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Causal computations 
of supplementary motor area 
on spatial impulsivity
Alberto Carpio 1, Jean‑Claude Dreher 4, David Ferrera 1, Diego Galán 1, Francisco Mercado 1* & 
Ignacio Obeso 2,3*

Spatial proximity to important stimuli often induces impulsive behaviour. How we overcome impulsive 
tendencies is what determines behaviour to be adaptive. Here, we used virtual reality to investigate 
whether the spatial proximity of stimuli is causally related to the supplementary motor area (SMA) 
functions. In two experiments, we set out to investigate these processes using a virtual environment 
that recreates close and distant spaces to test the causal contributions of the SMA in spatial 
impulsivity. In an online first experiment (N = 93) we validated and measured the influence of distant 
stimuli using a go/no‑go task with close (21 cm) or distant stimuli (360 cm). In experiment 2 (N = 28), 
we applied transcranial static magnetic stimulation (tSMS) over the SMA (double‑blind, crossover, 
sham‑controlled design) to test its computations in controlling impulsive tendencies towards close vs 
distant stimuli. Reaction times and error rates (omission and commission) were analysed. In addition, 
the EZ Model parameters (a, v,  Ter and MDT) were computed. Close stimuli elicited faster responses 
compared to distant stimuli but also exhibited higher error rates, specifically in commission errors 
(experiment 1). Real stimulation over SMA slowed response latencies (experiment 2), an effect 
mediated by an increase in decision thresholds (a). Current findings suggest that impulsivity might 
be modulated by spatial proximity, resulting in accelerated actions that may lead to an increase of 
inaccurate responses to nearby objects. Our study also provides a first starting point on the role of the 
SMA in regulating spatial impulsivity.

Keywords Spatial cognition, Impulsivity, Virtual reality, Supplementary motor area, Transcranial static 
magnetic stimulation

Human behaviour requires flexibility in approaching or avoiding objects in the  environment1. Behavioural inhibi-
tion is essential for regulating the interaction with objects but may apply differently based on spatial  information2. 
Spatial proximity, which refers to the physical distance between stimuli or objects, has been suggested to act as a 
contextual bias to influence inhibitory  processes3,4. The physical proximity between an individual and environ-
mental stimuli, shows that close distances (within 10–60 cm from the body)5,6 elicit faster  actions7,8. In contrast, 
objects beyond this range are processed with larger  caution9. The brain structures causally engaged in sub-serving 
a combination of spatial proximity and impulsive decisions have received little attention so far.

A fundamental structure that bridges cognition and motor systems during adaptive behaviours is the sup-
plementary motor cortex (SMC), including the supplementary motor area (SMA) and pre-SMA10. SMA has 
specifically involved in a cognitive control  network11,12 and motor programming functions, as described by 
many  electroencephalography13,14 and functional imaging  investigations12,15–17. Other sources of evidence have 
included the SMA as part of a wider control network that is responsible for decision  making18, especially related 
to motor action  planning19. Specifically, some studies have found that the SMA is activated when individuals 
need to inhibit an automatic response and generate a more appropriate  one13, showing strong activation during 
settings where interactions with spatial cues are relevant. Related SMA functions to spatial adjustments include 
visually guided reaching  movements20, spatial orienting 21 and  navigation22 as well as encoding extrinsic object 
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properties (i.e., object  positioning23). Hence, the joint SMA roles in controlling and guiding actions in a given 
space turns this area as key when combined control within certain spaces is required.

The development of neuromodulation techniques has made possible test direct cortical roles during inhibi-
tion and adaptive behaviours. Numerous studies have used different neuromodulation protocols to test the SMA 
role in the initiation and inhibition of motor  responses11,24–27. A novel neuromodulation option is transcranial 
static magnetic stimulation (tSMS), mainly offering a portable technique to inhibit neural activity in the motor 
cortex that outlasts the stimulation time-period28. Other neuromodulation studies using transcranial magnetic 
stimulation (TMS) or tSMS have used 2D visual paradigms to study inhibition and visuo-spatial  decisions26,29,30. 
However, human space processing is executed in 3D or with depth  perception31, hence the relevance of further 
neuromodulation studies including this modality. To the best of our knowledge, there is currently no study that 
has examined the impact of neuromodulation of the SMA in relation to spatial impulsivity. The SMA is an ideal 
cortical target to neuromodulate and test its role in spatial impulsivity given its relationship with inhibition and 
spatial cognitive  mechanisms11,25.

The present study was aimed to investigate the role of the SMA in spatial impulsivity. To do this, we conducted 
two experiments: a first online experiment as to validate adequate visual stimuli in a large sample and testing the 
expected near and far  effects32; the second experiment exploited the visual stimuli of experiment 1 to test whether 
SMA neuromodulation determines spatial impulsivity (experiment 2). In both settings, a go/no-go task (adapted 
from O’Connor et al.32) was designed in a virtual environment to simulate depth perception as a factor of distance. 
O’Connor’s study demonstrated that impulsive behaviours are influenced by both immediate and delayed rewards, 
acting as mediators through extrinsic incentives. In our approach, we eliminated the motivational impact of 
stimuli while promoting intrinsic motivation by encouraging subjects to enhance their performance throughout 
the experiment. In the experiment 1 (n = 93), an online task simulated a depth perception environment to test 
the possible influence of spatial proximity and validate the perceptual stimulus characteristics. In experiment 
2 (n = 28), in a double-blind, crossover, sham-controlled design, we tested whether the use of a tSMS over the 
SMA was able to modulate spatial impulsivity using a 3D virtual environment.

Experiment 1 ‑ method
Participants
Ninety-seven healthy subjects initially participated in the experiment. Four individuals did not complete the 
entire experiment, resulting a final group of ninety-three subjects (mean age 30.25 years, SD = 7.53, 57 females). 
They had corrected vision (38.71%), wore glasses (53.76%) or wore contact lenses (7.53%). Participant’s recruit-
ment was carried out via public advertisements located along the School of Health Sciences of the Rey Juan Carlos 
University (Madrid, Spain), using a random snowball sampling  procedure33. All participants gave informed 
consent prior to the start of the study. The experiment was conducted in accordance with the WMA Declaration 
of Helsinki and approved by the Research Ethics Committee of Rey Juan Carlos University (ref: 1910202018420).

Sample size calculation
The G*Power software (Version 3.1.9.6, see URL https:// www. psych ologie. hhu. de/ arbei tsgru ppen/ allge meine- 
psych ologie- und- arbei tspsy cholo gie/ gpower)34 was utilized to determine the required number of participants for 
this study, resulting in a sample size of 34 subjects based on a priori statistical power of 1−β = 0.80 and medium 
effect size. However, to account for possible failures of the experiment in the online environment, the sample 
was expanded.

Procedure
The experiment was conducted using  Psytoolkit35. Due to the online nature of the experiment, various equipment 
configurations were available across participants: screen resolution (1366 × 768, 1440 × 900, and 1920 × 1080 
pixels) and screen size (< 14, 15.6 and > 15.7 inches).

A visuo-spatial go/no-go task included two conditions: go control and go/no-go conditions (see Fig. 1A). 
The go control task involved 16 go trials in each block, resulting in a total of 128 trials across the 8 blocks. In this 
condition participants were asked to respond to every stimulus (go trials; squares or hexagons; counter-balanced) 
as to obtain a response initiation baseline. The go/no-go condition included 20 go trials and 8 no-go trials dis-
tributed across 8 blocks. Visual stimuli were represented by pots. Within each pot, a geometric figure (square or 
hexagons) was placed at the centre, which determined the response to produce initiation (go trial) or withhold 
of movements (no-go trial). Half of pots including a square served as go stimulus, while the no-go stimulus was 
represented by the hexagon. This correspondence between go/no-go stimuli and geometric figures was changed 
for the other half of trials (presented in a counter-balanced and randomized manner). Overall, the experimental 
task consisted of 224 stimuli distributed across 8 blocks, of which 160 were go trials and 64 no-go trials.

A realistic 3D environment and images were created (software Maxon CINEMA 4D Studio Version R19.024, 
available at https:// www. maxon. net/ es/ downl oads), consisting of a room with a central large table and six chairs, 
in order to enhance the authenticity of the scene and depth (Fig. 1B). This table served as the platform where 
pots would appear, positioned either close (21 cm) or distant (360 cm) and on the left or right side, adding 
spatial variability to the stimuli presentation. Before starting the experimental task, instructions appeared in 
the centre of the screen explaining subjects how to respond to a series of stimuli (responding to go trials and 
not responding to no-go trials). Subjects were asked to respond as quickly as possible to go trials and to refrain 
from responding on no-go trials. At the end of each block, feedback was provided on the mean response time 
for go trials. Subjects were also instructed to try to beat themselves and do it better in the next block. Each trial 
begun with a fixation cross presented for 500 ms. Subsequently, a pot was displayed in the virtual space of the 
participant. To minimise differences in spatial location between table distances with respect to retinal size, the 
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square/hexagon were created following the visual angle  law36. The task (go trials of both conditions) required to 
use the index finger for stimuli appearing on the left side and the middle finger for stimuli appearing on the right 
side (by pressing the right or left keyboard keys), regardless of their spatial position (close or distant). On failed 
trials, error feedback indicated “too slow” for errors of omission and “error” for commission errors (duration: 
500 ms). An omission error occurs when the individual fail to detect a target stimulus (not pressing the button 
when it should be pressed), while a commission error occurs when the individual incorrectly presses the “go” 
button in the absence of a real target stimulus. The pot would vanish either upon receiving a response or if no 
response was made within 1000 ms (omission error). Reaction times (RT), and error rates (omission and com-
mission) were recorded. The experiment was conducted using  Psytoolkit35.

Data analyses
RT for go trials and error rates (omission and commission errors) for both go and no-go conditions were ana-
lysed. Since individual variability drives adaptive behaviour in prioritizing speed vs  accuracy37, these trade-offs 
can lead to experimental bias manifesting in either of the two measures. In order to correct for this phenomenon, 
the raw RT scores were corrected using a linear integrated speed-accuracy scores (LISAS)38 as follows:

RTj: mean reaction time in a given condition; σRT: overall standard deviation of RTs; σPE: overall standard 
deviation of percentage of errors (Pes); and  PEj: mean Pes in the given condition.

In experiment 1, this rationale was used to check whether the size of the screen or resolution used by the 
subjects had an influence on  LISAS38 and error rates (omission and commission). These control analyses were 
carried out by repeated measures ANOVAs, where resolution (1366, 1440 and 1920 pixels) and size screen (< 14, 
15.6 and > 15.7 inches) were included as factors. No statistically significant differences were found between 
measures of resolution (p = 0.4) and screen size (p = 0.26) for LISAS. We found neither statistical difference for 
the percentage of errors omission (p = 0.94, p = 0.46) and commission (p = 0.48, p = 0.66). This allowed us to treat 
the sample as a single homogeneous group.

One-way ANOVA (go control, go/no-go) was performed on LISAS, comparing the go trials of the control 
task with the go trials of the go/no-go task. This analysis was carried out in order to determine whether the task 
correctly mediates the inhibition process. In addition, repeated measures ANOVAs were used to analyse LISAS 
and error rates (omission and commission) as a function of distance (close, distant) and condition (go, no-go). 
Effect sizes were reported using the partial eta squared method (η2

p). Post-hoc comparisons were made with 
paired t-test to determine the significance of pairwise contrast, using Bonferroni tests (alpha = 0.05) to control 
for Type I error rate. In addition, to test whether the results obtained were due to facilitation or priming effects 
of the previous  stimulus39, the variables of interest were analysed using the Congruency Sequence Effect (CSE)40 
adapted to our experimental design. For this purpose, subjects’ responses were recoded based on the previous 
trial (n−1). In this way, there may be two trial types: (i) complete (if the current stimulus was the same as the 
previous one, such as go near–go near) and (ii) partial (if the current stimulus was different from the previous 
one, such as go near–no-go near or go far–no-go far). A series of 2 × 2 repeated measures ANOVA with type 

LISAS = RTj +
σRT

σPE
× PEj

Figure 1.  Experimental paradigm used in the experiment 1: (A) Distance manipulation. Pots could appear 
close (21 cm) or distant (360 cm) from the subject. Go/No-Go task conditions: at the beginning of the task, the 
subjects were informed which geometric figure would be the go and no-go. In this example, the go trials would 
be the squares and the no-go trials would be the hexagons. (B) Single trial examples of the task. Example that 
included two go trials (distant-left and close-right), and one no-go trial (close-right). Ms milliseconds.
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(complete, partial) and distance (close, distant) as factors was conducted for both RT (LISAS) and error rates. 
All statistical analyses described in this section were performed using JASP software (Version 0.17.2)41.

Drift diffusion model: the EZ model
To better characterize the decision-making process, an analysis based on the EZ Model was carried  out4,27,42–44, 
often used to assess binary choices. The DDM is based on the idea that decision making is a process of accumu-
lating evidence for or against each alternative of response, with the evidence flowing in at a constant rate. The 
decision maker accumulates evidence until a decision threshold is reached. At which point the option with the 
highest accumulated evidence is chosen. The model was tested according to the following formulae:

EZ model values were extracted for different parameters: drift rate (v), decision threshold (a), mean decision 
time (MDT) and mean non-decision time  (Ter) across conditions. The drift rate (v) represents the rate at which 
evidence accumulates for one decision option (e.g., “yes”) relative to the other option (e.g., “no”). The higher the 
diffusion value, the faster the information will accumulate, resulting in quicker decisions. Decision threshold 
(a) represents the level of evidence that must be reached before a decision is made. Mean decision time (MDT) 
represents the amount of time that it takes for a person to decide once they have begun to accumulate evidence. 
Finally, mean non-decision time  (Ter) that controls the amount of time it takes for the decision-making process 
to begin once the stimulus is presented. A one-way ANOVA was employed to examine the impact of spatial 
proximity (close vs distant) on each of these parameters.

Experiment 1–results
LISAS
To establish the executive load of go/no-go condition, adjusted speed (LISAS) only on go trials was compared 
with go control condition. One-way ANOVA for LISAS showed a main effect of condition [F (1,92) = 448.25, 
p < 0.001, η2

p = 0.83]. The go trials in the go control condition showed lower LISAS values (mean = 412.86, 
SD = 58.8), compared to the go trials in the go/no-go condition (mean = 481.19, SD = 54.09; p < 0.001). Repeated 
measures ANOVAs for LISAS with condition (go and go/no-go) and distance (close, distant) showed a main effect 
of condition [F (1,92) = 519.76, p < 0.001, η2

p = 0.85], modulated by shorter LISAS for the go control condition 
(mean = 411.17, SD = 58.8) compared to go trials in the go/no-go condition (mean = 490.1, SD = 54.08; p < 0.001). 
An effect of distance was also found [F (1,92) = 36.62, p < 0.001, η2

p = 0.28], whereby close stimuli produced 
faster responses (mean = 442.31, SD = 52.5) compared to distant stimuli (mean = 458.95, SD = 63.87; p < 0.001), 
regardless condition (Fig. 2A). The interaction condition by distance was not significant [F (1,92) = 2.18, p = 0.14, 
η2

p = 0.02].

Error rates
A 3 × 2 repeated measures ANOVAs (go control omission errors, nogo omission errors and nogo commission 
errors) by distance (close, distant) was computed. A significant main effect of condition was observed, indicat-
ing higher commission errors in the go/no-go task compared to both the go control task and omission errors 
[F (1,92) = 228.5, p < 0.001, η2

p = 0.71]. A main effect of distance was also found [F (1,92) = 21.19, p < 0.001, 
η2

p = 0.18], explained by higher error rates in close stimuli (mean = 12.8%, SD = 6.14) compared to distant stim-
uli (mean = 10.57%, SD = 5.38; p < 0.001). Interestingly, a condition by distance interaction effect was found [F 
(1,92) = 29.99, p < 0.001, η2

p = 0.24]. Since commission errors reflect the cognitive control component, post-hoc 
analyses revealed greater percentage of commission errors in close stimuli (mean = 30.37%, SD = 15.57) compared 
to distant ones (mean = 22.78%, SD = 12.56; p < 0.001) (Fig. 2B).

Congruency sequence effect (CSE)
For LISAS, a main effect was found as a function of trial type [F (1,92) = 262.86, p < 0.001, η2

p = 0.74], showing 
lower LISAS values for complete trials (mean = 451.85, SD = 38.3) compared to partial trials (mean = 490.61, 
SD = 31.42). No main effects were found as a function of distance [F (1,92) = 0.62, p = 0.43, η2

p = 0.007] or trial 
type x distance interaction [F (1,92) = 0.1, p = 0.75, η2

p = 0.001]. For error rates, a main effect was found as a func-
tion of trial type [F (1,92) = 229.23, p < 0.001, η2

p = 0.71]. A lower percentage of commission errors was observed 
for complete trials (mean = 1.37%, SD = 1.06) compared to partial trials (mean = 14.57%, SD = 8.5). Similarly, 
a main effect of distance was also found [F (1,92) = 20.37, p < 0.001, η2

p = 0.18], indicating a lower percentage 
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of commission errors for distant trials (mean = 5.88%, SD = 3.69) as compared to close trials (mean = 7.68%, 
SD = 4.01). In addition, a trial type x distance interaction effect was found [F (1,92) = 18.55, p < 0.001, η2

p = 0.17]. 
Post-hoc comparisons are shown in Table 1.

Drift diffusion model: the EZ model
EZ Model was used to analyze the parameters a, v,  Ter and MDT with stimulus distance set as factor. Repeated 
measures ANOVAs on drift (v) revealed a main effect on distance [F (1,92) = 38.08, p < 0.001, η2

p = 0.29], with a 
higher value for distant stimuli (mean = 0.085, SD = 0.024) compared to close stimuli (near = 0.072, SD = 0.022). 
A main effect was also found for  Ter [F (1,92) = 6.31, p = 0.014, η2

p = 0.064], where distant stimuli showed higher 
values (mean = 401.55, SD = 78.55) compared to close (mean = 380.19, SD = 52.31). Finally, a main effect was also 
found for the parameter MDT [F (1,92) = 83.69, p < 0.001, η2

p = 0.47], where close stimuli showed lower values 
(mean = 397.1, SD = 50.12) compared to distant (mean = 423.31, SD = 63.59). No statistically significant differ-
ences were found for a [F (1,92) = 0.029, p = 0.87, η2

p < 0.001] (Fig. 3).

Experiment 2 ‑ method
Participants
A total of thirty healthy subjects (mean age 24.59 years, SD = 3.22, 19 females and 11 males) were included in 
experiment 2. Two participants were excluded from the analysis because they cancelled their participation in the 
second session. As in the experiment 1, subjects who participated in the experiment had correct vision (53.57%), 
wore glasses (28.57%), or wore contact lenses (17.86%). Participants were recruited from the staff and students 
of the HM-CINAC and students from the Universidad Rey Juan Carlos (Madrid, Spain). All participants gave 
informed consent before study commencement. The study was conducted in accordance with the WMA Decla-
ration of Helsinki and approved by the Research Ethics Committee of HM Hospitales (ref: 1286E1-GHM). The 
sessions were conducted at HM-CINAC (Madrid, Spain).

Sample size calculation
The G*Power software (Version 3.1.9.6, see URL https:// www. psych ologie. hhu. de/ arbei tsgru ppen/ allge meine- 
psych ologie- und- arbei tspsy cholo gie/ gpower)34 was employed to calculate the necessary participant count, 

Figure 2.  Experiment 1 results: (A) Comparison in LISAS (ms) for close (left) and distant (right) stimuli 
between the go control (left) and go/no-go (right) tasks. A main effect of condition and distance is shown. (B) 
Comparison of the error rates (commission errors) between close and distant stimuli in the go/no-go task. A 
higher percentage of close errors were found compared to distant. The median is represented by the central 
mark within each boxplot, with the edges of the boxplot depicting the 25 and 75th percentiles. The whiskers 
extend to the minimum and maximum values within 1.5 times the interquartile range from the edges. Statistical 
significance is denoted by **p < .001.

Table 1.  Results obtained from the CSE analysis.

Post hoc comparisons–trial type ✻ distance (error rates)

Mean difference SE t pbonf

Complete, close

Partial, close −15.66 0.96 −16.30  < .001 **

Complete, distant 0.05 0.64 0.08 1.000

Partial, distant −11.66 0.95 −12.19  < .001 **

Partial, close
Complete, distant 15.71 0.95 16.43  < .001 **

Partial, distant 3.99 0.64 6.23  < .001 **

Complete, distant Partial, distant −11.71 0.96 −12.19  < .001 **

https://www.psychologie.hhu.de/arbeitsgruppen/allgemeine-psychologie-und-arbeitspsychologie/gpower
https://www.psychologie.hhu.de/arbeitsgruppen/allgemeine-psychologie-und-arbeitspsychologie/gpower
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resulting in a sample size of 28 subjects to achieve a desired statistical power of 1−β = 0.80 and medium effect 
size. Adjustments were made for potential experimental losses, leading to the final sample size of 30 subjects.

Procedure
Virtual reality go/no‑go task
After each stimulation protocol finished (described below), participants first performed the go control task and 
then the go/no-go task (Fig. 4B). The environment, stimuli and different spatial locations of the objects were 
similar to experiment 1. To investigate the possible influence of SMA in spatial impulsivity, in a more controlled 
and ecological way, a 3D virtual environment, was developed in experiment 2. Unity software (Version 4.7.0, 
available at https:// unity. com/ es/ relea ses/ editor/ archi ve) was used for task design. A computer with an Intel 
Core I7-7700HQ processor and NVIDIA GTX 1060 graphics card was used to run the task, projected on a cell 
phone with virtual reality glasses system (Samsung Gear VR). An immersive 3D environment was presented to 
the participants, with a fixpoint that remained fixed throughout. As in experiment 1, a room environment with a 
centrally positioned table and six surrounding chairs was shown, alongside the same geometric shapes (squares or 
hexagons) and distances (close/distant and left/right). Similar to experiment 1, the task consisted of 4 consecutive 
blocks composed of 2 conditions: a go-control, including 10 trials to respond only with go trials; and a go/no-go 
(20 go trials and 8 no-go trials) where geometric figures was presented in a counter-balanced and randomized 
manner. A total of 40 go-control stimuli, 160 go stimuli and 64 no-go stimuli (264 stimuli in total) were presented. 
Prior to the start of the experiment, participants completed a practice block of 18 trials (8 go-control, 7 go and 3 
no-go) to ensure full comprehension of task instructions, as well as to promote proper familiarization with the 
virtual reality system and control. The instructions given to participants were similar to experiment 1. Subjects 
were told to respond as quickly as possible to go trials and not to respond to no-go trials. They also received 
feedback on their average reaction time and were encouraged to try to do better in the next block.

The response to the stimuli was made by pointing the joystick to the right or left and pressing a button to 
“grab” the can. The pot would disappear either if a response was made or after 1000 ms (omission error). RT, 
omission, and commission errors were recorded.

Figure 3.  Main effects of stimulation on the EZ-diffusion parameters. Higher values were found for distant 
stimuli in the parameters v,  Ter and MDT. No differences were found for the parameter a. The median is 
represented by the central mark within each boxplot, with the edges of the boxplot depicting the 25 and 75th 
percentiles. The whiskers extend to the minimum and maximum values within 1.5 times the interquartile range 
from the edges. Statistical significance is denoted by *p < .05.

https://unity.com/es/releases/editor/archive
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Transcranial static magnetic stimulation (tSMS)
In a double-blind, crossover, sham-controlled design, each participant attended 2 neuromodulation sessions. 
The target was initially determined from the vertex, located with measurements from the nasion to inion and 
between the preauricular points (marked with a pen). The stimulation target was then placed 3 cm anterior to 
the vertex, specifically targeting the SMA bilaterally (Fig. 4A). The helmet incorporated a magnet cylinder of 
nickel-plated neodymium, measuring 45 mm in diameter and 30 mm in thickness, weighing 360 g (MAG45r 
from Neurek). This was securely attached to the helmet through multiple fixation points, attached safely to 
participant’s head. There were two experimental conditions: real stimulation and sham stimulation. The sham 
condition followed the same procedure as real stimulation, but with the magnet replaced by a visually indistin-
guishable nickel-plated steel cylinder of equal size, weight, and appearance (Neurek MAG45s). Two colour coded 
helmets (black and white) were blinded to the experimenter conducting the neuromodulation, containing real or 
sham magnets. Only one experimenter (IO) was aware of the colour code, revealed after ending the experiment. 
The experimenter who carried out the recordings (AC and DG) did not know the correspondence between the 
colour of the helmet and the type of stimulation. From the beginning of the experiment, participants knew that 
there were two possible helmets or types of stimulation (real or sham). However, at no point in the procedure 
did the subjects know which type of stimulation they were going to receive. At the end of each session, they were 
asked about their subjective perception regarding the type of helmet stimulation (real or sham). Both the real 
and sham conditions involved seating the participants comfortably in the experimental room for a duration of 
30 min, during which they were instructed to maintain silence and refrain from engaging in any motor or verbal 
activities. Once the neuromodulation session was over, participants performed the experimental go/no-go task.

Data analyses
Repeated measures ANOVAs on LISAS were used to analyse RT as a function of distance (close, distant) and 
condition (go control, go/no-go). Similarly, repeated measures ANOVAs were performed with two factors (dis-
tance and stimulation) and two levels (close-distant and real-sham) on error rates. Effect sizes were reported 
using the partial eta squared method (η2

p). Post-hoc comparisons were made with paired t-test to determine the 
significance of pairwise contrast, using the Bonferroni test (alpha = 0.05) for controlling the Type I error rate. To 
verify whether the potential effects of neuromodulation were genuine and not caused by facilitation or priming 
effects from the previous stimulus, the variables of interest were analysed using the Congruency Sequence Effect 
(CSE)40. A 2 × 2 × 2 repeated measures ANOVA including trial type (complete, partial), distance (close, distant), 
and stimulation (real, sham) was conducted for both RT (LISAS) and error rates.

Drift diffusion model: the EZ model
Similarly Experiment 1, to characterise the decision-making process after stimulation, the EZ Model was carried 
out. In the current design, using DDM to characterise behavioural changes after neuromodulation is of added 
value as to decipher the causal computations of SMA in the accumulation of decision mechanisms. Thus, a 2 × 2 
repeated measures ANOVAs was employed to examine the impact of two factors: spatial proximity (close vs. 
distant objects) and stimulation type (real vs. sham).

Figure 4.  Paradigm design and neuromodulation procedure in experiment 2. (A) The image depicts a 
T1-weighted magnetic resonance image (MRI) in standard space, with a magnet positioned precisely over 
the average SMA target. The SMA target is located 3 cm anterior to Cz. Participants received double-blind 
cross-over stimulation (real or sham) during 30 min over the SMA. Once completed, they performed the go/
no-go task using a virtual reality. (B) Example of the go/no-go task as seen in the virtual reality device. This 
image is perceived as unique and with depth thanks to the virtual reality glasses. The participant was required 
to respond to the pot by pressing either the left or right bottoms or abstaining from responding altogether. For 
this experiment, the task was executed with a peripheral control using a joystick and button pad (DualShock 4 
controller for PlayStation 4).
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Experiment 2–results
The task took less than 30 min to be completed by each participant (mean sham = 23’, SD = 3.06’; mean 
real = 22.96’, SD = 3.75’), which ensured the stimulation effects covered the behavioural performance. Following 
the session, participants were asked to indicate their perception of real or sham stimulation to test our blindness 
procedures. No statistically significant differences were found between the type of stimulation applied and the 
subjects’ perception [χ2 (1) = 0.64, p = 0.42].

LISAS
Within the go control task, the influence of the type of stimulation on distance was tested. A 2 × 2 repeated 
measure ANOVAs with stimulation (real, sham) and condition (close, distant) on LISAS showed a main effect of 
the distance [F (1,27) = 41.36, p < 0.001, η2

p = 0.6], revealing that the close condition (mean = 415.71, SD = 50.26) 
generated shorter go RT compared to the distant condition (mean = 468.44, SD = 70.13; p < 0.001). As in experi-
ment 1, the shorter RT on close stimuli reflect faster processing. No main effects were found for stimulation [F 
(1,27) = 1.06, p = 0.41, η2

p = 0.03] or for distance x stimulation interaction [F (1,27) = 0.68, p = 0.31, η2
p = 0.02]. 

Regarding the go/no-go task, a main effect of distance on LISAS was found [F (1,27) = 6.43, p = 0.01, η2
p = 0.19], 

but in this case revealing that close condition (mean = 582.3, SD = 56.3) generated a significantly higher go RT 
than distant condition (mean = 562.35, SD = 78.64; p = 0.017). When analysing real vs. sham stimulation (inde-
pendent of distance), an effect of stimulation was found [F (1,27) = 5.44, p = 0.02, η2

p = 0.17], revealing that real 
stimulation showed higher LISAS (mean = 584.99, SD = 78.65) than sham stimulation (mean = 559.66, SD = 62.85; 
p = 0.027) (Fig. 5A). No interaction effect of distance x stimulation was found [F (1,27) = 0.03, p = 0.95, η2

p = 0.01].

Error rates
In errors of omission of the task go control, a main effect of distance was also found on error rates [F 
(1,27) = 13.07, p < 0.001, η2

p = 0.32], where the close condition (mean = 0.98, SD = 1.57) generated fewer omis-
sion errors than the distant condition (mean = 3.3, SD = 3.79; p < 0.001). No main effects were found for stimu-
lation type [F (1,27) = 0.05, p = 0.81, η2

p = 0.002] or distance x stimulation interaction on omission errors [F 
(1,27) = 0.37, p = 0.58, η2

p = 0.01]. Regarding omission errors of the go/no-go task, there were no significant 
differences observed based on distance [F (1,27) = 1.17, p = 0.29, η2

p = 0.04], type of stimulation [F (1,27) = 1.58, 
p = 0.22, η2

p = 0.05], or the interaction between distance and stimulation [F (1,27) = 1.71, p = 0.2, η2
p = 0.06]. 

Finally, a main effect of distance was found on commission errors in the go/no-go task [F (1,27) = 30.03, p < 0.001, 
η2

p = 0.53], regardless of the stimulation type, showing higher commission errors percentage on close objects 
(mean = 7.64%, SD = 6.51) compared to distant ones (mean = 3.12%, SD = 3.53; p < 0.001; Fig. 5B). No main effect 
of the stimulation type on the percentage of commission errors was found [F (1,27) = 2.44, p = 0.13, η2

p = 0.08]. An 
effect close to significance was found for the interaction between distance and type of stimulation [F (1,27) = 3.8, 
p = 0.06, η2

p = 0.12].

Figure 5.  Behavioural findings of experiment 2. (A) A general increment in LISAS (ms) for real compared to 
sham is found; (B) Comparison of the percentage of commission errors generated by close vs distant stimuli, 
showing a higher percentage of errors in the close condition compared to distant. The median is represented by 
the central mark within each boxplot, with the edges of the boxplot depicting the 25 and 75th percentiles. The 
whiskers extend to the minimum and maximum values within 1.5 times the interquartile range from the edges. 
Statistical significance is denoted by *p < .05, **p < .001.
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Congruency sequence effect (CSE)
For LISAS, no main effect was found as a function of trial type [F (1,27) = 0.03, p = 0.86, η2

p = 0.001], distance [F 
(1,27) = 0.008, p = 0.93, η2

p < 0.001], or stimulation [F (1,27) = 0.002, p = 0.97, η2
p < 0.001]. We found no effects 

for any of interactions: trial type x distance [F (1,27) = 0.48, p = 0.49, η2
p = 0.017], trial type x stimulation type [F 

(1,27) = 0.22, p = 0.64, η2
p = 0.008], distance x stimulation type [F (1,27) = 1.4, p = 0.25, η2

p = 0.05] or trial type x 
distance x stimulation type [F (1,27) = 0.2, p = 0.66, η2

p = 0.007]. Likewise, for error rates, no main effects were 
found as a function of trial type [F (1,27) = 0.01, p = 0.91, η2

p < 0.001], distance type [F (1,27) = 0.1, p = 0.75, 
η2

p = 0.004], or stimulation type [F (1,27) = 2.77, p = 0.11, η2
p = 0.09]. Error rates were neither unaffected trial type 

x distance [F (1,27) = 0.1, p = 0.74, η2
p = 0.004], trial type x stimulation type [F (1,27) = 0.14, p = 0.71, η2

p = 0.005], 
distance x stimulation type [F (1,27) = 2.23, p = 0.15, η2

p = 0.076] or trial type x distance x stimulation type [F 
(1,27) = 0.27, p = 0.6, η2

p = 0.01] interactions.

Drift diffusion model: the EZ model
To deepen on the cognitive computations associated with SMA neuromodulation in spatial impulsivity, we 
used DDM-EZ to characterize speed changes and reduced errors associated to spatial locations. Repeated 
measures ANOVAs yielded significant differences in parameter v as a function of distance [F (1,27) = 7.91, 
p < 0.01, η2

p = 0.22], where distant stimuli had a higher drift (mean = 0.13, SD = 0.02) compared to close stimuli 
(mean = 0.11, SD = 0.01; p = 0.009). No differences were found on type of stimulation [F (1,27) = 2.95, p = 0.09, 
η2

p = 0.09] or in the interaction distance by stimulation [F (1,27) =  < 0.001, p = 0.09, η2
p < 0.001]. In the  Ter 

parameter, the repeated measures ANOVAs showed a main effect of the distance [F (1,27) = 5.97, p = 0.02, 
η2

p = 0.18], where close stimuli had higher non-decision times (mean = 473.35, SD = 54.32) compared to distant 
(mean = 456.41, SD = 69.08; p = 0.021). No differences were found by type of stimulation [F (1,27) = 1.48, p = 0.23, 
η2

p = 0.05] or in the interaction distance by type [F (1,27) < 0.001, p = 1, η2
p < 0.001]. In the MDT parameter, no 

differences were found as a function of distance [F (1,27) = 0.95, p = 0.34, η2
p = 0.03], stimulation [F (1,27) < 0.001, 

p = 1, η2
p < 0.001] or distance by stimulation interaction [F (1,27) = 0.99, p = 0.33, η2

p = 0.03].
Regarding threshold separation (parameter a), a main effect of the type of stimulation was found [F 

(1,27) = 4.49, p = 0.04, η2
p = 0.14]. This effect was marked by a higher threshold in the real stimulation 

(mean = 43.28, SD = 12.19) compared to sham stimulation (mean = 39.79, SD = 10.32: p = 0.04; Fig. 6). No 

Figure 6.  Main effects of stimulation on the EZ-diffusion parameters. A main effect of threshold (a) was found 
showing a higher value for real stimulation compared to sham. The median is represented by the central mark 
within each boxplot, with the edges of the boxplot depicting the 25 and 75th percentiles. The whiskers extend 
to the minimum and maximum values within 1.5 times the interquartile range from the edges. Statistical 
significance is denoted by *p < .05.
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differences were found by distance [F (1,27) = 2.84, p = 0.1, η2
p = 0.09] or in the interaction distance by stimula-

tion [F (1,27) < 0.001, p = 0.1, η2
p =  < 0.001].

Discussion
We combined virtual 3D environments with inhibitory responses and neuromodulation as to investigate the 
role of SMA in spatial impulsivity. Our results show promising views on (i) novel insights on how to impact on 
impulsivity in naturalistic spatial settings and (ii) a possible relationship of SMA in spatial impulsive contexts. 
First, our study replicates a previous  finding32 showing that close stimuli generate impulsive behaviours. Second, 
there was a significant main effect of SMA stimulation, where actions became slower after real stimulation than 
sham. Given response inhibition can be primed with automatic  processing45–47, we also analysed the influence 
of facilitation or priming effects. We performed a (CSE)  analysis40 showing a main effect depending on the type 
of previous trial. Lower LISAS values for complete trials were found compared to partial trials (Experiment 1). 
Activation of the SMA has been found to correlate with the effects of reverse priming on reaction times, mak-
ing the response on the next trial  slower39. The use of neuromodulation (tSMS) elicited a behavioural slowing 
(experiment 2), explained by raising decision thresholds during task performance. Moreover, no statistically 
significant differences were found for stimuli type or interactions nor for the priming analysis, suggesting that 
the observed increase in reaction times during the real stimulation is likely attributable to a general stimulation 
effect. In this sense, although mild or moderate, the tSMS stimulation seems to be exerting a significant and 
measurable effect on behaviour.

Previous literature shows an enhanced ability in humans to detect and respond to close stimuli compared 
to distant  ones32. Yet, this biological constrain does not imply that we are able to inhibit an approach-avoidance 
balance to an immediate object in a biologically adaptive manner. Indeed, objects presented close generate shorter 
latencies, demonstrating the influence and priority of nearby spatial  locations7,32,48. Facing more challenging tasks 
or accumulating ambiguous evidence might lead to prolonged decision times, potentially favouring adaptive 
but also slower decisions. Hence, as humans we have been sufficiently trained to interact with far-distant spaces, 
whereby behavioural inhibition plays a major  role2. A higher drift (v) value was observed for distant stimuli, 
which may indicate the need to process more details of the stimulus. This is supported by the increase in reac-
tion times (LISAS) and  Ter that would represent prior motor preparation (Experiment 1). We reveal increments 
in response thresholds after inhibitory SMA neuromodulation that relates its computational mechanisms when 
spatial impulsivity is needed (Experiment 2).

Close proximity to stimuli of interest may trigger automatic and reflexive responses, while stimuli further 
away require more deliberate and effortful  processing49. In line with this view, previous accounts suggest a promi-
nent role of attentional sources that bias the space location guidance with impulsive  behaviour50,51. When objects 
are placed close in personal proximity, they may capture our attention more easily, which may lead faster and 
more impulsive responses. This can be due to the fact that objects that are closer to us occupy a larger portion of 
our visual  field52 and therefore require less cognitive effort. However, this reduced effort in attention may come at 
the cost of accuracy, as we report in experiment 1. Hence, the biological and natural response of delaying in order 
to succeed comes at a cost for close stimuli, possibly meaning that such close by condition makes our decision 
more vulnerable to fail. On the other hand, stimuli that are placed further away require greater effort to allocate 
our  attention53, which may provide time for deliberation and result in more accurate responses. Therefore, we 
might hypothesise that adaptive control constrained by a given spatial context could be influenced by distance 
(both for 2D and 3D stimuli).

In our study, using a linear integration model of speed-accuracy, SMA stimulation made participants more 
conservative showing slower responses. This was achieved by regulating decision trade-offs mediated by response 
thresholds. In a similar vein, the study by Pineda-Pardo (2019) found a decrease in errors but also an increase 
in RTs during a 4-choice RT task. Indeed, a parallel finding to our diffusion parameters was the increased deci-
sion thresholds modulated during real SMA stimulation. Consequently, the distance dimension included in 
our design may be exerting an influence on both the linear increase of LISAS (which includes both RTs and 
accuracy plus deviation parameters) and decision thresholds, making the results not directly comparable to 
those of earlier studies. However, a general effect on slower RTs may require a joint view of the specific process 
tested in our experiments. The increment seen after real stimulation on LISAS holds jointly for error, variability 
(SD) and speed. Thus, the general slower effects on the sample for closer stimuli may be confounded, at least, 
by either (i) parallel cognitive changes in improving accuracy following real stimulation (such as raising deci-
sion thresholds) or (ii) due to the neuromodulation protocol itself (30 min of withholding the real/sham tSMS 
helmet may contribute to a prolonged RTs in the sample, maybe linked to fatigue or attentional lapses). Yet, 
is difficult to disentangle them as the significant improvement on error rates during real tSMS can influence 
the increment in LISAS as well. A possible neurobiological explanation links our protocol to previous studies 
where tSMS influenced selection of actions in a choice reaction time (CRT) task when applied to the motor 
association  cortex54. In their study, tSMS over bilateral motor cortex increased reaction times. Similarly, tSMS 
applied to the SMA appears to modulate impulsive behaviours by improving anticipation of movements, by 
reducing errors and prolonging  RTs27. It is possible to suggest that we have modulated classical SMA functions. 
Being part of the cognitive control  system10, the SMA is needed when inhibition prepotent  actions11,12,15,16,55, 
movement  anticipation13,14 and explorative  decisions56. Hence, the underlying SMA cognitive operations shall 
be considered in our findings, where a neuromodulation perturbation modified some of its related functions 
when introduced distance as factor, possibly by modulating the choice quality, rather than its movement vigour 
and speed. In conclusion, the application of tSMS seems to influence impulsive performance, where distance 
implicates a qualitatively different choice relevant to SMA and its subcortical functional connectivity that may 
have been influenced by our stimulation.
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Our results raise a first approach to the idea that the SMA could serve as a potential hub to integrate percep-
tual spatial information with inhibitory cortical commands. Neuromodulation of the SMA with tSMS could pro-
vide a neural marker to modify spatial impulsivity and probably part of a cortical system that constructs the best 
possible action. However, our tSMS protocol lacks a control stimulation site to compare possible related effects in 
related areas (i.e. inferior frontal gyrus, motor cortex), thus may not be sufficiently reflecting the essential influ-
ence of the SMA on spatial impulsivity. Yet, the possible SMA functions contributing to our results are multiple. 
Of note, the multi-functional SMA roles including planning and initiating  movements57, response inhibition 
(Albares et al.13; Obeso et al.17),  switching58,  learning59 or spatial  cognition10 could have been modulated within 
task performance. Moreover, previous neuroimaging evidence identifies the SMA role in detection of both object 
size and location in the context of grasping  actions23. In this investigation, researchers aimed to examine brain 
activation patterns using fMRI while participants were tasked with grasping objects that exhibited variations 
in both size and location. The findings imply that the SMA, along with regions like the primary motor cortex 
and the dorsal premotor cortex, play a role in sophisticated adaptive processes when dealing with information 
related to both object size and location within the framework of grasping movements. Here, SMA stimulation 
puts the individual in a more adaptive decision moment, by significantly increasing the decision thresholds and 
modulate action selection when faced with spatial moves. Our hypothesis is that the application of stimulation 
would influence performance by jointly increasing slower reaction times, without necessarily improving the 
selection of the correct moment to respond. This neuromodulator effect appears to manifest primarily in slower 
reaction times, while it does not seem to have a significant impact on errors committed.

Based on the mixed functions assessed with our virtual reality environment (i.e., inhibition and spatial func-
tions), the behavioural changes after tSMS can be interpreted from two possible neurobiological viewpoints. First, 
based on prior works on brain connectivity changes after tSMS over the  SMA26,27, other interconnected brain 
areas may take control of the spatial decisions made during our task. Indeed, inferior-frontal gyrus was enhanced 
after 30 min tSMS  procedure27, which could provide a warning signal close or distant objects to withhold actions. 
This is plausible given its object detection and inhibitory  roles60 that could have been boosted following SMA 
neuromodulation. An alternative (non-exclusive) explanation of our findings is directly linked to local physi-
ological SMA changes after neuromodulation. With similar inhibitory protocols using TMS, the physiological 
effects in humans can vary  individually61 and have been described as modifying the levels of neural “noise” after 
 stimulation62. tSMS over the SMA could possibly create a similar adjustment of neural noise and distant neural 
connectivity, resulting in ‘paradoxically’ improvement of spatial processing and/or impulsive outcomes. Together 
with the neural noise change, the mechanics of tSMS possibly relate to reductions in the accumulation of noisy 
evidence until a certain threshold is reached and decisions  made63,64.

The present study counts with some methodological limitations. In experiment 1, spatial perception was 
evaluated using a two-dimensional environment. While assessments of spatial perception have traditionally 
been conducted in two  dimensions7,65,66, the advancement toward constructing three-dimensional virtual envi-
ronments offers a significant improvement. These 3D environments not only enhance ecological  validity67 but 
also provide greater control over experimental  conditions68. They closely mimic real-world settings, fostering a 
heightened sense of immersion and sustaining participants’ attention more effectively. Regarding experiment 2, 
the absence of another stimulation target could reframe the inference of our findings. The application of tSMS to 
other cortical areas related to spatial learning and/or control over impulsive tendencies could show related effects 
as the ones here reported, which would relate as well other possible cortical hubs. We could anticipate the possible 
scenario where other areas show related findings as those here obtained, given that the system level functioning 
of both  learning69 and  inhibition70 might involve implies other regions also relevant in the process. On the other 
hand, the reliability of the stimulation results could be a problem due to the large number of measures analysed 
in the study. We used from the most basic (RTs, errors) to speed-accuracy models (LISAS, DDM) to account for 
different understanding levels of SMA functions, which added considerable statistical tests to our design. Hence, 
a potential reliability problem arises due to the increased likelihood of false positives when several measures are 
examined simultaneously. Finally, although previous studies using  tSMS70,71 selected relatively small sample sizes, 
the absence of interaction effects (close to significance in Experiment 2) could have been influenced by increas-
ing the sample size. Future research shall be conducted on larger samples with approval of local committees.

Overall, our study might suggest that SMA computes the integration of spatial information and inhibitory 
functions, where SMA shall play a role in accommodating decision thresholds. Current results show promising 
effects of neuromodulation on spatial impulsivity but should be taken with caution as we did not find significant 
distance x stimulation interaction. However, our findings place the SMA as a possible cortical driver in charge 
of favouring a response threshold. Alternatively, regions interconnected with the SMA could have driven a more 
conservative and adaptive response by signalling spatial cues to favour optimal behaviour. These findings could 
provide valuable information to better understand the organization of adaptive responses in various contexts 
where spatial cues drive lost control over behaviour, including those associated with conditions such as OCD, 
ADHD, or addictions.

Data availability
The data supporting the findings of this study are available on: https:// osf. io/ e5mpx/? view_ only= a6b31 e4deb 
6f457 db200 da0bb 96d66 36.
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