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Structural variation within the left globus pallidus is associated with 
task-switching, not stimulus updating or distractor filtering
George Zacharopoulosa,b, Torkel Klingbergb* and Roi Cohen Kadosha*
aWellcome Centre for Integrative Neuroimaging, Department of Experimental Psychology, University of Oxford, Oxford, UK; bDepartment of 
Neuroscience, Karolinska Institute, Stockholm, Sweden

ABSTRACT
Cognitive control is a pivotal aspect of cognition and it is impaired in many clinical populations. To 
date, several distinct types of cognitive control have been proposed, and prior work demonstrated 
the instrumental role of basal ganglia, frontal and parietal regions. However, the role of the 
structural variation of these regions in cognitive control functions is poorly understood. Here, we 
examined in 39 adults the association between regional brain volume and three major types of 
cognitive control: (i) stimulus updating, (ii) task-switching, and (iii) distractor filtering. The volume 
of the globus pallidus was positively correlated with individual variation in task-switching , and was 
anatomically specific to the left hemisphere. Importantly, this region did not track performance in 
distractor filtering or stimulus updating. We then aimed to use transcranial direct current stimula-
tion to target the left midline subcortical structures. However, we did not find an effect on task- 
switching. While the null effect in the brain stimulation prevents us from drawing causal inference 
from the role of globus pallidus on task-switching, our structural results reveal a novel and highly 
specific neurostructural mechanism for task-switching and provide a further understanding of the 
link between cognitive control functions and the human brain.
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1. Introduction

Cognitive control is an umbrella term encompassing 
several cognitive functions including updating and dis-
tractor filtering, which are core components of cognition 
and impaired in various clinical populations such as 
Parkinson’s disease, attention deficit hyperactivity disor-
der, schizophrenia, and drug addiction (Cools & 
D’Esposito, 2011). Updating refers to updating of infor-
mation in working memory and can be classified into 
two subtypes: (i) updating of low-level information (i.e., 
stimulus updating); (ii) updating of high-level informa-
tion such as goals or rules (i.e., task-switching). Distractor 
filtering refers to the ability to filter out irrelevant infor-
mation or distractors.

Findings from studies on stimulus updating and task- 
switching converged in demonstrating the involvement 
of frontal, parietal and basal ganglia regions (Bledowski 
et al., 2009; Cools et al., 2007; Eslinger & Grattan, 1993; 
Lenartowicz et al., 2010; Leung et al., 2007; Murty et al., 
2011; Roth & Courtney, 2007; Roth et al., 2005; Sörqvist & 
Sætrevik, 2010; Takahama et al., 2010; Van Holstein et al., 
2011). Concerning the basal ganglia, bromocriptine, 

a dopamine D2 receptor agonist, elevated striatal activity 
during task-switching but not during distractor-filtering 
in a working-memory task involving faces and scenes 
(Cools et al., 2007). Moreover, in a working memory task 
featuring maintenance, overwriting and stimulus updat-
ing, the latter function compared to the first two 
revealed a network including caudate, substantial 
nigra/ventral tegmental area and dorsolateral prefrontal 
cortex activity (Murty et al., 2011). When comparing 
stimulus updating and task-switching, task-switching 
preferentially activated the prefrontal cortex (PFC) 
while stimulus updating preferentially activated the par-
ietal cortex (Montojo & Courtney, 2008).

In respect of distractor filtering, failing to filter out 
irrelevant information leads to unnecessary storage of 
that information which modulates the parietal lobe 
(McNab & Klingberg, 2008; Vogel et al., 2005). However, 
a preparatory distractor filtering signal in the left globus 
pallidus which was induced when participants were 
cued for a forthcoming distractor filtering trial vs. when 
they were cued for a non-distractor filtering trial, has 
shown to prevent the unnecessary parietal storage 
(McNab & Klingberg, 2008). These findings have led to 
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the suggestion that the basal ganglia system centered in 
the left globus pallidus acts as a gatekeeper of informa-
tion from the environment determining what informa-
tion is stored and what is filtered out. Apart from basal 
ganglia and the parietal cortex, other studies demon-
strated the involvement of the PFC in distractor filtering 
(Bledowski et al., 2009; Cools & D’Esposito, 2011; Cools 
et al., 2007). Taken together, stimulus updating, task- 
switching and distractor filtering involve subcortical, 
frontal and parietal regions.

Several studies were conducted on the neurostruc-
tural correlates of cognitive control (Alvarez & Emory, 
2006). A developmental study (Breukelaar et al., 2017) 
identified a negative association between cognitive con-
trol and the volume of frontoparietal regions: the left 
dorsolateral PFC and the bilateral parietal cortex. 
Moreover, a lesion study identified that individuals with 
frontostriatal lesions exhibited impaired rule updating 
(Eslinger & Grattan, 1993). In the present study, we 
aimed to compare the neurostructural contributions of 
cortical and subcortical regions in stimulus updating, 
task-switching and distractor filtering using a single 
task that combines all these three types of cognitive 

control (Figure 1), and to examine using brain stimula-
tion the influence of frontal and midline subcortical 
structures on these three cognitive control components. 
We aimed to: (i) interrogate whether, as motivated by 
previous studies, the structure of basal ganglia and fron-
toparietal regions tracks individual variation in key types 
of cognitive control, (ii) establish the cognitive specificity 
of these associations, and lastly (iii) investigate the cau-
sal contribution of these regions using transcranial direct 
current stimulation (tDCS).

2. Methods

2.1. Participants

We recruited 39 participants (17: Stockholm location, 22: 
Oxford location, age range: 19–46 years) predominantly 
young adults and university students (Stockholm: mean 
age = 25.5, standard deviation = 3.6, 9 males, Oxford: 
mean age = 26.05, standard deviation = 6.5, 16 males). 
Participants were informed that the study investigated 
the behavioral and neural mechanisms of spatial mem-
ory. In both locations, the completion of the structural 

Figure 1. Graphical representation of the three trial types of interest (information maintenance, distractor filtering and stimulus 
updating) across the sequential trial events (preparatory, encoding, delay 1, executive control, delay 2 and response phases).
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acquisition lasted ~20 min, and the completion of the 
behavioral task lasted ~90 m. In Stockholm, the 
Karolinska Institute was used as the research location. 
The task was part of a functional magnetic resonance 
imaging (fMRI) investigation its aims of which are ortho-
gonal to the current study. The participants from 
Stockholm did not take part in any stimulation session 
and did not have any electrodes attached. All the parti-
cipants in the Oxford location were initially contacted to 
complete the behavioral task three times, (i) sham ses-
sion, (ii) DLPFC stimulation session and (iii) midline sub-
cortical structures stimulation session (see below). In 
Oxford location, 12 additional participants took part in 
the brain stimulation study but no imaging data were 
recorded (sample size in the Oxford cohort = 34, from 
which 22 participants took part to both the imaging and 
brain stimulation and 12 took part only in the brain 
stimulation session. Participants in both locations 
received monetary compensation for their participation. 
Informed written consent was obtained and the study 
was approved by the Stockholm’s Ethics Committee and 
by the University of Oxford’s Medical Sciences 
Interdivisional Research Ethics Committee (MS-IDREC- 
C2_2015_016). We excluded missing scores or beha-
vioral or imaging scores that fallen 3 standard deviations 
beyond the mean.

2.2. MRI data acquisition and pre-processing

In Stockholm, the anatomical high-resolution T1- 
weighted volume scans (1 mm3) were acquired using 
a BRAVO sequence (TR = 6.4040s; TE = 2.8080 ms; 180 
slices, voxel size=.9375×.9375×1mm). In Oxford, the ana-
tomical high-resolution T1-weighted volume scans 
(1 mm3) were acquired with a 3 T Siemens MAGNETOM 
Prisma MRI System equipped with a 32 channel receiver 
only head coil. Anatomical high-resolution T1-weighted 
scans were acquired consisting of 192 slices, repetition 
time (TR) = 1900 ms; echo time (TE) = 3.97 ms; voxel 
size = 1 × 1 × 1 mm). Since the two studies differed in 
their image acquisition parameters we controlled for the 
study location when applicable as discussed below.

The structural analysis was performed by utilizing the 
recon-all function within FreeSurfer image analysis soft-
ware v6.0.0, which is documented and freely available 
for download online surfer.nmr.mgh.harvard.edu. The 
cortical parcellation was defined based on the standard 
Desikan-Killiany atlas. Based on the reviewed literature in 
the introduction, our structural parameters of interest 
were subcortical and frontoparietal volume (1mm3, see 
also Supplemental Material 10) of 30 regions (15 per 
hemisphere). The subcortical regions were the following: 
caudate, putamen, pallidum; the frontoparietal regions 

were the following: caudal middle frontal, inferior par-
ietal, lateral orbitofrontal, medial orbitofrontal, pars 
opercularis, pars orbitalis, pars triangularis, rostral mid-
dle frontal, superior frontal, superior parietal, supramar-
ginal, and frontal pole.

2.3. Cognitive control task and dependent 
variables

The task consisted of three trial-types of interest: (a) 
information maintenance, (b) distractor filtering, (c) sti-
mulus updating. On a trial-by-trial basis, participants 
were presented with the following phases:

(i) Preparatory phase: an instruction cue in the form of 
a geometric shape (square, circle, diamond) signaled the 
type of cognitive control the participant was about to 
engage later in the trial. Geometric shapes as instructor 
cues were utilized in Stockholm. A square instruction cue 
signaled that the current trial was a ‘maintenance-only’ 
trial and required maintenance of spatial information 
but no cognitive control (information maintenance). 
A triangle signaled a ‘distractor filtering’ trial where par-
ticipants were asked to maintain spatial information as 
well as to perform distractor filtering (maintenance+dis-
tractor filtering) later in the trial. Lastly, a circle signaled 
a ‘stimulus updating’ trial in which participants were 
asked to maintain spatial information and also to update 
this information (maintenance+stimulus updating). In 
Oxford, the trial type was instructed with the words 
‘baseline’, ‘distractors’, ‘updating’ instead of geometrical 
shapes. This was done because the participants in 
Oxford took part in three sessions and the additional 
requirement of learning to associate geometric shapes 
with the condition was perceived too taxing and could 
have led to order effect due to learning. Relatedly, the 
duration of trial events was shorter in Oxford compared 
to Stockholm (Figure 1) and was as follows: preparatory 
(2.5s), encoding (1s), delay 1 (1.5s), executive control (1s), 
delay 2 (3s).

(ii) Encoding phase: a grid consisted of 16 squares was 
arranged in a circularly fashion, and depending on the 
condition (information maintenance, distractor filtering, 
and stimulus updating), three of these squares were 
filled with red color, which participants were asked to 
encode and remember. The main experiment also fea-
tured another trial type, maintenance of 5 stimuli, but it 
was not included in the analyses as it was orthogonal to 
the aims of the present study.

(iii) Delay 1 phase. The 16 square grid was presented 
without any stimuli.

(iv) Executive control phase. At this stage, participants 
were asked to perform maintenance-only (information 
maintenance), maintenance+distractor filtering (distractor 
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filtering), or maintenance+stimulus updating (stimulus 
updating), depending on the previously presented instruc-
tion cue. During the maintenance-only condition, partici-
pants were informed that two of the three previously 
displayed positions will reappear one in yellow and one 
in red color. During the distractor filtering condition (dis-
tractor filtering) participants were asked to ignore or filter 
out the red and yellow dots presented during the executive 
control phase. During the stimulus updating condition, 
participants were asked to remove the position of the 
yellow dot from memory and add the position of the 
newly appeared red dot. The former modification was 
done to equate the visual input of the executive control 
phase across the trial types.

(v) Delay 2 phase. The 16 square grid was presented 
without any stimuli.

(vi) Response phase. A question mark (probe phase) 
was placed in one of the boxes and participants had a 2s 
window to select ‘yes’ if the position of the question 
mark matched the position of the to-be-remembered 
information or select ‘no’ if the position of the question 
mark did not match the position of the to be remem-
bered information.

Participants completed 56 trials in each of the follow-
ing conditions: maintenance-only, distractor filtering 
and stimulus updating (Figure 1).

2.3.1. Task-switching
As mentioned above, the experimental task featured 
three goal-conditions (maintenance-only or information 
maintenance, distractor filtering and stimulus updating). 
In several occasions, (i) a given trial was of the same 
goal-condition as the preceding trial (e.g., maintenance- 
only in the 30th trial, and maintenance-only in the 29th 

trial). These cases were termed as ‘stay trials’. In other 
occasions (ii) a given trial was of a different goal- 
condition than the preceding trial (maintenance-only in 
the 30th trial, and stimulus updating in the 29th trial). 
These cases were termed as ‘switch trials’. Task- 
switching was calculated by subtracting the mean accu-
racy of the switch trials from the stay trials. We kept the 
proportion of each trial type (information maintenance, 
distractor filtering and stimulus updating) between the 
stay and switch trials identical (supplemental material 
1). Moreover, there was no significant difference 
between the accuracy of the stay and switch 
trials (p = .6).

2.3.2. Distractor filtering
Distractor filtering was calculated as the difference 
between the mean accuracy of the distractor filtering 
trials (distractor filtering+information maintenance) vs. 

the mean accuracy of the maintenance-only trials (infor-
mation maintenance).

2.3.3. Stimulus updating
Stimulus updating was calculated as the difference 
between the mean accuracy of the stimulus updating 
trials (stimulus updating+information maintenance) vs. 
the mean accuracy of the maintenance-only trials (infor-
mation maintenance).

The abovementioned procedure to calculate task- 
switching, stimulus updating and distractor updating 
was established in previous studies (Cools et al., 2007; 
McNab & Klingberg, 2008).

2.4. Transcranial direct current stimulation

The brain stimulation only applied to the participants 
from the Oxford cohort. None of the participants from 
the Stockholm cohort took part in any stimulation ses-
sion or had any electrodes attached. We assessed the 
causal contribution of the left globus pallidus and right 
dorsolateral prefrontal cortex (DLPFC) in cognitive con-
trol (Oxford location only). Apart from the sham condi-
tion, which was used for the structural analysis, 
participants in Oxford location performed the main 
task (Figure 1) in two tDCS sessions one that aimed to 
target the midline subcortical structures (‘SC stimula-
tion’) and one to that aimed to target the right DLPFC 
(‘DLPFC stimulation’). The order of the three stimulation 
sessions (sham and two brain stimulation) was counter-
balanced. During the two active tDCS sessions, 2 mA 
tDCS was delivered during the first half of each session 
(20 min) starting with 60s ramp up and ending with a 60s 
ramp down. The participants completed the task 
throughout the session namely both during the first 
half of the session where stimulation was on as well as 
during the second half of the session where stimulation 
was off. For analyses on the first and second half sepa-
rately see Supplemental Material 11 and 12. In the 
montage that aimed to target the midline subcortical 
structures the anode electrode was placed on F9 accord-
ing to the international 10–20 system and the cathode 
electrode was placed on the right shoulder.

Previous work, using a similar montage, suggested 
that it could potentially stimulate midline subcortical 
structures (Clark, 2013; Clark et al., 2012). In the montage 
that aimed to target the right DLPFC, we used a high- 
definition montage similar to the one used previously for 
the left side (Guo et al., 2018). One anode was placed 
above F4 and four return electrodes were placed over 
AF4, F6, F2, and FC4. In the sham condition, participants 
received a 60s ramp up and 60s ramp down current (up 
to 2 mA) while using either the SC or the DLPFC 
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stimulation configuration. This sham choice was utilized 
to mimic the physical sensation of the active tDCS con-
ditions so that the participants were blind concerning 
the three conditions. There was a requirement of at least 
a 48h period to reduce the likelihood of residual stimula-
tion effects between sessions. The experiment was 
aimed to be double-blind as the order of the conditions 
was preprogrammed in advanced. Unfortunately, due to 
technical errors, the full participants’ blindness reports 
were not available, therefore we could not confirm that 
blindness was achieved.

2.5. Statistical analyses

As mentioned above, the present study primarily 
focused on the structural property of volume measured 
in mm3 in three subcortical and 12 frontoparietal 
regions yielding 30 measures across the two hemi-
spheres. The main aim of the study was to examine the 
extent to which individual variation in regional volume 
tracks task-switching, stimulus updating and distractor 
filtering. To examine whether regional volumetric varia-
tion tracked specific types of cognitive control, multiple 
regression analyses were employed where the predicted 
variable was the performance in task-switching, stimulus 
updating or distractor filtering and the predictors were 
the regional volume, the total intracranial volume and 
the study location. The main effect of interest, and the 
one which is reported, is the unstandardized regression 
coefficient (i.e., beta-weight, denoted by b) of the regio-
nal volume. The unstandardized regression coefficient 
represents the amount of change in a dependent vari-
able due to a change of 1 unit of the independent 
variable. For completeness, we provide additional results 
including reaction time, age and gender, and brain sti-
mulation results in Supplemental Material.

We first examined the association between perfor-
mance (i.e., mean accuracy where 1 = 100% correct) in 
task-switching, stimulus updating and distractor filtering 
and the volume of subcortical and frontoparietal regions 
using eq1. 

Performance~regional volumeþ total intracranial volume
þ study location

(1) 

To examine whether the results were driven by either of 
the two components of task-switching namely perfor-
mance of stay or switch trials we run eq2 and eq3 
respectively (see below). The stay trial performance was 
calculated as the mean accuracy of the stay trials while 
the switch trial performance was calculated as the mean 
accuracy of the switch trials. 

Stay trials performance~regional volumeþ total 
intracranial volumeþ studylocation (2) 

Switch trial performance ~regional volumeþ total 
intracranial volume þ study location (3) 

To examine the cognitive specificity of the results we run 
multiple regression controlling for the performance of 
the two other cognitive control types (i.e., stimulus 
updating and distractor filtering yielding eq4). 

Task � switching ~regional volume þ total intracranial 
volume þ location þ stimulus updating 

þ distractor filtering (4) 

To examine the regional specificity of the results we run 
multiple regression controlling for the control regions (e. 
g, right globus pallidus as a control region for assessing 
the effect of left globus pallidus yielding eq5). 

Task � switching ~ main regional volumeþ control 
regional volume þ total intracranial volume þ

study location (5) 

For the brain stimulation analysis, we conducted 
a paired-sample t-test comparing the mean accuracy of 
the task-switching in the sham condition vs. the SC tDCS 
condition. Following recent recommendations (Biel & 
Friedrich, 2018) on null results in brain stimulation stu-
dies, when applicable we additionally performed 
a Bayesian paired sample t-test analogous to the afore-
mentioned one. For this Bayesian analyses, we report the 
Bayes Factor (BF10) of the experimental model vs. the 
null model, the one that merely features the intercept. 
The Bayes Factor is a number that indicated how many 
time more likely a given model is compared to another 
model, and in contrast to null results using frequentist 
statistics, the Bayes Factor can provide evidence in favor 
of the null model. As we did not have strong informative 
prior beliefs, we used the JASP default priors, where for 
the Bayesian t-test we assigned a prior form Cauchy 
distribution with a scale parameter (λ) = .707 and for 
the Bayesian multiple regression we assigned a prior 
from a beta distribution with parameter a = 1 and with 
parameter b = 1 (JASP, 2019).

To assess the relationship between the regional 
volume and the effect of tDCS on task-switching we 
performed linear regression with the regional volume 
as the main predictor, the total intracranial volume as 
a covariate and the task-switching of the SC tDCS vs. 
task-switching of the sham tDCS as the dependent vari-
able (equation 6, see below). 

SC vs:sham task � switching difference ~regional 
volume þ total intracranial volume (6) 
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Lastly, we run a similar model to the one in equation 6 
where we predicted the SC tDCS task-switching perfor-
mance from the regional volume, total intracranial 
volume and sham tDCS task-switching performance (eq 
7, see below). 

SC tDCS task � switching ~regional volume þ total 
intracranial volume þ sham tDCS task � switching

(7) 

As our main interest in equation 6 and equation 7 was 
the main effect of the regional volume, the Bayesian 
equivalents of equation 6 and equation 7, was a model 
comparison approach that compared different models 
which included or omitted the regional volume. For this 
Bayesian analyses, we report the Bayes Factor (BF10) of 
every possible model vs. the null model, the one that 
merely features the intercept (see Supplemental 
Material 4 and 5).

3. Results

Of note, a Bonferroni correction was used at the P < .05 
level of significance adjusted by the 90 tests, meaning 
that a test had to be P < .00055 to be considered 
significant.

3.1. Behavioral results

The descriptive statistics (mean and standard deviation) 
of all the conditions, sessions and study locations are 
displayed in Table 1. Please also see Supplemental 
Material 3 for the correlations between the accuracy in 
different trial types across the three sessions in the 
Oxford location.

3.2. Imaging results

We examined the association between the volume of 30 
regions (15 per hemisphere) of interest with three cog-
nitive control functions: task-switching, stimulus updat-
ing, and distractor filtering. The volume of the left globus 

pallidus was positively associated with the task- 
switching, even after correction for multiple compari-
sons [Figure 2(a), b = .000229, t(34) = 4.033, 
p = .000294, and there was no interaction between site 
and the volume of the left globus pallidus (b = −.000011, 
t(33) = −.145, p = .89). For completeness, the full statis-
tical details of the associations between other brain 
regions and types of cognitive control see 
Supplemental Material 2. The second strongest asso-
ciation of a regional volume to task-switching was with 
the right globus pallidus, but this effect was not signifi-
cant after corrections for multiple comparisons 
(b = .000185, t(34) = 2.892, p = .0066). To discern whether 
the unique variance of the left and/or the right globus 
pallidus is associated to task-switching we utilized eq5 
where we predicted task-switching from the left globus 
pallidus (t(33) = 2.597, b = .000195, t(33) = 2.597, 
p = .014), the right globus pallidus (b = .000055, t 
(33) = .701, p = .49), the total intracranial volume and 
the study location, and the left but not the ride side of 
the globus pallidus was still a significant predictor.

3.2.1. The effect of the left globus pallidus is not 
associated with either of the two determinants of 
task-switching
Next, we examined whether this main finding was driven 
by either of the two components of task-switching 
namely stay-trials performance (eq2) or switch-trials per-
formance (eq3). The volume of the left globus pallidus 
was neither associated with the accuracy of the stay 
trials (b = .000114, t(33) = 1.1, p = .28) nor switch trials 
(b = −.000113, t(33) = −1.23, p = .23) trials. Therefore, it 
was the difference between stay and switch trials that 
was predicted by the left globus pallidus volume.

3.2.2. The effect of the left globus pallidus is specific 
to task-switching
To examine the cognitive specificity of the main associa-
tion we run multiple regression controlling for the per-
formance of the two other cognitive control types (i.e., 
stimulus updating and distractor filtering, see eq4 in 

Table 1. Mean (M) and standard deviation (SD) of the accuracy (1 = 100% accuracy) of all conditions and combination of conditions 
combined and separately in the two locations. ST = Stockholm, OX = Oxford (sham session), OX DLPFC = Oxford (DLPFC stimulation 
session), OX SC = Oxford (SC stimulation session).

BOTH ST OX OX DLPFC OX SC

M SD M SD M SD M SD M SD
Maintenance-only 0.93 0.07 0.91 0.10 0.93 0.08 0.93 0.07 0.94 0.04
Distractor filtering 0.90 0.08 0.85 0.12 0.92 0.06 0.91 0.07 0.91 0.06
Stimulus updating 0.88 0.10 0.85 0.11 0.90 0.07 0.90 0.08 0.91 0.07
Distractor filtering – Maintenance-only −0.02 0.06 −0.06 0.08 −0.01 0.06 −0.02 0.06 −0.03 0.06
Stimulus Updating – Maintenance-only −0.04 0.07 −0.05 0.06 −0.03 0.09 −0.04 0.05 −0.03 0.06
Stay 0.91 0.07 0.86 0.11 0.92 0.06 0.92 0.07 0.93 0.07
Switch 0.91 0.07 0.87 0.11 0.92 0.05 0.92 0.06 0.92 0.05
Task-switching (Stay – Switch) −0.004 0.05 −0.01 0.07 0.01 0.04 0.0004 0.04 0.01 0.05
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Methods section). The main effect of the left globus 
pallidus in predicting task-switching performance was 
still significant (b = .000248, t(30) = 4.397, p = .000127). 
Taken together, our results suggest a specific association 
between the left globus pallidus and task-switching.

3.3. tDCS did not alter task-switching behavior

After establishing the relationship between the left 
globus pallidus volume and task-switching, we 
assessed whether tDCS in a montage that aimed to 
target the left midline subcortical structures will 
induce changes in task-switching behavior. This was 
done by performing a paired-sample t-test comparing 
the sham vs. SC tDCS condition on the task-switching. 
However, no significant effects were found (t 
(28) = −.71, p = .48, M = −.009, SD = .066, 
BF10 = .249). To relate the left globus pallidus volume 
with the null stimulation effect we performed eq6 and 
eq7. Eq6 was used to assess the relationship between 
the regional volume and the effect of tDCS on task- 
switching in a linear regression with the regional 
volume as the main predictor with the total intracra-
nial volume as a covariate and the task-switching of 
the SC tDCS vs. task-switching of the sham tDCS as the 
dependent variable. In eq7, we predicted the SC tDCS 
task-switching performance from the regional volume, 

total intracranial volume and sham tDCS task- 
switching performance.

Neither eq6, (b = −.000173, t(17) = −1.419, p = .17) nor 
eq7 (b = −.000082, t(16) = −.757, p = .46) yielded a sig-
nificant effect. Similar results were obtained using 
Bayesian analyses (Supplemental Material 4–5), 
where the models featuring the left globus pallidus 
were weaker than the null model. Similarly, DLPFC sti-
mulation did not significantly impact accuracy or reac-
tion time (Supplemental Material 7–8 and 12).

4. General discussion

In the present study, we examined the association 
between the volume of 30 regions of interest with 
three cognitive control functions: task-switching, stimu-
lus updating, and distractor filtering. Three main findings 
emerged from this study: (i) the positive link between 
the left globus pallidus volume and task-switching, (ii) 
the cognitive specificity of this finding; only task- 
switching was significantly associated to the left globus 
pallidus volume, (iii) and null results showing that tDCS 
with a montage that aimed to target the midline sub-
cortical structures did not impact task-switching 
performance.

The main finding of the current study was the positive 
association between the volume of the left globus palli-
dus and task-switching. This finding is in agreement with 

Figure 2. Scatterplots depicting the associations between individual variation in the left globus pallidus volume (unstandardized 
residuals when correcting for total intracranial volume and study side is presented) and performance in a) task-switching; b) stimulus 
updating; c) distractor filtering. d) Coronal view of a segmented brain where the globus pallidus is labeled in blue color. The 
differences in the y-axis between panel B and panels A and C reflect differences in the performance range of the three functions 
studied, task-switching, stimulus updating and distractor filtering.
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previous work involving basal ganglia regions and dopa-
mine in task-switching. Previous lesion studies identified 
that individuals with striatal lesions exhibited impaired 
rule updating (Eslinger & Grattan, 1993). The involve-
ment of basal ganglia in task-switching was also docu-
mented in pharmacological, electrophysiological and 
neuroimaging investigations in animals (Floresco & 
Magyar, 2006) and humans (Cools et al., 2007; Eslinger 
& Grattan, 1993; Lenartowicz et al., 2010; Van Holstein 
et al., 2011). However, the importance of basal ganglia 
was shown beyond task-switching as it was additionally 
demonstrated in stimulus updating (Murty et al., 2011) 
and distractor filtering (McNab & Klingberg, 2008). Taken 
together, previous work suggests that the involvement 
of basal ganglia may execute multifarious effects on 
different types of cognitive control. Our findings chal-
lenge the general role, at least, of the left globus palli-
dus, by showing that its volume was not specific to 
stimulus updating or distractor filtering or even to the 
performance of the stay or switch trials separately, but 
was associated with differences in the performance of 
the stay vs. switch trials. This is particularly important 
because the relative comparison of stay vs. switch trials 
isolates the component of preparing and executing task- 
switching while equating for the load (i.e., 3) and criti-
cally also for the same trial types (i.e., maintenance-only, 
distractor filtering and stimulus updating trials).

Despite the neurocognitive specificity, tDCS in 
a montage that was suggested to target the midline 
subcortical structures (Clark, 2013) did not exert task- 
switching alterations at the behavioral level. If any, our 
Bayesian analysis provided evidence in favor of the null 
model. This inability to provide a causal contribution of 
midline subcortical structures on task-switching can be 
explained by several factors. First, the montage to target 
the midline subcortical structures might inadvertently 
reach regions beyond the basal ganglia and thus com-
promising the net effect of the left globus pallidus sti-
mulation on task-switching. Indeed, previous studies 
that used such montage produced a more general effect 
beyond the basal ganglia (Clark et al., 2012; Coffman, 
Trumbo, Clark et al., 2012; Coffman, Trumbo, Flores et al., 
2012). Second, given the importance of the individuals’ 
baseline dopamine levels and the inverted U shaped 
relationship between dopamine and cognitive control 
(Cools & D’Esposito, 2011), it is possible that SC tDCS 
may be effective in altering task-switching only when 
the initial baseline dopamine levels of the participants 
are taken into account. If this assumption is correct, the 
initial baseline dopamine levels can be utilized in future 
studies to generate a personalized brain stimulation 
regime tailored to each individual. Third, even though 
we demonstrated that task-switching is associated with 

the volume of the left globus pallidus, it does not neces-
sarily follow that basal ganglia are critical for task- 
switching. The relationship between structure and func-
tion is complex and brain structure does not fully deter-
mine the workings at the network level (Hagmann et al., 
2008; C. Honey et al., 2009; C. J. Honey et al., 2007; 
Rubinov et al., 2009). Indeed, the association between 
task-switching and left globus pallidus volume could be 
mediated by other factors. Therefore, it is of interest for 
future research to identify potential mediators to 
increase our mechanistic understanding.

Compared to globus pallidus, our study showed 
that the contribution of the volume of frontal and 
parietal regions was not as strong in tracking task- 
switching. This may seem at odds with previous stu-
dies documenting the contribution of prefrontal cortex 
in task-switching behavior (Dove et al., 2000; Sohn 
et al., 2000). Even though the structural property of 
globus pallidus volume may be a stronger predictor 
over the structure of frontal and parietal regions, this 
does not contradict the neurofunctional involvement 
of these regions in task switching. Indeed, task- 
switching involves the updating of an abstract or high- 
level component rather than sensory representations 
of working memory stimuli, therefore the PFC may be 
the most suitable mediator candidate. This is because 
the prior work suggested that higher-order informa-
tion, such as task rules, goals, or abstract representa-
tions are tracked in the PFC compared to stimulus- 
specific information represented by sensory-specific 
areas (Chen et al., 2012; Freedman et al., 2001, 2003; 
Lee et al., 2013; Meyers et al., 2008; Riggall & Postle, 
2012; Sreenivasan et al., 2014). Taken this accumulative 
evidence together, we speculate that regions within 
the PFC are likely to participate in a network involving 
the volume of the left globus pallidus underpinning 
task-switching behavior. Anatomical pathways that link 
basal ganglia with the frontal cortex are the frontos-
triatal pathway (Darki & Klingberg, 2015). Future trac-
tography investigations can examine whether the 
structural integrity of the aforementioned dopaminer-
gic can determine task-switching behavior.

An open question concerns the exact mechanism 
underlying task-switching behavior which was under-
pinned by the volume of the left globus pallidus. For 
example, individual variation in task-switching might 
merely reflect errors on switch trials per se, or failure to 
adequately update the rule from the previous trial. If the 
latter mechanism is correct one would expect that 
responses would have been correct if the previous rule 
(from the preceding trial) had been active. However, 
because of the fixed contingencies between the instruc-
tions and stimuli positions between the different 
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conditions of maintenance-only, distractor filtering and 
stimulus updating (see Methods section), the empirical 
interrogation between these two putative mechanisms 
is not possible in our study.

In sum, by investigating three key types of cognitive 
control with brain imaging, the present study allowed 
the identification of a specific basal ganglia marker, the 
volume of the left globus pallidus, for task-switching. 
Given the importance of task-switching on effective 
functioning, these findings pave the way for further 
studies into the causal role of the neural networks deter-
mining types of cognitive control which vary in the 
typical population and are impaired in different clinical 
populations.
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