formance during the ML-RT task in healthy adults (20-75 years).
We hypothesized that: (1) older age would result in increases in
the central processing component of RT; (2) prefronto-striatal
connectivity status would differ among age groups; and (3) these
SC differences would mediate the association between RT and
age.

Materials and Methods
Participants. Ninety-two right-handed adults, aged between 20 and

75 years with a normal or corrected-to-normal vision, participated in the
study. Three participants were excluded: 2 participants scored ,24 on
the Montreal Cognitive Assessment test (Nasreddine et al., 2005) and 1
participant exhibited a brain lesion, as identified on their MRI scan
and verified by a trained clinical radiologist. Thus, the final analy-
ses were performed on the remaining 89 participants (age, mean 6
SD: 48.166 17.44 years, 48 males) consisting of 29 young adults
(YA): from 20-40 years, 26.966 6.02 years, 13 males; 31 middle-
aged adults (MA): from 40-60 years, 49.506 5.70 years, 17 males,
and 29 older adults (OA): .60 years, 67.946 3.46 years, 18 males.
None suffered from psychiatric and/or neuromuscular impair-
ments. These subgroups were only applied for the behavioral analy-
sis using ANOVA. In the remaining analyses, age was considered a
continuous variable. The study was approved by the local Medical
Ethics Committee of KU Leuven (study number S60428) in accord-
ance with the Declaration of Helsinki and its amendments. All par-
ticipants provided written informed consent before the start of the
study and received financial compensation for participating.

ML-RT task. The ML-RT task has been fully described in previous
publications (Boisgontier et al., 2014, 2016). Generally, this task has pro-
ven to be very instrumental in uncovering interactions between brain
structure and behavior in general and processes of motor facilitation
and inhibition during complex multilimb task performance specifically
(Boisgontier et al., 2014). Participants were seated in front of a PC screen,
with their forearms resting on a table and their hands and forefeet on tab-
lets with capacitive proximity switches (Fig. 1A; Pepperl Fuchs CBN5-
F46-E2, sampling frequency: 1000Hz). Four squares representing the
four limb segments were presented on the screen. Mapping of the visual
stimuli was maximally congruent with the location of the effectors; that
is, the right and left upper squares represented the right and left hands,
whereas the right and left lower squares represented the right and left
feet, respectively. Once all four limb segments were in contact with the
tablets simultaneously, a subset of the squares on the screen turned blue
depending on the limbs to be moved. In response to this stimulus, partici-
pants had to release contact with the corresponding tablet(s) as quickly
and as correctly as possible by lifting the indicated limb segment(s). The
detailed sequence for each trial was as follows (Fig. 1B): Squares were
gray when limbs were not in contact with the tablets. They turned white
when the limb segments contacted the corresponding tablet. A trial
started as soon as the four limbs were in contact with the tablets simulta-
neously. After a randomly varying time interval, ranging from 500 to
1000ms, one or more squares turned blue and the participant had to
release contact with the corresponding tablet(s) as quickly as possible. If
the participant lifted the incorrect limb(s), the corresponding square(s)
turned red. If the participant lifted the correct limb(s), the corresponding
square(s) turned green. A trial was only validated when the response was
fully correct (i.e., without any red squares on the screen). Once the trial
was validated, the green squares turned back to gray. Then, the partici-
pant repositioned all limb segments on the tablets to start a new trial. All
the 15 possible stimulus modes were tested: 4 single-limb conditions, 6
two-limb conditions, 4 three-limb conditions, and 1 four-limb condition.
These conditions were grouped into 6 stimulus clusters based on the
number of recruited limbs and the coupling/decoupling interactions
involved (Fig. 1C): 1-limb stimulus cluster (1L); 2-homologous upper or
lower limb stimulus cluster (2L-Homo); 2-ipsilateral (right upper right
lower or left upper left lower) limb stimulus cluster (2L-Ipsi); 2-diagonal
(left upper right lower or left lower right upper) limb stimulus cluster
(2L-Diag); 3-limb (2L-Ipsi plus upper/lower contralateral) stimulus clus-
ter (3L); and one 4-limb cluster (4L). The differential difficulty of these
coordination modes is not necessarily determined by the number of limb
segments that have to be moved but also by their degree of convergence
with or reliance on preexisting preferred coordination modes (Swinnen,
2002). For example, homologous limb combinations are easy to perform
because these are consistent with the default coordination modes (i.e.,
moving either both upper or both lower limbs together). Conversely, per-
forming 2-limb diagonal coordination modes are more difficult because
they require suppression of the homologous counterpart. For example,
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moving the right arm together with the left leg requires suppression of
the left arm and right leg movement given the pervasive coupling tend-
ency between the homologous limbs (for review, see Swinnen, 2002).
Thus, depending on the stimulus condition, active limb selection is also
accompanied by deselection/suppression of other limbs. Together, this
combination of excitation and inhibition mechanisms impacts the time
required to perform these ML-RT tasks.

For familiarization purposes, participants were instructed to perform
each stimulus mode before initiation of the experiment. The experiment
was composed of two blocks, which were 5min apart. The first block,
called SRT, was composed of randomized 10 trial runs of each of the 15
stimulus modes. Before each run, the participant was presented with a
figure of the stimulus that would appear on the screen for the next 10 tri-
als (predictive: no choice required). The second block, called CRT, con-
sisted of performing 150 trials (15 stimulus modes� 10 trials) in
randomized order (nonpredictive: choice required). In total, each partic-
ipant performed 300 trials.

Behavioral data analysis. For error-free trials, the elapsed time
between the onset of visual stimulus presentation and the time the par-
ticipant released the corresponding limbs was obtained and defined as
RT. We chose to include only error-free trials in the RT analyses because
including erroneous trials would require the addition of a correction

time to the elapsed RT, which would detract from and complicate the
interpretation of the true action selection time. Within each stimulus
mode of each participant, trials with RT values .3 scaled median abso-
lute deviations (Leys et al., 2013) were considered as outliers and
removed. This procedure resulted in removing 5.56 2.9% (mean6 SD)
of the trials across all participants. The median value of the remaining
trials in each stimulus mode was obtained and averaged to summarize
the initial 15 stimulus modes into 6 stimulus clusters (1L, 2L-Homo, 2L-
Ipsi, 2L-Diag, 3L, and 4L). This procedure was applied to both SRT and
CRT trials. Since this study was focused on cognitive processes involved
in action selection, the net RT (NRT) was calculated by subtracting the
SRT values from the CRT values to provide a distinct measure of the
central processing of action selection, free of confounds.

Additionally, the percent error rate in each coordination mode was
calculated by dividing the number of error trials by the total number of
trials, multiplied by 100. A trial was considered as erroneous when the
participant released an incorrect limb. Similar to RT, the simple error
percentage values were subtracted from the choice percentage values to
obtain the net error rate (NER). Given the presence of more potential
error locations in stimulus clusters with the lower number of recruited
limbs than those with the higher number of recruited limbs (i.e., three
wrong effectors are possible to be recruited in 1L stimulus cluster, 2 in

Figure 1. A, Experimental setup. Participants are seated in front of a screen, with their forearms resting on a table and their fingers and forefeet on tablets. B, Exemplar ML-RT task trial pro-
cedure. Top squares represent stimulus cues for left and right hand. Bottom squares represent cues for left and right feet, respectively. Bi, When the limb segments are not connected to the
tablets, the corresponding squares are gray. Bii, They turn white as soon as the corresponding limbs contact the tablets. Biii, The setup is ready for a trial when all of the limbs are in contact
with their corresponding tablets. Biv, After a randomly varying time ranging from 500 to 1000ms, the stimuli are presented by blue squares, indicating the limbs that should be released as
quickly and correctly as possible. Bv, If the participant releases the incorrect limb, the corresponding square(s) turn(s) red. Bvi, If the participant lifts the correct limb(s), the corresponding
square(s) turn(s) green. Bvii, A trial is not validated until the response is fully correct, that is, without any red square on the screen. Bviii, As soon as the trial is validated, the green squares
turn back to gray. Bix, Participants have to reposition all limb segments on the tablets to start a new trial. C, Different stimulus modes and clusters: the 15 possible modes (“a” to “o”) are
grouped into 6 clusters (1L, 2L-Homo, 2L-Ipsi, 2L-Diag, 3L, and 4L) based on the number of limbs to be recruited (1, 2, 3, or 4) and the coupling/decoupling interactions involved. Adapted
with permission from Boisgontier et al. (2014).
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2L, and 1 in 3L), the NERs were divided by 3, 2, and 1 in 1L, 2L, and 3L
stimulus clusters, respectively. This adjustment makes the NER compari-
son across the stimulus clusters more meaningful (Boisgontier et al.,
2014, 2016).

Image acquisition. MRI data were acquired using a Philips Achieva
3T scanner with a 32-channel head coil, located at the University
Hospital of Leuven, Belgium. The multishell dMRI data were acquired
using a spin-echo EPI sequence with the following parameters: b = 700
s/mm2 (16 directions); b = 1200 s/mm2 (30 directions); b = 2800 s/mm2

(50 directions); 6 interleaved volumes without diffusion weighting (b= 0
s/mm2); voxel size= 2.5� 2.5� 2.5 mm3, TE/TR=74/9000ms; SENSE =
2; matrix size = 96� 96; and number of axial slices= 50. In addition, 1
b=0 s/mm2 image was acquired with reversed phase encoding, for the
purpose of susceptibility-induced distortion correction. The total acquisi-
tion time was 17.5min. Furthermore, a high-resolution three-dimen-
sional T1-weighted anatomic image was acquired (three-dimensional
transient field echo; TR=9.6ms; TE =4.6ms; inversion time=900ms;
flip angle= 8°; voxel size= 0.98� 0.98� 1.2 mm3; FOV=250 � 250 �
192 mm3; 160 coronal slices, total scan time= 6min).

Image processing. Where not stated explicitly, processing was per-
formed using the MRtrix3 software package (Tournier et al., 2019). In
brief, dMRI data were denoised (Veraart et al., 2016) and corrected for
eddy current distortions, motion, and susceptibility-induced distortions
(Andersson et al., 2003, 2016; Andersson and Sotiropoulos, 2016).
Afterward, 3-tissue response functions representing single-fiber white
matter, gray matter, and CSF were obtained from the data themselves
using an unsupervised approach (Dhollander et al., 2016). Next, 3-tissue
constrained spherical deconvolution was performed for each participant,
using averaged (across all participants) response functions for each tissue
type with the multishell multitissue constrained spherical deconvolution
algorithm (Jeurissen et al., 2014), resulting in the white matter fiber ori-
entation distribution (FOD) for each voxel. Joint bias field correction
and global intensity normalization of the 3-tissue parameters were per-
formed in the log-domain.

Following the initial processing, tractograms were generated. Thus,
for each participant, the second-order integration over FOD algorithm
(iFOD2) (Tournier et al., 2010) and the anatomically constrained tractog-
raphy (Smith et al., 2012), with dynamic seeding (Smith et al., 2015b),
FOD amplitude threshold 0.06, step size of 1.25 mm, length of 5-250
mm, and backtracking (Smith et al., 2012) were used to generate 10 mil-
lion probabilistic streamlines. Furthermore, each streamline was assigned
a weight, computed using the spherical-deconvolution informed filtering
of tractograms (SIFT2) (see Smith et al., 2015b). Based on each partici-
pant’s tractogram, an individual connectome was computed using 84
regions (Desikan et al., 2006) parcellated in native space (cortex and cere-
bellum were parcellated using Freesurfer (Fischl, 2012); subcortical
regions were determined using FSL FIRST (Patenaude et al., 2011; see
Smith et al., 2015b)), with connection strengths calculated by summing
the weights of the relevant streamlines. Intraregional connection
strengths were set to zero (Rubinov and Sporns, 2010). The 96 connec-
tions/tracts of interest between the striatal node and the PFC were
selected for further analysis (Fig. 2). The striatal nodes include the follow-
ing: the left/right CA (L/R CA), left/right putamen (L/R PU), and left/
right NAC (L/R NAC). The nodes of the PFC include the following: the
left/right caudal anterior cingulate gyrus (L/R CACG), left/right caudal
middle frontal gyrus (L/R CMFG), left/right lateral orbitofrontal gyrus
(L/R LOFG), left/right medial orbitofrontal gyrus (L/R MOFG), left/right
rostral anterior cingulate gyrus (L/R RACG), left/right rostral middle
frontal gyrus (L/R RMFG), left/right superior frontal gyrus (L/R SFG),
and left/right frontal pole (L/R FP).

Total intracranial volume (TIV) was obtained from the T1-weighted
image using the standard pipeline of FreeSurfer (Fischl, 2012), and the
average participant’s head movement across dMRI volumes was com-
puted from the restricted root-mean-square movement output by the
FSL (Jenkinson et al., 2012).

Statistical analysis. To investigate age-related differences in the cog-
nitive cost associated with a particular stimulus cluster, the NRT and
NER were separately modeled in Statistica using a 3� 5 repeated-meas-
ures ANOVA. In this analysis, age (20-75 years) was considered as a

categorical, between-subject factor with three levels: YA, 20-40 years,
n=29; MA, 40-60 years, n= 31, and OA: .60 years, n= 29. Stimulus
cluster was considered as a within-subject factor with five levels: 1L, 2L-
Homo, 2L-Ipsi, 2L-Diag, and 3L. The 4L stimulus cluster was not con-
sidered in the analyses because: (1) the data from several participants
were missing; and (2) this condition always resulted in an absence of
error as all limbs had to be recruited. For all the statistical analyses, the
significance level was considered as p, 0.05, two-tailed. p values of
ANOVAs were corrected for sphericity using the Greenhouse-Geisser
method when Mauchly’s test was significant. Following the statistical
method reported previously (Boisgontier et al., 2016), error rates were
transformed using the (NER1 2.5)1/2 transformation (Bartlett, 1947) to
stabilize the variance of the measurements and increase the validity of
the analysis. When ANOVA revealed significant effects, post hoc tests
(Tukey HSD with correction for multiple comparisons) were used to
identify the loci of the effects. Partial h squared (h2P) were reported to
indicate small (0.01), medium (0.06), and large (0.14) effect sizes (Sink
and Stroh, 2006).

To investigate associations between age (as a continuous variable) or
action selection performance (NRT or NER) and prefronto-striatal SC,
nonparametric Spearman correlation analyses were conducted in
MATLAB R2019b (The MathWorks). In these analyses, gender, TIV,
and the average participant head movement across dMRI volumes were
controlled for. p values were corrected for multiple comparisons using
the false discovery rate (FDR) method with q=0.05 (Benjamini and
Hochberg, 1995).

Mediation analysis. To investigate whether declines in prefronto-
striatal SC with aging contribute to the age-related slowing in multilimb
action selection time, mediation analyses were performed (MacKinnon
et al., 2007). In these analyses, mediation of the age-action selection time
relation by white matter SC was conceptually defined as age negatively
affecting SC, and declined white matter SC leading to worse perform-
ance (i.e., increased action selection time). Thus, connections/tracts
exhibiting statistically significant (after FDR correction) negative associ-
ations with both age and NRT were selected as candidate mediators.

The commonly used mediation model (Baron and Kenny, 1986),
implemented in the M3 mediation toolbox (Wager et al., 2008, 2009),
was used. The first step in this approach is the evaluation of the overall
effect of age on action selection performance, hereafter referred to as
total effect of age on action selection (c) (Fig. 3). Next, we evaluated
whether (part of) this total effect of age on action selection performance
was explained by the effect of age on SC of a specific white matter tract
(i.e., mediator). Accordingly, for each tract of interest, a mediation
model was tested in which the total effect was partitioned into two dis-
tinct pathways that were evaluated using ordinary least squares path
analysis. The first pathway, hereafter referred to as indirect pathway
(ab), represents how age contributes to differences in the candidate me-
diator variable, and how this in turn contributes to differences in action
selection performance. The indirect effect was estimated as ab, meaning
the product of path a, which represents the effect of age on the mediator
variable, and path b, which represents the effect of the mediator variable
on action selection performance while controlling for the effect of age.
Of particular interest was the indirect effect, since a significant indirect
effect would indicate significant mediation by the mediator variable used
in the model. Although not critical for the evaluation of the significance
of mediation by the mediator variable being tested, the second pathway,
hereafter referred to as direct pathway (c9), was also investigated. This
pathway represents the residual influence of age on action selection per-
formance, that is, the effect of age on action selection performance inde-
pendent of its effect via the mediator variable (i.e., tract SC) used. This
direct effect was estimated with c9, and corresponds exactly to the differ-
ence between the total and the indirect effect of age on action selec-
tion performance in the model. One of the main advantages of this
method is that it enables direct testing of the significance of the indi-
rect effect and therefore mediation. Here, this was accomplished
using 10,000 bootstrap samples to determine bias-corrected 95%
CIs for the indirect effects. Accordingly, indirect effects with 95%
CIs entirely above zero (one-tailed test based on the directional
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hypotheses) were regarded as significantly mediating the relation
between age and action selection performance.

Results
ML-RT task
With regard to the temporal duration of the action selection pro-
cess (NRT), results of the two-way 3� 5 ANOVA demonstrated
a main effect of stimulus cluster (F(1.55,133.66) = 263.62; p, 0.001;
h 2

P = 0.75). Post hoc analyses showed no difference in NRT
between the 2L-Diag and 3L stimulus clusters (p= 0.082; see Fig.
4A). The NRT was the longest for these stimulus clusters and
decreased progressively in the 2L-Ipsi. 2L-Homo. 1L stimulus
clusters, respectively (p values, 0.001). These findings indicate a

slowing of multilimb action selection times as the task becomes
more complex. There was also a significant main effect of age
(F(2,86) = 23.76; p, 0.001; h 2

P = 0.36). Post hoc analyses indicated
that NRT was the longest in the OA group, followed by the MA
group and finally the YA group that showed the shortest time
(p values, 0.006). This suggests that multilimb action selection
is already compromised as early as at middle age. Finally, the sig-
nificant age � stimulus cluster interaction effect (F(3.11,133.66) =
6.47; p, 0.001; h 2

P = 0.13) indicates that age disproportionally
affected the action selection times in the more difficult compared
with easier stimulus clusters.

With regard to error rate (NER), the two-way ANOVA dem-
onstrated a main effect of stimulus cluster (F(2.88,247.73) = 163.57;
p, 0.001; h 2

P = 0.66). Post hoc analyses revealed that error rates

Figure 2. Representation of prefronto-striatal regions and corresponding connections evaluated in this study. CACG = caudal anterior cingulate gyrus, CMFG = caudal middle frontal gyrus,
LOFG = lateral orbitofrontal gyrus, MOFG = medial orbitofrontal gyrus, RACG = rostral anterior cingulate gyrus, RMFG = rostral middle frontal gyrus, SFG = superior frontal gyrus, FP = frontal
pole, CA = caudate, PU = putamen, NAC = nucleus accumbens.
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were the highest in the 2L-Diag and 3L stimulus clusters (p
values, 0.001; see Fig. 4B). However, NER did not differ
between these two stimulus clusters (p=0.12). NER did not differ
between 1L and 2L-Homo stimulus clusters (p= 0.2), and the 2L-
Ipsi stimulus cluster had the lowest NER among all stimulus clus-
ters (p values, 0.026). The main effect of age (F(2,86) = 1.55;
p=0.22; h 2

P= 0.04) and the interaction effect of age � stimulus
cluster (F(5.76,247.73) = 1.3; p=0.26; h

2
P= 0.03) were not significant.

Brain-behavior and age association
NRTs were longer in 2L-Diag and 3L stimulus clusters and
shorter in the 1L, 2L-Homo, and 2L-Ipsi clusters. Accordingly,
analogous to previous studies (Boisgontier et al., 2014, 2016),
brain-behavior analyses were performed on 2 levels of task com-
plexity: difficult (average of 2L-Diag and 3L) and easy (average of
1L, 2L-Homo, and 2L-Ipsi) task conditions. The results of the
correlation analyses between prefronto-striatal connectivity and
NRT in these collapsed task conditions are shown in Figure 5.

Regarding the easy task condition (Fig. 5A), negative associa-
tions between NRT and SC were found for the left NAC-left
RMFG, left NAC-left FP, right NAC-right RMFG, and right
NAC-right FP tracts (all Spearman’s r , �0.33; all FDR-cor-
rected p values , 0.002). Regarding the difficult task condition
(Fig. 5B), the connectivity of the right FP-right/left CA was
negatively associated with NRT (all Spearman’s r , �0.36; all
FDR-corrected p values, 0.001). The negative direction of these
correlations indicates that weaker SC was associated with increased
(slower) action selection times. It is also worth noting that, while
the spatial extent of these associations is confined to intrahemi-
spheric connections for the easy condition, it also includes the
interhemispheric connections for the difficult condition. The same
analysis was performed on NER, but no significant associations
were obtained.

Age-related differences in prefronto-striatal white matter
connectivity were also observed (Fig. 6). The negative associ-
ations of connectivity with age, reflecting decreased connec-
tivity with advancing age, were mainly pronounced for the
CA connections to the prefrontal regions (both intrahemi-
spheric and interhemispheric). Except for left CACG, the
connectivity of all left prefrontal areas to right CA showed
significant negative associations with age (all Spearman’s
r , �0.41; all FDR-corrected p values , 0.01). Similarly,
right CA-right RMFG/SFG/FP connections demonstrated
significant negative associations with age (all Spearman’s

r , �0.48; all FDR-corrected p values , 0.01). For the left
CA, left CA-left LOFG/RMFG/SFG/FP/right MOFG/FP
showed significant negative associations with age (all Spearman’s
r , �0.43; all FDR-corrected p values , 0.01). Age-related
decreases in connectivity were not limited to the CA. For example,
connectivity of the right NAC-right FP and left NAC-left RMFG/
FP/right RACG decreased with age (all Spearman’s r , �0.35; all
FDR-corrected p values, 0.01). Conversely, a significant increase
in connectivity with age was seen for the white matter connections
between the PU and ipsilateral MOFG in both hemispheres (both
r values. 0.33; both FDR-corrected p values, 0.01).

In general, increasing age was mainly associated with
decreased prefronto-striatal SC. This effect was more prominent
for the connections of prefrontal regions to right CA. Only the
MOFG connection to PU demonstrated a positive association
with age. Together, this demonstrates a widespread and quite ho-
mogeneous aging effect on the white matter prefronto-striatal
connectivity.

Mediation analysis
Comparing the results obtained from the brain-behavior correla-
tional analyses in relation to age, it became clear that, except for
the right RMFG-right NAC, all prefronto-striatal connections
demonstrating associations with NRT were also affected by age.
Thus, to further investigate the age-brain-behavior interrelation,
mediation analyses were conducted. Accordingly, 3 connections
(left NAC-left RMFG, left NAC-left FP, and right NAC-right FP)
in the easy and 2 connections (left CA-right FP and right CA-
right FP) in the difficult task condition were used as candidate
mediators of the effect of age on NRT.

The results of these analyses (Fig. 7) revealed significant
mediation of the relation between age and NRT in the easy con-
dition through the SC of left NAC-left RMFG (mean 6 SE;
ab=0.416 0.24, p=0.03, CI = [0.03, 0.96]). Additionally, the left
CA-right FP mediated significantly the relation between age and
NRT in the difficult condition (ab=1.156 0.69, p=0.0343, CI =
[0.09, 2.97]). Notably, the significant direct path c9 in all tested
models indicated that the achieved mediation was “partial”
rather than “full.” Conversely, neither the SC of left NAC-right
FP (ab= 0.346 0.20, p=0.06, CI = [�0.01, 0.74]) nor the con-
nectivity of right NAC-right FP (ab=0.166 0.18, p= 0.20, CI =
[�0.11, 0.60]) mediated significantly the effect of age on NRT in
the easy condition. Furthermore, the connectivity of right CA-
right FP did not significantly mediate the relation between age
and NRT in the difficult condition (ab= 0.296 1.18, p=0.80, CI
= [�2.11, 2.53]).

Together, the results indicate that the increased (slower) NRT
in the easy condition because of aging was partially mediated by
the reduced left NAC-left RMFG connectivity. Similarly, the age-
related increase in NRT in the difficult condition was partially
mediated by the reduced left CA-right FP connectivity.

Discussion
We investigated the association between prefronto-striatal SC and
action selection performance across the lifespan. From a behav-
ioral perspective, aging was accompanied by a significant slowing
of action selection time (NRT), whereas NER did not significantly
differ. Moreover, increasing task complexity resulted in a signifi-
cant increase in NRT as well as NER. At the neural level, dMRI
revealed a significant aging effect on prefronto-striatal SC.
Additionally, SC between the CA and the FP as well as between

Figure 3. Mediation analysis. The mediation model used to determine whether the age-
related differences in multilimb action selection performance are mediated by alterations in
tract SC. c, Total effect of age on action selection performance (solid line). This total effect
was, per tract of interest, separated into two distinct pathways: an indirect (mediation) effect
(ab, dashed arrows): with a reflecting the effect of age on the mediator variable “tract SC”
and b reflecting the effect of the mediator variable “tract SC” on action selection performance
while controlling for age; and a direct effect (c9, dotted arrow) of age on action selection
performance, that is, the effect of age on action selection performance independent of its
effect through the mediator variable “tract SC.”
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NAC and rostral medial frontal gyrus showed significant associa-
tions with RT in both easy and difficult task conditions. Moreover,
left NAC-left RMFG and left CA-right FP SC mediated the effect
of age on behavioral performance decline.

Effects of age on action selection behavior
We observed a significant increase in action selection time across
the three age groups. The increase in NRT was already evident in
the middle-aged group, extending previous findings in which

Figure 4. ML-RT task performance: (A) NRT and (B) transformed NER as a function of stimulus cluster and age group. Bar (error bar) indicates mean (SE). pp corrected, 0.05. ppp
corrected, 0.01. pppp corrected, 0.001. NS: Not Significant.

Figure 5. The association of prefronto-striatal SC with NRT in (A) easy (1L, 2L-Homo, and 2L-Ipsi) and (B) difficult (2L-Diag and 3L) task conditions. Colors represent the Spearman’s r values
controlled for gender, TIV, and head movements during dMRI scans. White circles represent significant correlations after FDR correction. C, Representation of edges with significant association
with behavior overlaid on the T1 MNI space, radiologic orientations. Colors are the same as in Figure 2.
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Figure 7. Standard three-path mediation analysis results. Connectivity of left NAC-left RMFG (ab = 0.416 0.24, p = 0.03, CI = [0.03, 0.96]) and left CA-right FP
(ab = 1.156 0.69, p = 0.03, CI = [0.09, 2.97]) significantly mediates the relation between age and NRT in the easy and difficult condition, respectively. c, Total effect (solid
line) of age on action selection NRT; ab, indirect mediation effect (dashed arrows); a, the effect of age on prefronto-striatal connectivity; b, the effect of prefronto-striatal connec-
tivity on action selection NRT while controlling for age; c9, direct effect (dotted arrow) of age on action selection NRT. The mean (SE) path coefficient is shown. Bold rectangles
represent significant mediators. pppp, 0.001. pp, 0.05.

Figure 6. A, The association of prefronto-striatal SC with age. Colors represent the Spearman’s r values controlled for gender, TIV, and head movements during dMRI scans.
White circles represent significant correlations after FDR correction. B, Connections with significant association with age overlaid the T1 MNI space, radiologic orientations. Colors
are the same as in Figure 2.
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only two extreme age groups were compared (Boisgontier et al.,
2016). Additionally, a significant effect of task complexity on
both NRT and NER was found, whereby the 2L-Diag and 3L
stimulus clusters were the most difficult ones. This is consistent
with our coupling-decoupling model (Boisgontier et al., 2014),
which defines recruitment and selection principles as defining
parameters for multilimb action selection. On the one hand, the
effector recruitment principle indicates that task complexity
increases when the number of effectors to be moved increases (e.
g., the 3L stimulus cluster is more complex than the 2L and 1L
cluster) (Jensen, 2006; Boisgontier et al., 2014). On the other
hand, the effector selection principle states that the cognitive
burden of moving a particular combination of limbs is depend-
ent on preexisting coordination preferences (e.g., 2L-Diag is
more complex than 2L-Homo cluster). While SRT is mainly
linked to the recruitment principle, CRT results from a combina-
tion of recruitment and selection principles and is a better indi-
cator of information processing time for action selection.
Accordingly, the increased NRT (CRT – SRT) observed in older
adults reflects a significant change in available neural resources
required for central processing, giving rise to deficits in action
selection. Furthermore, this age-related performance deteriora-
tion was more pronounced in highly demanding tasks, placing a
higher burden on central processing.

Regarding the error rates, no age-related differences were
found. Moreover, NER was not associated with NRT and con-
trolling for NER in the SC-NRT analysis yielded similar results
(data not shown). Presumably, OAs compared with YAs were
differently positioned on the speed-accuracy trade-off contin-
uum by sacrificing reaction speed for higher accuracy (Starns
and Ratcliff, 2010). In other words, older participants appeared
to increase RT to preserve high accuracy levels.

Effects of age on SC
Both white and gray matter structure is altered with aging. Here
we focused on white matter connectivity between prefrontal
regions and basal ganglia nuclei. In older adults, we found a sig-
nificant decline in prefronto-striatal white matter connectivity,
particularly for connections with CA nucleus and NAC. Many
studies have used dMRI to study age effects on white matter con-
nections (O’Sullivan et al., 2001; Sullivan and Pfefferbaum, 2006;
Bennett et al., 2010; Zahr et al., 2010; de Groot et al., 2016),
including frontal or striatal connections (Bennett et al., 2010;
Burzynska et al., 2010). More specifically, a combined measure
of functional and structural prefronto-striatal connectivity was
found to be a prominent predictor of chronological age (Bonifazi
et al., 2018).

With respect to gray matter, volume and shape analysis of
subcortical structures have revealed significant atrophy and
deformations in subcortical areas (including thalamus, putamen,
CA, and pallidum) with behavioral consequences in older adults.
For example, subregional thalamic atrophy was associated with
sensorimotor performance decline in older adults (Serbruyns et
al., 2015), whereas subregional shape of right CA, putamen,
NAC, and thalamus was found to be associated with motor
learning capability (Chalavi et al., 2018). Furthermore, NAC at-
rophy in older adults was found to be associated with longer
action selection times in the ML-RT (Boisgontier et al., 2016).
Together, these studies indicate that age-related differences in
subcortical gray matter are associated with motor deficits.

White matter studies have primarily used diffusion tensor
imaging measures, such as fractional anisotropy and mean diffu-
sivity. Here, we made use of 3-tissue constrained spherical

deconvolution, which provides a better estimation of fiber orien-
tations and tissue composition in white matter voxels (Jeurissen
et al., 2014; Dhollander et al., 2017). Hence, it overcomes the
inadequacy of diffusion tensor imaging in up to ;90% of white
matter voxels containing crossing fibers (Jeurissen et al.,
2013). Moreover, we used anatomically constrained tractog-
raphy (Smith et al., 2012) to constrain streamlines to connect
gray matter regions and spherical-deconvolution informed
filtering of tractograms (SIFT) (Smith et al., 2015a,b) to fit
connection weights to the dMRI data. The total weight for
connections obtained by this method has been proposed as a
marker of white matter total cross-sectional volume (Smith
et al., 2015b). The age-related decline in connection weight
that we observed might be because of a reduction of axonal
diameter or axon deletion, as suggested by postmortem his-
tologic studies (Meier-Ruge et al., 1992; Tang et al., 1997;
Marner et al., 2003; Peters and Rosene, 2003). However, it is
currently unknown how well the assumptions of the SIFT
method hold in the presence of the large proportion of false
positive streamlines common for whole-brain probabilistic
tractography (Maier-Hein et al., 2017): the SIFT method per-
forms a global optimization of all connection weights, where
false positives impact on genuine connection weights. SIFT
results should be interpreted with caution (Zalesky et al.,
2020).

Effects of age on brain-behavior associations
Our results revealed negative associations between left NAC-left
rostral medial frontal gyrus, left NAC-left FP, right NAC-right
rostral medial frontal gyrus, and right NAC-right FP connectiv-
ity and RT (NRT) in easy conditions as well as between right
CA-right FP and left CA-right FP connectivity and increased
NRT in difficult conditions. Interestingly, SC of left NAC-
left rostral medial frontal gyrus and left CA-right FP was
found to significantly mediate the relationship between age
and NRT under easy and difficult task conditions, respec-
tively. Together, these findings suggest that reduced pre-
fronto-striatal connectivity might compromise information
transfer, resulting in slower action selection times in older
adults.

NAC plays a prominent role in our task. Although it is a cen-
tral node in the reward circuit (Purves et al., 2014), its role in
action selection has also been documented. Not surprisingly,
administration of dopamine to NAC has been found to benefit
action selection performance (Nicola, 2007). Similarly, a signifi-
cant negative association was found between SC of the CA with
prefrontal regions and NRT in the difficult ML-RT condition in
the present study. Previous work has already shown negative
associations between gray matter atrophy of the CA and NRT in
the more complex ML-RT subtasks (Boisgontier et al., 2016).

With respect to the prefrontal regions, connectivity of the
RMFG and FP with striatum was predictive of NRT. Because an
optimal balance between excitatory and inhibitory mechanisms is
required for effector selection in the ML-RT task, it is not surpris-
ing that the prefrontal areas are figuring prominently because of
their involvement in cognitive control functions. The FP is more
activated in older adults in an anti-saccade RT task that requires
suppression of preferred response tendencies (Fernandez-Ruiz et
al., 2018). Moreover, the FP is also endowed with cognitive
branching and monitoring of action outcomes (Koechlin, 2011)
which are important ML-RT task functions.

Finally, SC of striatum with rostral medial frontal gyrus
(DLPFC) showed a significant association with ML-RT
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performance. DLPFC is involved in various executive/cognitive
control processes, including working memory (Kass and
Mizrahi, 2010), action inhibition (Coxon et al., 2016), attention
(Sylvester et al., 2003), task switching (Coxon et al., 2010, 2016),
and planning. In complex interlimb coordination tasks, compen-
satory DLPFC recruitment has frequently been observed in OAs
versus YAs (Heuninckx et al., 2005, 2008). These DLPFC func-
tions are also relevant for the ML-RT task, particularly in relation
to preexisting intereffector interactions that either support or
compromise effector selection and integration. For instance,
strong coupling exists between the homologous effectors, and
this promotes fast movements of both hands or both feet to-
gether (Boisgontier et al., 2014). Conversely, in the most difficult
2L Diag and 3L subtasks, participants need to inhibit one or both
contralateral homologous limbs. Similarly, DLPFC is also active
during conflict monitoring and/or inhibitory control, as eval-
uated by Go/NoGo and Flanker tasks (Casey et al., 2000;
Watanabe et al., 2002). Additionally, in a stop signal RT task, we
observed overactivation of DLPFC during performance of the
“Go trials” in older adults (Coxon et al., 2016). Together, these
findings suggest a prominent role of DLPFC in processes of com-
plex action selection. The reduced connectivity between DLPFC
and striatum in older adults may trigger DLPFC overactivation
in older adults (Coxon et al., 2010), possibly as compensation for
prefronto-striatal pathway deficits. This hypothesis requires fur-
ther investigation.

Limitations
Action selection errors in ML-RT can be categorized into two
types: commission errors (i.e., lifting a limb that should stay
down) and omission errors (i.e., not lifting a limb that should be
lifted). Our task setup did not detect omission error trials.
However, since such trials would normally have unusually high
RT values, our outlier detection method most likely removed
such error trials from the RT analysis.

In conclusion, aging is characterized by a significant decline
in action selection performance that is associated with reduced
prefronto-striatal SC. Preserving this connectivity may be an im-
portant target for intervention to promote healthy aging and in-
dependent living. More broadly, changes occurring in the aging
brain are complex and multifactorial referring to alterations in
brain function, structure, connectivity, and neurochemicals. A
multimodal approach appears most promising to unveil such
complex brain-behavioral interactions.
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