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Abstract

The accurate detection of attention-deficit/hyperactivity disorder (ADHD) symptoms, such

as inattentiveness and behavioral disinhibition, is crucial for delivering timely assistance and

treatment. ADHD is commonly diagnosed and studied with specialized questionnaires and

behavioral tests such as the stop-signal task. However, in cases of late-onset or mild forms

of ADHD, behavioral measures often fail to gauge the deficiencies well-highlighted by ques-

tionnaires. To improve the sensitivity of behavioral tests, we propose a novel version of the

stop-signal task (SST), which integrates mouse cursor tracking. In two studies, we investi-

gated whether introducing mouse movement measures to the stop-signal task improves

associations with questionnaire-based measures, as compared to the traditional (keypress-

based) version of SST. We also scrutinized the influence of different parameters of stop-sig-

nal tasks, such as the method of stop-signal delay setting or definition of response inhibition

failure, on these associations. Our results show that a) SSRT has weak association with

impulsivity, while mouse movement measures have strong and significant association with

impulsivity; b) machine learning models trained on the mouse movement data from “known”

participants using nested cross-validation procedure can accurately predict impulsivity rat-

ings of “unknown” participants; c) mouse movement features such as maximum accelera-

tion and maximum velocity are among the most important predictors for impulsivity; d) using

preset stop-signal delays prompts behavior that is more indicative of impulsivity.

Introduction

The capacity for controlling impulsive behavior (i.e., response inhibition) is perhaps the most

important function in cognitive control. Clinical, neuropsychological and neuroscientific

research suggests that impulsive individuals are likely to be pathological gamblers [1] and

engage in drug or alcohol abuse [2].

Impulsivity can be defined and measured in at least two different ways: as a preference for

earlier but smaller rewards over later and larger rewards (delay discounting) or as an inability

to inhibit undesired actions (behavioral disinhibition) [3]. The difference in definitions pro-

vides a challenge for clinicians to diagnose their patients with impulsivity-related disorders

such as ADHD (attention-deficit/hyperactivity disorder).
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Impulsivity is usually studied using different questionnaires (e.g., Behavior Rating Inven-

tory of Executive Function (BRIEF)). However, questionnaire-based self-reports are prone to

various biases, such as cultural [4] or learning [5], as well as an inflated relationship between

different facets of executive functioning (i.e., impulsivity and inattention), due to the question-

naires being developed and validated based on one another [6, 7]. Because of these concerns,

performance-based methods for studying impulsivity have been applied.

One of the most widely-used performance-based methods is the stop-signal task (SST) [8].

In this task, individuals respond to the stimuli presented in some trials (“go” trials) and with-

hold a response in trials when a “stop” signal appears (“stop” trials). Poor performance on SST

has been related to pathological gambling [9], major depression, anxiety disorder and conduct

disorder [10]. Strong associations with performance in this task are found with attention-defi-

cit/hyperactivity disorder (ADHD), obsessive-compulsive disorder (OCD) and schizophrenia

[11, 12, 13].

In addition to simple measures such as response time and accuracy, the stop-signal task

offers stop-signal reaction time (SSRT), which represents the time that an individual requires

to inhibit a “go” response after seeing a “stop” signal. SSRT is known to reflect an individual’s

motor inhibition ability [14]; a slower stop-signal reaction time corresponds to damage in the

right and left inferior frontal gyrus [15, 16], deep brain stimulation of subthalamic nucleus [17,

18], age-related change in executive functioning [19], cocaine abuse [20] and Parkinson’s dis-

ease[21] (for a more comprehensive review, see [22]). SSRT is generally considered to be the

best indicator of ADHD among all measures of the stop-signal task [8]. Specifically, children

with ADHD were shown to have longer SSRTs [23].

Although SSRT could be applied with healthy individuals to measure the age-related change

in inhibitory control [19] or several other experimental manipulations, SSRT as a sole diagnos-

tic tool is limited as it is mostly applicable to individuals with severe clinical disorders. For the

general population, the use of this task for clinical application is rather incomplete as SST has

minuscule or non-existent correlations with questionnaire-based measures particularly when

it is applied to mildly impaired and non-clinical populations [24]. No significant correlations

were observed between scores on the Barrat Impulsiveness Scale (BIS-11) and SSRT [25]. Simi-

larly, no significant correlations were found between SSRT and questionnaire-based measures

of impulsivity, such as the Eysenck scale, the BRIEF inhibition scale or the ASRS hyperactivity/

impulsivity scale [26]. Correlation coefficients between questionnaire-based measures of

impulsivity and SSRT or other stop-signal task measures did not exceed .3, with a mean corre-

lation coefficient equal to .05 [27].

This lack of association between questionnaire-based and performance-based measures for

healthy individuals is problematic because this prevents researchers from dissecting the func-

tioning of cognitive and affective systems ranging from normal to abnormal, as these measures

are not specific and sensitive enough to tease apart the nature of impairment and its

variability.

Why are performance-based measures, such as SSRT, so poorly correlated with rating

scales? Toplak and colleagues [24] suggest that performance-based tests have poor ecological

validity because these tasks are conducted in highly structured environments, and individuals

tend to display their best, rather than typical, behavior. In contrast, questionnaires assess typi-

cal, everyday behavior. Consequently, performance-based tasks are not indicative of real-life

challenges.

The discrepancy between performance-based tests and questionnaires raises a fundamental

question. Performance-based tests are essential to probe detailed mechanisms of executive

function ranging from normal to abnormal; they offer well-controlled, objective and reproduc-

ible measures of behavior. Yet, this highly parameterized design deprives its validity to assess

Mouse movement measures enhance the stop signal task

PLOS ONE | https://doi.org/10.1371/journal.pone.0225437 November 26, 2019 2 / 31

https://doi.org/10.1371/journal.pone.0225437


human behavior as it occurs in a natural and typical setting. How can we amend this discrep-

ancy? That is, how can we make a performance-based test, such as SST, more ecologically valid

so that the test becomes well aligned to rating scales? That is the topic of this article.

In addition to the aforementioned explanations, we think there is another important rea-

son for the lack of associations between performance- and questionnaire-based measures of

impulsivity. Nearly all performance-based tasks reduce the complex working of executive

function to simple metrics of response time and accuracy—how fast and accurate one

presses a computer key. If impulsivity impacts performance continuously, much informa-

tion can be lost. We consider reliance on this impoverished data acquisition procedure to

be a major culprit for the discrepancy between performance-based and questionnaire-based

measures.

This idea is important in light of recent studies pointing to the dynamic nature of the execu-

tive functioning, which is reflected in the variability of response times in ADHD participants

[28] as well as the dynamic decision conflict resolution that unfolds in two-choice situations

[29]. On a neural level, this idea is supported by findings in partial activation of motor neurons

during different stages of the decision-making process [30, 31, 32]. Thus, to fully gauge execu-

tive functioning in general and behavioral inhibition in particular, performance-based mea-

sures that tap into continuous and dynamic characteristics of decision making should be

developed.

We think that mouse cursor movement tracking provides a viable remedy. Mouse cursor

movement properties, such as the area under the curve, speed and distance have been found to

be associated with elevated levels of emotion [33], stress [34], cognitive impairment [35], cog-

nitive load [36, 37], as well as ADHD [7, 38, 39]. Mouse and hand movement properties were

also found to be receptive to attention and cognitive control [40, 41] and, most importantly,

inhibitory abilities [42].

In the Stroop task, for example, deviation of a cursor trajectory from the straight line

between the starting point and the endpoint (e.g., response button) was found to be indica-

tive of congruent or incongruent word color, highlighting the inhibitory processes [42]. In

the delay discounting paradigm, mouse movement properties have been related to the

degree to which a participant had to overcome an attraction towards an alternative reward

[43].

With these observations in mind, the present study has two aims: (1) we devise a mouse

tracking version of the stop-signal task and examine the extent to which mouse movement

measures improve correlations between SST performance and ADHD impulsivity/inattention

ratings, and (2) we identify specific design features that improve SST in association with

ADHD rating scales. If mouse movement measures improve SST’s association with ADHD

ratings, what trajectory features are most related to ADHD ratings? Which ADHD subscale

(e.g., DSM-IV Inattentive symptoms versus DSM-IV: Hyperactive-Impulsive Symptoms) is

most correlated with SSRT? In a mouse movement version of SST, how do you define an

“incorrect” response in a stop trial in a mouse movement measure? What would be the best

way of devising a stop signal delay? Is the standard staircase method superior to a pre-fixed

method [44]? The present study addresses these questions.

In two experiments, we contrasted the standard (keypress) and augmented (mouse move-

ment) versions of the stop-signal test and investigated the extent to which mouse movement

measures improve associations between SST performance and ADHD rating metrics. In

Experiment 1, we applied fixed stop-signal delays [44]. In Experiment 2, we employed a stair-

case method to implement a stop-signal delay and compared the efficacy of keypress and

mouse movement versions of the stop-signal task.
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Experiment 1: Keypress vs. mouse movement (Preset stop-signal

delays)

Methods

All experimental procedures were approved by Texas A&M University Institutional Review

Board (IRB, protocol number: IRB2017-0103D). Written consent was obtained from all

participants.

Participants

A total of 119 Texas A&M undergraduate students who enrolled in an introductory psychol-

ogy course participated in the experiment for a course credit. They were randomly assigned

either to a keypress or a mouse movement condition. Of these participants, 28 did not com-

plete the experiment. Following the procedure employed by Congdon and colleagues [45], we

excluded participants who failed to reach at least 5% successful response inhibition in “stop”

trials and correctly indicate the coherent dots’ direction in at least 5% of “go” trials. Table 1

summarizes the participants’ demographic information.

Procedure. Participants completed the following tasks in succession:

1. Stop-signal task

2. Conners’ Adult ADHD Rating Scales (CAARS)

3. Barkley Deficits in Executive Functioning Scale (BDEFS for Adults)

Stop-signal task. Participants were first required to complete the stop-signal task coupled

with a random dot kinematogram [44]. This task consisted of 576 trials, with 432 trials being

“go” trials and 144 trials being “stop” trials.

In the stop-signal task, participants were presented with a circular array of 100 white dots

moving in the left or right direction. Each dot was 5 pixels in size. Either 10, 50 or 80% of these

dots were moving coherently. The remaining dots were moving in random directions. Partici-

pants were required to indicate which direction the coherent dots are moving (“go” trials). We

chose this task as the “go” task because it allows to study the effect of the “go” stimulus-related

information (dot coherency) on behavior in “stop” trials.

On a subset (25%) of trials, a sound signal appeared prompting participants to withhold the

movement in this trial (“stop” trials). We chose auditory stop-signal because delivering the stop-sig-

nal in this modality has been found to increase the speed and accuracy of stopping processes [46].

Each trial started with a fixation cross that remained on screen for 500 ms. After this, the

random dot stimulus appeared for 1100 ms. With the onset of the stimulus, participants had

an opportunity to make a response within 3100 ms. In the stop trials, a sound indicating “stop”

signal appeared for 100 ms after a delay from the onset of stimulus presentation.

Table 1. Participants’ demographic characteristics.

Male Female Total

Keypress N 25 31 56

Age 19.08 (0.7) 19.25 (1) 19.17 (0.87)

Mouse motion N 16 19 35

Age 19.06 (1.12) 19.37 (1.26) 19.22 (1.19)

Values outside and inside parentheses indicate the mean and standard deviations of participants’ age, respectively.

https://doi.org/10.1371/journal.pone.0225437.t001
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Stop-signal delay values were randomly and uniformly chosen from 100, 200, 300, 400, 500

or 600 ms. The trial ended either when participants made a response or 3100 ms since the

onset of stimulus have passed. After each trial, participants were given feedback on their per-

formance. Following the procedure employed in the Ma and Yu study [44], participants were

given 100 points for a correct response (a correct indication of movement direction or, in stop

trials, correct inhibition) and subtracted 50 points for each incorrect response to encourage

the best performance. Stimuli and feedback were displayed in white font on a grey back-

ground. Fig 1 shows typical trials in both conditions.

The keypress and mouse movement conditions were identical, with an exception for their

response collection procedures. In the keypress condition, participants indicated the direction

of the dots by pressing a left or right arrow key on the keyboard; in the mouse movement con-

dition participants indicated the direction of the dots by clicking on the button with a left or

right arrow drawn. Our program recorded x-y coordinates of the mouse cursor every 16 ms.

We used Psychopy [47] software for stimulus presentation and data acquisition.

Design. We employed a between-subjects design with one factor (keypress or mouse

movement condition). The choice of this design was based on the assumption that a within-

subjects design would have increased the number of trials per participant to more than a thou-

sand, potentially inducing fatigue and instructional confusion.

Proactive and reactive inhibition measures. There are at least two types of inhibitory

control—reactive inhibition and proactive inhibition. Reactive inhibition represents an indi-

vidual’s ability to inhibit an already initiated motor response, while proactive inhibition is a

change in motor strategies “in anticipation of known task demands” (p. 1126) [18]. Proactive

inhibition is related to the attenuation of a motor plan relevant to the task [48]. In this study,

we assessed both proactive and reactive inhibition, as they are important for ADHD [49].

Research has demonstrated that proactive inhibition can be assessed by the “reaching arm”

version of the stop-signal task [50]. Following [21, 44], we measured proactive inhibition with

movement initiation time and movement time (the details of these measures are explained

later in this section).

To assess reactive inhibition, we measured stop-signal reaction time (SSRT) using the integra-

tion method [21]. SSRT is calculated by subtracting SSD (stop signal delay) from the finishing

time of the stop process, which is found by integrating the RT distribution and finding the point

at which the integral equals the probability of response when a stop-signal is present [50]. Specifi-

cally, “go” RTs are rank-ordered and then the n-th “go” RT is selected, with n corresponding to

the proportion of inhibitory failures. For example, if the proportion of inhibitory failures (the pro-

portion of making a response in stop trials) is 0.55 for a given participant, n-th “go” RT (finishing

time) is the RT equal to the 55th percentile of the “go” RTs. If preset SSDs are used, finishing time

is estimated for each SSD and their respective SSDs are then subtracted; to obtain a single SSRT

estimate for a given participant, SSRT estimates for different stop-signal delays are averaged [51].

The calculation of SSRT entails defining inhibitory failures (making a response in a “stop”

trial). In Experiment 1, we defined “erroneous response” as pressing a key in a stop trial in the

keypress condition. In the mouse movement condition, we defined “erroneous response” as

participants clicking on a button drawn on the screen in a stop trial.

Keypress condition. In the keypress condition, the main independent variables were

accuracy, mean and standard deviation of response time and SSRT. Accuracy was calculated

for “go” and “stop” trials separately, as well as with respect to participants’ indication of direc-

tion (direction discrimination accuracy). Mean and standard deviation of response time were

calculated in “go” and “stop” trials separately. In addition, the mean and standard deviation of

response times (SD RT) were calculated with respect to three levels of dot coherency (10, 50,

or 80% of dots moving in the same direction).
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Mouse movement condition. In this study, we have aimed to assess stopping impulsiv-

ity–a specific form of impulsivity defined [52] as “the tendency to stop an already chosen and

initiated, but not fully executed, response” (p.159). Traditionally, this form of impulsivity is

assessed through SSRT. However, SSRT is an indirect measure: for example, Verbruggen and

Logan [53] consider SSRT an estimate of a covert latency of the stopping process. The continu-

ous design allows for a more direct study of the stopping processes: as Logan and Cowan [54]

suggest, “Continuous tasks . . . offer a way of estimating stop-signal reaction time that does not

depend on inhibition functions: The chain of responses stops sometime after the stop signal,

and the time between the onset of the stop signal and the occurrence of the last response to be

emitted can be used as an estimate of stop-signal reaction time” (p. 319, underscore supplied).

Furthermore, although the horse-race model formalizes the competition between “stop”

and “go” processes as a race for a certain threshold, the process of response inhibition is

unlikely to be discrete. Shenoy and Yu [55] posit inhibitory control as a dynamic decision-

making process, in which an individual “repeatedly assesses the relative value of stopping and

going on a fine temporal scale, in order to make an optimal decision on when and whether to

go” (p. 1).

Given our aim of studying stopping impulsivity (i.e., stopping an already initiated, but

not fully executed, response [45]), findings in dynamic nature of response inhibition and

the potential advantages of continuous measurement, we have employed the design differ-

ent from the one found in the “reaching arm” paradigm [56]. In our version of the stop-sig-

nal paradigm, movement can be initiated before the stop-signal is delivered, allowing one to

calculate measures that are based on the trajectory of the mouse movement, including

mouse movement-based continuous analog of SSRT (i.e., stopping distance, explained later

in more detail).

In the mouse movement condition (in addition to the RT and accuracy-based measures)

we calculated mean maximum velocity, mean maximum acceleration and mean total distance,

separately in go and stop trials and with respect to three levels of dot coherency. Each trajec-

tory was calculated as a sum of distances between adjacent sets of coordinates according to the

time of their recording. If 3100 ms passed and the trial ended with no response, all trajectories

recorded during the trial were added. No movement was treated as a movement with the dis-

tance between coordinates at different timestamps equal to zero. All trajectories were time-

normalized using 101 timesteps [57]. For analyzing the cursor trajectory data, we used

“mousetrap” package for the R statistical environment [58].

We employed maximum velocity and maximum acceleration (Fig 2) because these mea-

sures are likely to reflect levels of commitment, vigor and even impulsiveness for action [59,

60, 61, 7, 62]. Moreover, as the conflict between two options is reflected in the mouse move-

ment [29], mouse movement measures represent the process of resolution of the conflict

between “stop” and “go” options.

As a mouse movement measure analog to SSRT, we devised stopping distance (Δ). This

measure represents the distance that the cursor travels after stop-signal is heard, similar to the

time that an individual needs to put the foot on the brake after he or she sees the red traffic

light. However, in contrast to SSRT, which is implicit, stopping distance can be directly

Fig 1. Hypothetical trials in keypress and mouse movement conditions. A: Hypothetical trial in the keypress condition. In this trial, a stop-signal (beep) is

presented after a 600 ms delay. The participant does not make a response in this example. B: Hypothetical trial in the mouse movement condition. In this

example, the participant incorrectly identifies the direction of the dot movement as “right”. With the onset of stimulus in each trial in the mouse movement

condition, the mouse cursor was placed in the center of the bottom of the screen (0, -0.8), where (0,0) represents the center of the screen in the x-y coordinate

system.

https://doi.org/10.1371/journal.pone.0225437.g001
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estimated from a total distance in a trial:

D ¼ dtotal � dbeforestopsignal;

where dtotal is total distance an individual has traveled in a given trial, dbefore stop-signal is the dis-

tance traveled before stop-signal has appeared and Δ is stopping distance (Fig 3).

This measure was calculated separately for each preset stop-signal delay and averaged across

all trials for each participant. After that, stopping distances for each stop-signal delay were

averaged:

Δaverage ¼
Δ1 þ Δ2 þ⋯þ Δn

n
;

where Δ1,Δ2. . .Δn are stopping distances calculated for 1st, 2nd, and nth stop-signal delay,

respectively.

When inhibition is not applied, greater acceleration and velocity are achieved [63]. In addi-

tion to that, lower maximum velocity and acceleration were linked to responses requiring

more top-down control, e.g. ones that required the deception [64]. Stopping distance cannot

be attributed to the muscular constraints but is rather a result of higher-level planning [65].

For studying proactive inhibition, we employed, following Mirabella and colleagues [21],

movement initiation time and movement time. Movement initiation time was calculated rela-

tive to the onset of the random dot kinematogram. Movement time was calculated as the dif-

ference between movement initiation time and time when a participant clicked the response

button or the trial ended and the recording stopped. These measures were calculated only for

Fig 2. Calculation of trajectory-based measures. Note: t represents the time between recordings (� 19 ms). Maximum velocity was calculated as the

maximum speed with which the movement between two adjacent sets of coordinates took place. Maximum acceleration stands for maximum change in the

velocity of the mouse movement between the two adjacent parts of the trajectory. Mean total distance represents the mean of total Euclidean distance from the

original starting position of the cursor to the position of the cursor at the end of the trial.

https://doi.org/10.1371/journal.pone.0225437.g002
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the “go” trials since proactive inhibition can manifest as slowing the response in anticipation

of the “stop” signal [66].

Results. To make sure samples collected in keypress and mouse movement conditions are

comparable in their ADHD and impulsivity/inattention levels, we first analyzed the differences

in distributions of scores on different questionnaire scales between two samples. We also

investigated the correlations between impulsivity/inattention scores and performance in the

stop-signal task, separately in keypress and mouse movement conditions. Finally, we applied

ridge regression to assess the predictive ability of the keypress and mouse movement measures

and find the features that are most strongly related to inclination towards different subsets of

ADHD.

Distributions of CAARS & BDEFS scores in keypress and mouse movement condi-

tions. Two-sample Kolmogorov-Smirnov test showed no difference in distributions of ques-

tionnaire scores between keypress and mouse movement conditions on any subscale.

Correlation analysis. To investigate the correlations between performance-based mea-

sures and impulsivity/inattention profile, we used Spearman’s rank correlation. Following the

Ma and Yu study [44], we also examined the extent to which different non-inhibition-related

factors affect the associations between performance measures and questionnaire-based mea-

sures of impulsivity and inattention. Specifically, we examined the changes in associations

between SSRT and other measures and scores on different subscales across different levels of

dot coherency.

Fig 3. Calculation of stopping distance. Note: in this hypothetical trial, an individual continued to move the mouse for some time after hearing the “stop” signal.

Stopping distance (Δ) is represented by the dashed line. Distance before stop-signal (dbefore) is represented by a solid line.

https://doi.org/10.1371/journal.pone.0225437.g003
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Correlations between performance and impulsivity measures in keypress condition. In

the keypress condition, we have found a few correlations between RT- or accuracy-based mea-

sures and scores on the questionnaires. Specifically, significant correlations were observed

between mean RT in “stop” trials and scores indicating an inclination towards Inattentive sub-

type of ADHD (ρ = -0.27, p = .04), as well as between accuracy in “stop” trials and Impulsivity/

Emotional lability subscale (ρ = -0.29, p = .03). Correlations with impulsivity and inattention

measures are summarized in Table 2.

After separating trials by different dot coherency levels (10%, 50% and 80%), significant

correlations were found between stop-signal reaction time at 10% coherency and inclination

towards Combined subtype of ADHD (ρ = -0.34, p = .01), as well as ADHD index (ρ = -0.28,

p = .04). Among BDEFS subscales, SSRT at 10% coherence was negatively correlated with Self-

Management to Time (ρ = -0.27, p = .043). Correlations between RT-based measures and

scores on impulsivity/inattention scales are summarized in Table 3.

Correlations between performance and impulsivity measures in the mouse movement

condition. In contrast to the keypress condition, we have found multiple correlations

between mouse movement measures and impulsivity/inattention scores.

Simple RT- and accuracy-based measures collected in mouse movement condition had no

significant correlations with impulsivity measures, but had a few significant correlations with

inattention measures, summarized in Table 4:

Table 2. Values of Spearman’s ρ for correlations between keypress measures and impulsivity/inattention measures.

Impulsivity/Emotional

lability

DSM-IV: Hyperactive/Impulsive

symptoms

Inattention/Memory

problems

DSM-IV:

Inattentive

RT in “go” -0.09 -0.07 -0.15 -0.22

SD RT in “go” 0.18 0.08 0.02 -0.03

Accuracy in “go” 0.14 0.22 0.19 0.08

RT in “stop” -0.06 -0.04 -0.2 -0.27�

SD RT in “stop” 0.09 0.03 -0.1 -0.09

Accuracy in “stop” -0.29� 0.01 -0.14 -0.13

Direction discrimination

accuracy

-0.06 0.13 -0.02 -0.15

SSRT 0.1 -0.05 -0.08 -0.2

� p < .05, �� p < .01, ��� p <. 001.Direction discrimination accuracy refers to the proportion of “go” trials in which a participant correctly indicated the dot movement

direction.

https://doi.org/10.1371/journal.pone.0225437.t002

Table 3. Values of Spearman’s ρ for correlations between keypress measures and impulsivity/inattention measures at different coherence levels.

Impulsivity/Emotional lability DSM-IV: Hyperactive/Impulsive symptoms Inattention/Memory problems DSM-IV: Inattentive

RT in “go” at 10% -0.09 -0.07 -0.15 -0.22

RT in “stop” at 10% -0.06 -0.01 -0.12 -0.17

SSRT at 10% 0.006 -0.05 -0.18 -0.21

RT in “go” at 50%% -0.08 -0.07 -0.16 -0.22

RT in “stop” at 50% -0.14 -0.09 -0.28� -0.28�

SSRT at 50% 0.08 -0.03 -0.14 -0.21

RT in “go” at 80% -0.09 -0.07 -0.14 -0.21

RT in “stop” at 80% 0.02 0.008 -0.16 -0.26

SSRT at 80% 0.18 0.04 0.01 -0.03

� p < .05, �� p < .01, ��� p < .001. The scores in italics represent statistically significant correlations after controlling the false discovery rate at q = 0.05 [67].

https://doi.org/10.1371/journal.pone.0225437.t003
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Among mouse movement-specific measures, significant correlations were observed

between BDEFS Section 5—Self-regulation of emotion and accuracy in “stop” trials (ρ = -0.38,

p = .025) and BDEFS Section 5 and SSRT (ρ = 0.35, p = .04) Among mouse-specific measures,

the strongest associations were found between scores on subscale C–Impulsivity/Emotional

lability–and average stopping distance (ρ = 0.43, p = .01). Scores on this subscale were also sig-

nificantly correlated with mean total distance in “go” (ρ = 0.34, p = .044) and “stop” (ρ = 0.38,

p = .024) trials, as well as mean maximum acceleration in “stop” trials (ρ = 0.36, p = .034).

Inclination towards a primarily impulsive subtype of ADHD (subscale F) was significantly cor-

related with mean maximum velocity in “go” (ρ = -0.45, p = .006) and “stop” (ρ = -0.44, p =

.009) trials. Table 5 summarizes the correlations between mouse movement measures and

impulsivity measures.

After separating trials by different dot coherency levels (10%, 50%, and 80%), significant

correlations appeared between scores subscale C and total distance in “go” and “stop” trials at

10% and 50% levels of dot coherency. Impulsivity/Emotional lability was also significantly cor-

related with mean maximum acceleration in stop trials at 50% (ρ = 0.47, p = .004). In contrast

with keypress condition, a measure analogous to SSRT–average stopping distance–was signifi-

cantly correlated with Impulsivity/Emotional lability scores at all levels of coherency.

Table 4. Values of Spearman’s ρ for correlations between simple RT/ accuracy-based measures and impulsivity/inattention measures in mouse movement

condition.

Impulsivity/Emotional

lability

DSM-IV: Hyperactive/Impulsive

symptoms

Inattention/Memory

problems

DSM-IV:

Inattentive

RT in “go” -0.06 0.13 0.08 0.08

SD RT in “go” 0.01 0.07 0.05 0.19

Accuracy in “go” 0.15 -0.04 -0.13 -0.12

RT in “stop” 0.04 -0.04 0.11 0.11

SD RT in “stop” -0.24 -0.14 0.03 0.16

Accuracy in “stop” -0.07 -0.14 -0.4� -0.35�

Direction discrimination

accuracy

-0.02 -0.28 -0.08 -0.1

SSRT 0.18 0.28 0.41� 0.34�

� p < .05, �� p < .01, ��� p < .001. Direction discrimination accuracy refers to the proportion of “go” trials in which a participant correctly indicated the dot movement

direction.

https://doi.org/10.1371/journal.pone.0225437.t004

Table 5. Values of Spearman’s ρ for correlations between mouse movement and impulsivity/inattention measures.

Impulsivity/Emotional lability DSM-IV: Hyperactive/Impulsive symptoms Inattention/Memory problems DSM-IV: Inattentive

Velocity in “go” 0.2 -0.45�� 0.09 -0.05

Acceleration in “go” 0.29 -0.08 -0.2 -0.17

Total distance in “go” 0.34�� -0.19 0.03 0.06

Velocity in “stop” 0.03 -0.44� 0.14 -0.02

Acceleration in “stop” 0.36� 0.03 -0.16 -0.02

Total distance in “stop” 0.38� 0.03 -0.16 -0.02

Stopping distance 0.43�� 0.18 -0.18 0.04

Initiation time in “go” -0.15 0.01 0.01 -0.03

Movement time -0.03 0.16 0.12 0.16

� p < .05

�� p < .01, ��� p < .001. The scores in italics represent statistically significant correlations after controlling the false discovery rate at q = 0.05 [67].

https://doi.org/10.1371/journal.pone.0225437.t005
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Inclination towards Impulsive subtype (subscale F) showed significant correlations with

mean maximum velocity in “go” and “stop” trials at all levels of coherency. Tables 6–8 summa-

rize correlations between mouse movement measures and scores on subscales C (Impulsivity/

Emotional lability), F (DSM-IV: Hyperactive/Impulsive symptoms), A (Inattention/Memory

problems) and E (DSM-IV: Inattentive symptoms) across different levels of dot coherency.

Feature selection and prediction performance. So far, our analysis focused on correla-

tions between performance measures (e.g., maximum velocity in stop trials) and ADHD rat-

ings (hyperactive/impulsive symptoms). These correlation measures show the degree of

association between two sets of data. It is unclear how well one can predict hypothetical ques-

tionnaire scores based on the performance measures (collected in keypress or mouse move-

ment conditions). It is also unclear which performance features are related to different ADHD

subtypes. Mouse movement features, such as maximum velocity and maximum acceleration,

are by design correlated. This intercorrelation poses a risk of multicollinearity. To investigate

these questions, we applied ridge regression and conducted feature subset selection and model

assessment following the procedure delineated by James and colleagues [68].

Feature subset selection. For the feature subset selection, we applied ridge regression.

Ridge regression is a regression technique especially useful when data suffer from multicolli-

nearity [69]. Multicollinearity occurs when some predictors are strongly correlated with oth-

ers. When it happens, the variance of coefficient estimates can dramatically increase.

Ridge regression reduces the coefficient estimates using a regularization parameter, λ. To

choose the best λ, we employed 10-fold cross-validation [68]. Each data set was divided into 10

segments (folds 1–10). One segment was left for the test (fold 1), and the remaining segments

Table 6. Values of Spearman’s ρ for correlations between mouse movement and impulsivity/inattention measures at 10% coherency level.

Impulsivity/Emotional lability DSM-IV: Hyperactive/Impulsive symptoms Inattention/Memory problems DSM-IV: Inattentive

Velocity in “go” 0.03 -0.46�� 0.08 -0.03

Acceleration in “go” 0.27 -0.0 -0.22 -0.17

Total distance in “go” 0.36� -0.18 -0.05 0.07

Velocity in “stop” 0.08 -0.35� 0.14 -0.03

Acceleration in “stop” 0.31 -0.01 -0.16 -0.11

Total distance in “stop” 0.35� 0.1 -0.08 0.11

Stopping distance 0.42� 0.17 -0.18 0.05

� p < .05

�� p < .01, ��� p < .001. The scores in italics represent statistically significant correlations after controlling the false discovery rate at q = 0.05 [67].

https://doi.org/10.1371/journal.pone.0225437.t006

Table 7. Values of Spearman’s ρ for correlations between mouse movement and impulsivity/inattention measures at 50% coherency level.

Impulsivity/Emotional lability DSM-IV: Hyperactive/Impulsive symptoms Inattention/Memory problems DSM-IV: Inattentive

Velocity in “go” 0.02 -0.44�� 0.12 -0.06

Acceleration in “go” 0.24 -0.13 -0.22 -0.21

Total distance in “go” 0.34� -0.18 -0.22 -0.21

Velocity in “stop” -0.02 -0.45�� 0.15 -0.01

Acceleration in “stop” 0.47�� 0.12 -0.14 -0.13

Total distance in “stop” 0.46�� 0.08 -0.12 -0.01

Stopping distance 0.45�� 0.15 -0.17 0.02

� p < .05

�� p < .01, ��� p < .001. The scores in italics represent statistically significant correlations after controlling the false discovery rate at q = 0.05 [67].

https://doi.org/10.1371/journal.pone.0225437.t007
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(folds 2–10) were used for training. In the training segments (folds 2–10), models with various

lambda values are assessed and tested with the test data (fold 1). This process was repeated 10

times with other folds, and the lambda that yielded the minimum mean squared error with the

test data was selected. In both keypress and mouse movement conditions, we standardized the

predictors (mean = 0, SD = 1).

In the keypress condition, the most important features for subscale F (DSM-IV: Hyperac-

tive/Impulsive symptoms) were accuracy in “go” trials and SSRT. Accuracy in “go” trials and

direction discrimination accuracy were also indicative of subscale E (DSM-IV: Inattentive

symptoms) (Fig 4). In the mouse movement condition, the most important features for sub-

scale F (DSM-IV: Hyperactive/Impulsive symptoms) were mean maximum velocity in “go” tri-

als and stopping distance. For subscale E (DSM-IV: Inattentive symptoms), the most

important features were acceleration in “go” trials and SSRT.

A comparison of coefficients’ absolute values between keypress and mouse movement con-

ditions reveals that for Hyperactive/Impulsive symptoms subscale, features in mouse move-

ment condition had larger absolute values. In contrast, features in keypress condition had

greater coefficients’ value for Inattentive symptoms subscale.

Evaluation of prediction performance. What is the prediction capacity of these features?

That is, given “new” subjects, to what extent can these measures predict ADHD ratings of the

“unknown” subjects? In order to evaluate the prediction performance of models in keypress

and mouse movement, we applied the nested cross-validation (CV) method—10-fold cross-

validation nested within 5-fold cross-validation (5-fold CV), combined with bootstrapping

sampling. In the outer layer of cross-validation (5-fold CV), fold 1 was left for the test, while

folds 2–5 were used for model selection. Within the training data (folds 2–5), we applied the

10-fold CV to find the best lambda as described in the feature selection section. The model (λ
and coefficients) thus identified in the 10-fold CV the training data (folds 2–5 in the 5-fold

CV) were assessed by the test data (fold 1 in the 5-fold CV). This process was cycled over other

folds (e.g., fold 2 for test and folds 1, 3, 4, 5 for training, and so on) and repeated 1000 times

with bootstrapped samples (in each iteration of 5-fold CV, samples were selected randomly

from original data with replacement). In this manner, we separated the model selection and

model assessment completely and examined the extent to which identified models can infer

ADHD ratings of “new” pseudo-participants.

As Table 9 shows, the models formed in the mouse movement condition performed well

for the subscales C (Impulsivity/Emotional lability) and F (DSM-IV: Hyperactive/Impulsive

symptoms). Given subscale E (DSM-IV: Inattentive symptoms), the model formed in the key-

press condition showed good prediction performance.

Table 8. Values of Spearman’s ρ for correlations between mouse movement and impulsivity/inattention measures at 80% coherency level.

Impulsivity/Emotional lability DSM-IV: Hyperactive/Impulsive symptoms Inattention/Memory problems DSM-IV: Inattentive

Velocity in “go” 0.08 -0.41� 0.11 -0.01

Acceleration in “go” 0.29 -0.08 -0.18 -0.23

Total distance in “go” 0.3 -0.19 0.03 0.07

Velocity in “stop” 0.1 -0.41� 0.1 -0.02

Acceleration in “stop” 0.31 -0.03 -0.19 -0.13

Total distance in “stop” 0.33 0.01 -0.24 -0.8

Stopping distance 0.43�� 0.17 -0.18 0

� p < .05

�� p < .01, ��� p < .001. The scores in italics represent statistically significant correlations after controlling the false discovery rate at q = 0.05 [67].

https://doi.org/10.1371/journal.pone.0225437.t008
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Discussion. In Experiment 1, we found that measures collected in mouse movement-

based stop-signal task had more significant correlations with questionnaire measures of impul-

sivity and inattention than those collected in the traditional keypress-based stop-signal task.

Fig 4. Ridge regression coefficients in keypress and mouse movement conditions. Note: coefficient value closer to zero indicates less importance. DDA = Direction

discrimination accuracy.

https://doi.org/10.1371/journal.pone.0225437.g004
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In the keypress condition, no significant correlations were observed with scores on sub-

scales C (Impulsivity/Emotional lability) or F (DSM-IV: Impulsive subtype). In addition to

that, as the results of ridge regression analysis show, keypress measures better predicted (by

the measure of the correlation between predicted and test data) scores on subscales A (Inatten-

tion/Memory problems) and E (DSM-IV: Inattentive symptoms). Moreover, as feature selec-

tion shows, coefficients with the largest absolute value were produced for Inattentive

symptoms subscale.

In contrast, mouse movement measures, particularly mean maximum velocity and stopping

distance, were correlated with CAARS scores on the inclination towards a primarily Impulsive

subtype. For Inattentive symptoms, as well as for inclination towards the Inattentive subtype

of ADHD, no mouse movement measures had any significant correlation with questionnaire

scores. Furthermore, in contrast with the models in the keypress condition, models in mouse

movement condition were good at predicting scores on impulsivity-related subscales: C

(Impulsivity/Emotional lability) and F (DSM-IV: Hyperactive/Impulsive symptoms). Coeffi-

cients with the absolute value farthest away from zero for models in mouse movement condi-

tion were produced for Hyperactive/Impulsive symptoms subscale.

In the traditional horse-race inhibition model [53], “go” and “stop” processes are assumed

to be independent (i.e., processes affecting “go” processes do not affect “stop” processes) (but

see Ma & Yu [44], Logan et al. [70] and Schall, Palmieri and Logan [71]). Thus, dot coherency

was supposed to be relevant only for “go” trials to correctly indicate the direction of the coher-

ent dot movement. However, in this experiment, dot coherency in “stop” trials influenced cor-

relations with CAARS scores. We found that in both the keypress and mouse movement

conditions, correlations between performance in “stop” trials and questionnaire-based mea-

sures depended on dot coherency. For example, velocity and acceleration in “stop” trials had

significant correlations with questionnaire-based measures of impulsivity on the 50% dot

coherency level, but not 10 or 80%.

Given that, the influence of dot coherence on behavior in “stop” trials is vexing. At this

point, we do not have a clear explanation for why dot coherency impacted the association

between stop-signal task performance and ADHD questionnaire scores. It is possible that, in

order for the stop-signal task to be effective, the secondary task (i.e., judging the left-right

Table 9. Spearman’s ρ for correlations between predicted and test data in keypress and mouse movement conditions for scores on impulsivity and inattentiveness

subscales.

Impulsivity/Emotional lability DSM-IV: Hyperactive/Impulsive symptoms Inattention/Memory problems DSM-IV: Inattentive symptoms

Keypress 0.27 (0.23) 0.03 (0.24) 0.24 (0.26) 0.29 (0.21)

Mouse

movement

0.29 (0.28) 0.24 (0.34) 0.12(0.36) -0.008 (0.33)

Values outside the parentheses illustrate the median values of ρ . Values inside the parentheses illustrate the median absolute deviations of ρ.

https://doi.org/10.1371/journal.pone.0225437.t009

Table 10. Participants’ demographic characteristics.

Male Female Total

Keypress N 27 23 50

Age 18.7 (0.9) 18.5 (0.98) 18.64(1.04)

Mouse motion N 15 35 50

Age 19.1 (1.93) 18.8 (1.11) 18.96 (1.6)

Values outside and inside parentheses indicate the mean and standard deviations of participants’ age, respectively.

https://doi.org/10.1371/journal.pone.0225437.t010
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direction of random dots) needs to be reasonably engaging. Thus, judgment processes for go

trials and stop trials are mutually dependent.

Following the finding that control processes involving go and stop judgment are continu-

ous and inseparable [44], Experiment 1 employed the integration method to calculate SSRT.

The advantage of the mouse movement measures as an impulsivity-related assessment tool

may be limited to this special circumstance. Although previous studies reported no difference

between SSRTs calculated with fixed-SSD and staircase methods of setting SSDs [72], the dif-

ference can be attributed to the different response strategies employed by participants. Specifi-

cally, in the staircase method condition, participants might tend to choose to wait for the stop-

signal more, allocating more resources to the motor inhibition [73]. If an individual chooses

this strategy, it is likely that both response time and mouse movement measures would be

affected as well.

In Experiment 2, we employed the staircase method of calculating stop-signal delays and

contrasted the keypress and mouse movement measures in impulsivity assessment.

Experiment 2: Keypress vs. mouse movement (stop-signal delays

set using the staircase method)

The design and procedure of Experiment 2 were identical to those described in Experiment 1,

except that we employed a staircase method to implement stop-signal delays and a different

way of defining inhibition failure.

Methods

Participants. A total of 113 Texas A&M undergraduate students who enrolled in an intro-

ductory psychology course participated in the experiment for course credit. They were ran-

domly assigned either to a keypress or mouse movement condition. Of these participants, 13

did not complete the experiment. As in Experiment 1, we excluded participants who failed to

reach at least 5% successful response inhibition in “stop” trials and correctly indicate the

coherent dots’ direction in at least 5% of “go” trials. Table 10 summarizes the participants’

demographic information.

Design. The design of Experiment 2 was identical to that of Experiment 1 with a few

exceptions: In Experiment 2, we employed a staircase method to calculate a stop-signal delay.

When a participant made a successful inhibition (e.g., a participant not responding in a “stop”

trial), stop-signal delay (SSD) was increased by 50 ms. Conversely, when the participant failed

to inhibit the response in a “stop” trial, SSD was decreased by 50 ms [74]. In the mouse move-

ment condition, a failure of inhibition (i.e., making a response in a stop trial) was defined as

the participant moving the cursor beyond a cut-off line of a 25% of the vertical distance con-

necting the centers of the start button and an end button (Fig 5). The initial SSD was set at 600

ms for all participants, which corresponds to “stop” accuracy of 50% in Experiment 1. To cal-

culate SSRT, we calculated overall finishing time by rank-ordering RTs in “go” trials and

selecting RT equal to nth percentile, where n is equal to the proportion of inhibitory failures.

We then averaged SSDs over all stop-signal trials and subtracted the mean SSD from the fin-

ishing time to provide a subject-level SSRT estimate [51].

Because BDEFS questionnaires were not correlated with any of the response time, accuracy,

and mouse movement measures, BDEFS measures were not included in Experiment 2.

Results. We first investigated the differences in distributions of scores on different ques-

tionnaire scales between the two samples. Then, we analyzed correlations and predictive abili-

ties of regression models describing the relationship between impulsivity/inattention scores
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and performance measures and identified the most important features. These analyses were

performed separately in keypress and mouse movement conditions.

Distributions of CAARS scores in keypress and mouse movement conditions. Save for

subscales C (Impulsivity/Emotional lability) (d = 0.28, p = .04) and E (DSM-IV: Inattentive

symptoms) (d = 0.28, p = .04), no significant differences in scores between two conditions

were observed.

Correlation analysis. Similar to the previous experiment, we employed Spearman’s rank

correlation due to its robustness to outliers. We also included different dot coherency levels in

our analysis.

Correlations between performance and impulsivity measures in keypress condition. In

the keypress condition, most significant correlations with questionnaire scores were found

only with accuracy in “go” trials (Table 11).

After separating trials by dot coherency levels, no significant correlations between mean RT

or SSRT and questionnaire scores were observed (Table 12).

Fig 5. Response inhibition criteria. Red dashed line drawn at 25% of the vertical distance connecting the start position and an end button depicts the cutoff for the

response in a “stop” trial.

https://doi.org/10.1371/journal.pone.0225437.g005
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Correlations between performance and impulsivity measures in mouse movement condi-
tion. In contrast, we found a number of significant correlations in the mouse movement con-

dition. Among simple RT- and accuracy-based measures, correlations appeared mostly with

inattention measures. These correlations are summarized in Table 13.

After calculating response time measures by coherency levels, however, significant correla-

tions appeared between response time in “go” trials and impulsivity/inattention measures

(Table 14):

Among mouse movement-specific measures, such as velocity, acceleration, and total dis-

tance, most correlations appeared with inattention measures, albeit a few strong ones were

also found with impulsivity measures (Table 15).

After calculating these measures separately on different levels, significant correlations were

found among measures calculated based on trials with 50% coherency, but not 10 or 80%

coherency (summarized in Tables 16–18).

Feature subset selection and prediction performance. As in Experiment 1, we applied

ridge regression to assess the predictive capacity of keypress and mouse movement measures

and indicate the specific features related to the different ADHD subtypes.

Table 11. Values of Spearman’s ρ for correlations between keypress measures and impulsivity/inattention measures.

Impulsivity/Emotional

lability

DSM-IV: Hyperactive/Impulsive

symptoms

Inattention/Memory

problems

DSM-IV:

Inattentive

RT in “go” 0.22 0.01 0.17 0.17

SD RT in “go” -0.05 0.13 0 -0.09

Accuracy in “go” -0.43�� -0.27 -0.22 -0.07

RT in “stop” 0.2 0.03 0.14 0.19

SD RT in “stop” -0.03 0.21 -0.01 0.06

Accuracy in “stop” 0.15 0.01 0.05 0.04

Direction discrimination

accuracy

-0.44�� -0.26 -0.33� -0.15

SSRT -0.22 0.04 -0.03 -0.13

� p < .05

�� p < .01, ��� p < .001. The scores in italics represent statistically significant correlations after controlling the false discovery rate at q = 0.05[67]. Direction

discrimination accuracy refers to the proportion of “go” trials in which a participant correctly indicated the dot movement direction.

https://doi.org/10.1371/journal.pone.0225437.t011

Table 12. Values of Spearman’s ρ for correlations between keypress measures and impulsivity/inattention measures at different coherence levels.

Impulsivity/Emotional lability DSM-IV: Hyperactive/Impulsive symptoms Inattention/Memory problems DSM-IV: Inattentive

RT in “go” at 10% 0.21 0.02 0.14 0.17

RT in “stop” at 10% 0.24 0.01 0.12 0.14

SSRT at 10% -0.08 0.07 -0.13 0.13

RT in “go” at 50% 0.17 -0.03 0.13 0.12

RT in “stop” at 50% 0.15 0.04 0.16 0.2

SSRT at 50% -0.12 -0.17 -0.03 0

RT in “go” at 80% 0.19 0.02 0.15 0.18

RT in “stop” at 80% 0.22 0.04 0.16 0.19

SSRT at 80% -0.08 0.08 -0.1 -0.03

� p < .05, �� p < .01, ��� p < .001.

https://doi.org/10.1371/journal.pone.0225437.t012
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Feature subset selection. As in the first experiment, we used 10-fold cross-validation

approach in both keypress and mouse movement conditions. In the keypress condition, for

subscale F (DSM-IV: Hyperactive/Impulsive symptoms), the most important predictors were

SD RT in “stop” trials and accuracy in “go” trials. For subscale E (DSM-IV: Inattentive symp-

toms) most important predictors were accuracy in “go” trials and “stop” trials and mean RT in

“stop” trials.

In the mouse movement condition, for subscale F (DSM-IV: Hyperactive/Impulsive symp-

toms), the most important predictors were mean maximum velocity in “go” and “stop” trials.

For subscale E (DSM-IV: Inattentive symptoms) most important predictors were acceleration

in “stop” trials and mean RT in “go” trials.

A comparison of coefficients’ absolute values between keypress and mouse movement con-

ditions reveals that for both Hyperactive/Impulsive and Inattentive symptoms subscales, fea-

tures in mouse movement condition had larger absolute values (Fig 6).

Evaluation of prediction performance. As in the first experiment, we used 5- and 10-fold

nested cross-validation together with bootstrapping. We produced 1000 values of Spearman’s

coefficient of correlation between predicted and testing data. Mouse movement-based models

were good at predicting the scores on subscales F (DSM-IV: Hyperactive/Impulsive

Table 13. Values of Spearman’s ρ for correlations between simple RT/ accuracy-based measures and impulsivity/inattention measures in mouse movement

condition.

Impulsivity/Emotional

lability

DSM-IV: Hyperactive/Impulsive

symptoms

Inattention/Memory

problems

DSM-IV:

Inattentive

RT in “go” -0.16 -0.32� -0.28� -0.31�

SD RT in “go” -0.08 0.1 -0.37�� -0.2

Accuracy in “go” 0.13 0.11 0.16 0.06

RT in “stop” -0.12 -0.27 -0.27 -0.27

SD RT in “stop” 0.02 -0.14 -0.13 -0.05

Accuracy in “stop” -0.21 -0.29� -0.22 -0.28�

Direction discrimination

accuracy

0.11 -0.01 0.13 -0.05

SSRT 0.1 0.08 -0.02 -0.12

� p < .05

�� p < .01, ��� p < .001. Direction discrimination accuracy refers to the proportion of “go” trials in which a participant correctly indicated the dot movement direction.

https://doi.org/10.1371/journal.pone.0225437.t013

Table 14. Values of Spearman’s ρ for correlations between simple RT/ accuracy-based measures and impulsivity/inattention measures in the mouse movement con-

dition calculated at different coherency levels.

Impulsivity/Emotional lability DSM-IV: Hyperactive/Impulsive symptoms Inattention/Memory problems DSM-IV: Inattentive

RT in “go” at 10% -0.16 -0.32� -0.28 -0.33�

RT in “stop” at 10% -0.12 -0.26 -0.28 -0.27

SSRT at 10% 0.05 0.04 -0.08 -0.16

RT in “go” at 50% -0.17 -0.32� -0.3� -0.31�

RT in “stop” at 50% -0.13 -0.27 -0.26 -0.26

SSRT at 50% 0.07 0.03 -0.05 -0.19

RT in “go” at 80% -0.14 -0.29� -0.26 -0.29�

RT in “stop” at 80% -0.07 -0.23 -0.24 -0.25

SSRT at 80% 0.27 0.19 0.08 0.05

� p < .05, �� p < .01, ��� p < .001.

https://doi.org/10.1371/journal.pone.0225437.t014
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symptoms), A (Inattention/Memory problems) and E (DSM-IV: Inattentive symptoms), while

models in keypress conditions were good for predicting scores on the Impulsivity/Emotional

lability subscale (Table 19).

Discussion. As in Experiment 1, we found very few correlations between RT/accuracy-

based measures and impulsivity/inattention subscales. In the keypress condition, we found no

significant correlations between performance-based measures and questionnaire subscales

describing inclination towards primarily Impulsive or Inattentive subtypes of ADHD. Only

the correlation between accuracy in “go” trials and Impulsivity/Emotional lability scores

remained significant after false discovery rate control. No SSRT measure had any significant

associations with any questionnaire measures in the keypress condition.

In contrast, in the mouse movement condition, strong correlations were found between

inclinations towards Impulsive and Inattentive subtypes of ADHD on the one hand and maxi-

mum velocity and acceleration in stop trials on the other. These correlations remained signifi-

cant after controlling for the false discovery rate. Furthermore, ridge regression analysis

showed that models using mouse movement measures performed better at predicting scores

on the inclination towards different subtypes of ADHD better than models using only RT- and

accuracy-based measures. In addition to that, feature selection analysis shows that the absolute

values of coefficients in models in mouse movement condition are greater than those in the

models for the keypress condition.

These findings suggest that mouse movement measures can supplement SSRT in behavioral

impulsivity measures. Interestingly, in the mouse movement condition measures remained

significant at a certain level of coherency (50%). This discrepancy, given that the measure in

question was calculated based on data from “stop” trials, implies some connection between

Table 15. Values of Spearman’s ρ for correlations between mouse movement and impulsivity/inattention measures.

Impulsivity/Emotional lability DSM-IV: Hyperactive/Impulsive symptoms Inattention/Memory problems DSM-IV: Inattentive

Velocity in “go” 0.15 0.13 0.11 0.18

Acceleration in “go” 0.1 0.1 0.06 0.15

Total distance in “go” 0.26 0.16 0.18 0.23

Velocity in “stop” 0.29� 0.35� 0.24 0.43��

Acceleration in “stop” 0.27 0.32� 0.17 0.40��

Total distance in “stop” 0.08 0.13 0.11 0.26

Initiation time in “go” -0.04 -0.13 -0.12 -0.11

Movement time -0.25 -0.24 -0.27 -0.26

� p < .05

�� p < .01, ��� p < .001. The scores in italics represent statistically significant correlations after controlling the false discovery rate at q = 0.05[67].

https://doi.org/10.1371/journal.pone.0225437.t015

Table 16. Values of Spearman’s ρ for correlations between mouse measures and impulsivity/inattention measures at 10% coherence.

Impulsivity/Emotional lability DSM-IV: Hyperactive/Impulsive symptoms Inattention/Memory problems DSM-IV: Inattentive

Velocity in “go” -0.01 0.1 -0.02 0.13

Acceleration in “go” 0.03 0.18 -0.05 0.12

Total distance in “go” -0.04 0.05 -0.08 0.06

Velocity in “stop” 0.15 0.28 0.07 0.23

Acceleration in “stop” 0.06 0.23 0.04 0.26

Total distance in “stop” -0.07 0.14 -0.06 0.15

� p < .05, �� p < .01, ��� p < .001.

https://doi.org/10.1371/journal.pone.0225437.t016
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“stop” and “go” processes. In other words, information pertaining to “go” processes is likely to

influence “stop” processes.

Because SSRT is calculated using stop-signal delay (SSD), it is important to identify which

cut-off line (i.e., response inhibition criteria) produces the most effective SSRT measures.

Unlike the preset method (used in Experiment 1), the staircase method dynamically adjusts

stop-signal delay (SSD) as participants make a “correct” or “incorrect” response in a “stop”

trial. In Experiment 2, we employed a cut-off line of a 25% of the vertical distance connecting

the start position and an end button (Fig 5) to flag an “incorrect” response in a “stop” trial. In

this case, the criterion for response inhibition was high in the sense that the cursor moving

beyond the 25% cut-off line was treated as a failure of response inhibition.

General discussion

We compared traditional (keypress) and augmented (mouse movement) versions of the stop-

signal task in their associations with questionnaire-based impulsivity/inattention measures.

Impulsivity and inattention were assessed through specific scales of Conners’ Adult ADHD

Questionnaire.

In Experiment 1, the stop-signal delay was randomly chosen from preset values. We found

that keypress measures, including SSRT, had a small association with questionnaire measures,

while mouse movement measures had strong and significant correlations. Moreover, mouse

movement measures predicted scores on impulsivity subscales better than those in keypress

condition. For inclination towards Hyperactive/Impulsive subtype of ADHD, mouse move-

ment measures produced coefficients with greater absolute values than keypress measures,

indicating their greater importance for predicting the scores.

Table 18. Values of Spearman’s ρ for correlations between mouse measures and impulsivity/inattention measures at 80% coherency level.

Impulsivity/Emotional lability DSM-IV: Hyperactive/Impulsive symptoms Inattention/Memory problems DSM-IV: Inattentive

Velocity in “go” 0.05 0.22 0.09 0.24

Acceleration in “go” 0.11 0.19 0.08 0.22

Total distance in “go” -0.02 0.1 -0.06 0.11

Velocity in “stop” 0.1 0.18 -0.01 0.08

Acceleration in “stop” 0.14 0.19 -0.04 0.06

Total distance in “stop” -0.16 0.02 -0.05 -0.05

� p < .05, �� p < .01, ��� p < .001.

https://doi.org/10.1371/journal.pone.0225437.t018

Table 17. Values of Spearman’s ρ correlations between mouse measures and impulsivity/inattention measures at 50% coherency level.

Impulsivity/Emotional lability DSM-IV: Hyperactive/Impulsive symptoms Inattention/Memory problems DSM-IV: Inattentive

Velocity in “go” 0.15 0.2 0.04 0.11

Acceleration in “go” -0.01 0.18 0.01 0.16

Total distance in “go” -0.02 0.07 -0.03 0.16

Velocity in “stop” 0.23 0.31� 0.13 0.28

Acceleration in “stop” 0.26 0.31� 0.21 0.37��

Total distance in “stop” -0.03 -0.06 0.08 0.04

� p < .05

�� p < .01

��� p < .001. The scores in italics represent statistically significant correlations after controlling the false discovery rate at q = 0.05 (Benjamini & Hochberg, 1995).

https://doi.org/10.1371/journal.pone.0225437.t017
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In Experiment 2, we employed a staircase method of setting a stop-signal delay, with a

more challenging response inhibition criterion (a failure of response inhibition was defined as

the cursor crossing 25% of the vertical line between the starting position and the center of

response buttons). Mouse movement measures produced strong and significant correlations

Fig 6. Ridge regression coefficients in keypress and mouse movement conditions. Coefficient value closer to zero indicates less importance. DDA = Direction

discrimination accuracy.

https://doi.org/10.1371/journal.pone.0225437.g006

Mouse movement measures enhance the stop signal task

PLOS ONE | https://doi.org/10.1371/journal.pone.0225437 November 26, 2019 22 / 31

https://doi.org/10.1371/journal.pone.0225437.g006
https://doi.org/10.1371/journal.pone.0225437


with scores on the inclination towards Hyperactive/Impulsive subtype of ADHD. SSRT mea-

sured in the keypress condition had little to no association with impulsivity measures. Mouse

movement measures predicted scores for almost all subscales well, save for Impulsivity/Emo-

tional lability. Similar to Experiment 1, for mouse movement measures, the coefficients’ values

were greater.

Taken together, these results suggest that mouse movement measures enhance a stop-signal

task in impulsivity and inattention assessment. One of the most popular measures collected in

stop-signal tasks, SSRT, was found to have small associations with impulsivity or inattentive-

ness. Mouse movement measures had, in contrast, strong and significant associations with

impulsivity. However, this association was contingent on specific SST design features: it was

strong when the inhibition criterion was more challenging (Experiment 2).

The association was particularly strong when the stop-signal delay was devised with the

fixed-SSD method (Ma & Yu, 2016). In the context of our experiment, the fixed-SSD method

has been shown to be superior to the staircase method when it comes to the assessment of

impulsivity (Experiment 1); for inattention, staircase method was better (Experiment 2).

Theoretical implications

In Experiment 1, we found almost no correlations between mouse movement measures and

inattention measures, while in Experiment 2, we found strong correlations between mouse

movement measures and inclination towards a primarily Inattentive subtype of ADHD. We

speculate that this is related to the specific strategies that a staircase method of setting stop-sig-

nal delay prompts a participant to adopt.

As suggested above, the staircase method of SSD setting might be prompting an individual

to engage more in suppressing the initiation of responses (proactive inhibitory control) due to

its greater reliance on an individual’s performance. Attentional monitoring was found to be a

very important part of proactive inhibitory control [75]. Because of that, performance in tasks

using the staircase method of setting stop-signal delay might be more representative of inatten-

tion, as evidenced by the correlations with inattention measures that appeared in Experiment 2.

If the staircase procedure does indeed prompt an individual to engage in additional proac-

tive response inhibition, the discrepancy between correlations in Experiment 1 (fixed-SSD

method) and Experiment 2 can be explained from Toplak and colleagues’ standpoint [24].

According to them, the reason for the discrepancy in correlations between measures collected

traditional performance-based tasks and questionnaire-based measurers is that performance-

based tasks assess optimal behavior, while questionnaire-based measures assess typical behav-

ior, and are thus more indicative of an individual’s real-world functioning. The staircase pro-

cedure, in our case, is more prompting of optimal performance. The fixed-SSD method, on

the other hand, is less demanding, allowing an individual to display his typical performance.

Because of that, SST using fixed-SSD procedure might be more applicable to gauge individual

differences in ADHD-related impulsivity.

Table 19. Spearman’s ρ for correlations between predicted and test data in keypress and mouse movement conditions for scores on impulsivity and inattentiveness

subscales.

Impulsivity/Emotional lability DSM-IV: Hyperactive/Impulsive symptoms Inattention/Memory problems DSM-IV: Inattentive symptoms

Keypress 0.32 (0.24) 0.21 (0.25) 0.16 (0.27) -0.12 (0.24)

Mouse

movement

0.34 (0.22) 0.41 (0.2) 0.4 (0.22) 0.47 (0.16)

Values outside the parentheses are the median values of ρ . Values inside the parentheses are the median absolute deviations of ρ.

https://doi.org/10.1371/journal.pone.0225437.t019
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Practical implications

Our findings point to an important potential application of mouse movement measures as a

way to indicate different subtypes of ADHD. In Experiment 1, when preset SSDs were used,

we found strong and significant correlations between mouse movement measures and inclina-

tion towards Impulsive subtype of ADHD (subscale F). Regression models including mouse

movement measures have shown significant associations with scores on this subscale as well.

On the other hand, keypress measures had significant associations with the inclination towards

Inattentive subtype of ADHD (subscale E), indicated by both correlation measures and predic-

tive regression models.

In other words, associations between performance measures and inclination towards differ-

ent subtypes of ADHD were dependent on which type of performance measures was used

(RT/accuracy-based or mouse-movement-specific). Evaluating an individual’s performance

with respect to both types of measures can be helpful to indicate his or her inclination towards

Impulsive or Inattentive subtype of ADHD.

Another practical advantage of mouse movement tracking as a tool to gauge individual dif-

ferences in response inhibition lies in a distinct target population. As Lijfijjt and colleagues

point out [76], among adults, ADHD is more associated with motor control of inhibition.

Even though SSRT is a measure of motor control as well, two important limitations persist:

first, SSRT is estimated from response time and accuracy; second, it is an indirect measure.

Mouse movement measures do not have these constraints.

Among features of decision making, motor control is of particular interest for ADHD diag-

nosis, since impairments in it are well known to accompany ADHD [77]. Two areas of execu-

tive functions—control of attention and urges, impairment in which is most commonly

associated with ADHD, were found to account for almost a half of variance in fine motor skills,

and more than a half in gross motor skills among children [78].

These impairments of motor skills include [79], among both children and adults, a height-

ened muscle tone and lessened ability to inhibit the movement, including legs, hands (i.e.

gross motor skills) and thumbs (fine motor skills). In addition to these findings, children with

ADHD were found to have more coordination problems, than healthy controls [80]. These

problems include manual dexterity as well as aiming and catching (assessed with ball task).

Among subtypes of ADHD, motor problems were found to be associated with Inattentive and

Combined subtypes (but not Impulsive). Consistent with these findings, our current results

highlight the significance of studying motor behavior in adult ADHD.

Potential and limits of mouse movement augmentation

Because ADHD is a clinical disorder, we recognize the limitation associated with our choice of

participants’ demographic. This choice, however, can be justified. Past studies [81] point to the

excessive rigidity of the ADHD criteria outlined in diagnostic manuals. This rigidity might

potentially exclude individuals with late-onset or subclinical (failing to meet the full clinical

definition) ADHD, even though they still experience ADHD-like symptoms and are suscepti-

ble to disorders such as cocaine or alcohol abuse [82, 83]. In other words, individuals who are

not formally diagnosed with ADHD might still experience ADHD-like symptoms, prompting

the need for proper diagnostic tools. Nevertheless, as a future venue for research, we propose

contrasting performance in our augmented stop-signal task between ADHD-diagnosed indi-

viduals and healthy controls.

In the future, we are also considering studying the associations between performance in the

augmented stop-signal task and questionnaire scores for other clinical populations beside
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ADHD. These populations include but are not limited to, individuals with OCD and substance

abuse due to the importance that impulse and urge control play in these disorders [84, 85].

In addition to that, since measures used in this article (velocity, acceleration, and distance)

are based on temporal and spatial information about the position of the mouse cursor, the

usability of mouse movement measures is inextricable from the quality of timestamp and x-y

coordinate registration. For example, if a mouse has a poor sensor, some of the changes in its

position can be omitted. Similar concerns can be directed to the surface on which the mouse is

placed. Inaccurate reflection of the mouse position and its changes over time can contaminate

the mouse movement data and provide an inaccurate picture of an individual’s ability to

inhibit his or her responses. These limitations should be considered before using mouse move-

ment in an experimental setting.

Further extensions

As for any method, mouse movement version of the stop-signal task can be improved in differ-

ent aspects. One of these aspects is the inclusion of trajectory-related measures of mouse

movement. As Maldonado and colleagues have shown [86], trajectory-related measures are

more informative of the decision-making process than speed, acceleration, and other similar

measures. Future studies can greatly benefit from the inclusion of trajectory-based measures.

In our opinion, these measures can help contrast the differences in the decision-making pro-

cess between healthy and ADHD-prone individuals (or between individuals with different sub-

types of ADHD).

Conclusion

We have found that RT/accuracy-based and mouse movement measures tend to be associated

with impulsivity and inattentiveness, respectively. Our findings also point to the influence of

stop-signal delay setting method on associations with impulsivity and inattention.

Our findings highlight the need for expanding the stop-signal task measures of ADHD-

related impulsive traits in under-researched populations, such as college students, to include

mouse movement measures as a part of SST’s measures.

We also consider research into the differences between behaviors in stop-signal tasks using

preset SSDs and staircase method of SSD to be very important. The discrepancy in associations

between mouse movement measures and impulsivity measures in Experiments 1 (which uses

preset SSDs) and 2 (which uses staircase method) point to the importance of SSD setting

method for associations between behavioral and questionnaire-based measures of impulsivity.

While we provide a potential explanation of this discrepancy above, further investigation is

needed.

It should be noted, however, that traditional stop-signal task’s measure–SSRT and other

response time/accuracy-based measures—remain useful in regards to inhibition. In the diag-

nostic process, mouse movement measures should be used together with–not instead of–stop-

signal reaction time.

In conclusion, this study has yielded important findings in the potential of mouse move-

ment measures for detection of individual differences across the ADHD spectrum. It has also

highlighted new venues for research into the influence of SST’s parameters, such as method of

stop-signal delay setting or different response inhibition criteria, on an individual’s stopping

behavior and associations between performance and questionnaire-based measures. We sug-

gest that future research on ADHD and inhibition will benefit from incorporating mouse

movement measures.

Mouse movement measures enhance the stop signal task

PLOS ONE | https://doi.org/10.1371/journal.pone.0225437 November 26, 2019 25 / 31

https://doi.org/10.1371/journal.pone.0225437


Supporting information

S1 Text. Supplementary methods.

(DOCX)

S1 Fig. Comparison of scores on different CAARS subscales between two conditions in

Experiment 1.

(TIF)

S2 Fig. Comparison of scores on different BDEFS sections between two conditions in

Experiment 1.

(TIF)

S3 Fig. Comparison of scores on different CAARS subscales between two conditions in

Experiment 2.

(TIF)

S1 Data.

(RAR)

Author Contributions

Conceptualization: Anton Leontyev, Takashi Yamauchi.

Data curation: Anton Leontyev, Takashi Yamauchi.

Formal analysis: Anton Leontyev, Takashi Yamauchi.

Funding acquisition: Takashi Yamauchi.

Investigation: Anton Leontyev, Takashi Yamauchi.

Methodology: Anton Leontyev, Takashi Yamauchi.

Project administration: Anton Leontyev, Takashi Yamauchi.

Resources: Anton Leontyev, Takashi Yamauchi.

Software: Anton Leontyev, Takashi Yamauchi.

Supervision: Anton Leontyev, Takashi Yamauchi.

Validation: Anton Leontyev, Takashi Yamauchi.

Visualization: Anton Leontyev.

Writing – original draft: Anton Leontyev.

Writing – review & editing: Anton Leontyev, Takashi Yamauchi.

References
1. Alessi SM, Petry NM. Pathological gambling severity is associated with impulsivity in a delay discount-

ing procedure. Behavioural Processes. 2003 Oct; 64(3):345–354. Available from: https://doi.org/10.

1016/s0376-6357(03)00150-5 PMID: 14580703

2. Poulos CX, Le AD, Parker JL. Impulsivity predicts individual susceptibility to high levels of alcohol self-

administration. Behavioural Pharmacology. 1995 Dec; 6(8):810???814. Available from: https://doi.org/

10.1097/00008877-199512000-00006. PMID: 11224384

3. Iacono WG, Malone SM, McGue M. Behavioral Disinhibition and the Development of Early-Onset

Addiction: Common and Specific Influences. Annual Review of Clinical Psychology. 2008 Apr; 4

(1):325–348. Available from: https://doi.org/10.1146/annurev.clinpsy.4.022007.141157.

Mouse movement measures enhance the stop signal task

PLOS ONE | https://doi.org/10.1371/journal.pone.0225437 November 26, 2019 26 / 31

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0225437.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0225437.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0225437.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0225437.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0225437.s005
https://doi.org/10.1016/s0376-6357(03)00150-5
https://doi.org/10.1016/s0376-6357(03)00150-5
http://www.ncbi.nlm.nih.gov/pubmed/14580703
https://doi.org/10.1097/00008877-199512000-00006
https://doi.org/10.1097/00008877-199512000-00006
http://www.ncbi.nlm.nih.gov/pubmed/11224384
https://doi.org/10.1146/annurev.clinpsy.4.022007.141157
https://doi.org/10.1371/journal.pone.0225437


4. Fuermaier ABM, Tucha L, Koerts J, Aschenbrenner S, Kaunzinger I, Hauser J, et al. Cognitive

impairment in adult ADHDPerspective matters! Neuropsychology. 2015 Jan; 29(1):45–58. Available

from: https://doi.org/10.1037/neu0000108 PMID: 24933488

5. Chamberlain SR, Sahakian BJ. The neuropsychiatry of impulsivity. Current Opinion in Psychiatry. 2007

May; 20(3):255–261. Available from: https://doi.org/10.1097/YCO.0b013e3280ba4989 PMID:

17415079

6. Kamradt JM, Ullsperger JM, Nikolas MA. Executive function assessment and adult attention-deficit/

hyperactivity disorder: Tasks versus ratings on the Barkley Deficits in Executive Functioning Scale. Psy-

chological Assessment. 2014; 26(4):1095–1105. Available from: https://doi.org/10.1037/pas0000006

PMID: 24885846

7. Leontyev A, Sun S, Wolfe M, Yamauchi T. Augmented Go/No-Go Task: Mouse Cursor Motion Mea-

sures Improve ADHD Symptom Assessment in Healthy College Students. Frontiers in Psychology.

2018; 9:496. Available from: https://www.frontiersin.org/article/10.3389/fpsyg.2018.00496. PMID:

29695985

8. Lipszyc J, Schachar R. Inhibitory control and psychopathology: A meta-analysis of studies using the

stop signal task. Journal of the International Neuropsychological Society. 2010 Aug; 16(06):1064–1076.

Available from: https://doi.org/10.1017/s1355617710000895.

9. Verbruggen F, Adams RC, van’t Wout F, Stevens T, McLaren IPL, Chambers CD. Are the Effects of

Response Inhibition on Gambling Long-Lasting? PLOS ONE. 2013 07; 8(7):1–7. Available from: https://

doi.org/10.1371/journal.pone.0070155.

10. Oosterlaan J, Logan GD, Sergeant JA. Response Inhibition in AD/HD, CD, Comorbid AD/HDCD, Anx-

ious, and Control Children: A Meta-analysis of Studies with the Stop Task. Journal of Child Psychology

and Psychiatry. 1998 Mar; 39(3):411–425. Available from: https://doi.org/10.1111/1469-7610.00336.

PMID: 9670096

11. Soreni N, Crosbie J, Ickowicz A, Schachar R. Stop Signal and Conners’ Continuous Performance

Tasks. Journal of Attention Disorders. 2009 May; 13(2):137–143. Available from: https://doi.org/10.

1177/1087054708326110 PMID: 19429883

12. McLaughlin NCR, Kirschner J, Foster H, O’Connell C, Rasmussen SA, Greenberg BD. Stop Signal

Reaction Time Deficits in a Lifetime Obsessive-Compulsive Disorder Sample. Journal of the Interna-

tional Neuropsychological Society. 2016 Jun; 22(07):785–789. Available from: https://doi.org/10.1017/

s1355617716000540.

13. Hughes ME, Fulham WR, Johnston PJ, Michie PT. Stop-signal response inhibition in schizophrenia:

Behavioural, event-related potential and functional neuroimaging data. Biological Psychology. 2012

Jan; 89(1):220–231. Available from: https://doi.org/10.1016/j.biopsycho.2011.10.013.

14. Tillman CM, Thorell LB, Brocki KC, Bohlin G. Motor Response Inhibition and Execution in the Stop-Sig-

nal Task: Development and Relation to ADHD Behaviors. Child Neuropsychology. 2007; 14(1):42–59.

Available from: https://doi.org/10.1080/09297040701249020.

15. Aron AR, Fletcher PC, Bullmore ET, Sahakian BJ, Robbins TW. Stop-signal inhibition disrupted by dam-

age to right inferior frontal gyrus in humans. Nature Neuroscience. 2003 Jan; 6(2):115–116. Available

from: https://doi.org/10.1038/nn1003 PMID: 12536210

16. Swick D, Ashley V, Turken U. Left inferior frontal gyrus is critical for response inhibition. BMC Neurosci-

ence. 2008 Oct; 9(1):102. Available from: https://doi.org/10.1186/1471-2202-9-102.

17. van Wouwe NC, Pallavaram S, Phibbs FT, Martinez-Ramirez D, Neimat JS, Dawant BM, et al. Focused

stimulation of dorsal subthalamic nucleus improves reactive inhibitory control of action impulses. Neu-

ropsychologia. 2017; 99:37–47. Available from: http://www.sciencedirect.com/science/article/pii/

S0028393217300623. https://doi.org/10.1016/j.neuropsychologia.2017.02.016 PMID: 28237741

18. Mirabella G, Iaconelli S, Romanelli P, Modugno N, Lena F, Manfredi M, et al. Deep Brain Stimulation of

Subthalamic Nuclei Affects Arm Response Inhibition In Parkinsonâ€™s Patients. Cerebral Cortex.

2011 08; 22(5):1124–1132. Available from: https://doi.org/10.1093/cercor/bhr187 PMID: 21810782

19. Carver AC, Livesey DJ, Charles M. Age Related Changes in Inhibitory Control as Measured by Stop

Signal Task Performance. International Journal of Neuroscience. 2001 Jan; 107(1–2):43–61. Available

from: https://doi.org/10.3109/00207450109149756 PMID: 11328681

20. Fillmore MT, Rush CR. Impaired inhibitory control of behavior in chronic cocaine users. Drug and Alco-

hol Dependence. 2002 May; 66(3):265–273. Available from: https://doi.org/10.1016/s0376-8716(01)

00206-x PMID: 12062461

21. Mirabella G, Fragola M, Giannini G, Modugno N, Lakens D. Inhibitory control is not lateralized in Parkin-

son’s patients. Neuropsychologia. 2017; 102:177–189. https://doi.org/10.1016/j.neuropsychologia.

2017.06.025 PMID: 28647437

Mouse movement measures enhance the stop signal task

PLOS ONE | https://doi.org/10.1371/journal.pone.0225437 November 26, 2019 27 / 31

https://doi.org/10.1037/neu0000108
http://www.ncbi.nlm.nih.gov/pubmed/24933488
https://doi.org/10.1097/YCO.0b013e3280ba4989
http://www.ncbi.nlm.nih.gov/pubmed/17415079
https://doi.org/10.1037/pas0000006
http://www.ncbi.nlm.nih.gov/pubmed/24885846
https://www.frontiersin.org/article/10.3389/fpsyg.2018.00496
http://www.ncbi.nlm.nih.gov/pubmed/29695985
https://doi.org/10.1017/s1355617710000895
https://doi.org/10.1371/journal.pone.0070155
https://doi.org/10.1371/journal.pone.0070155
https://doi.org/10.1111/1469-7610.00336
http://www.ncbi.nlm.nih.gov/pubmed/9670096
https://doi.org/10.1177/1087054708326110
https://doi.org/10.1177/1087054708326110
http://www.ncbi.nlm.nih.gov/pubmed/19429883
https://doi.org/10.1017/s1355617716000540
https://doi.org/10.1017/s1355617716000540
https://doi.org/10.1016/j.biopsycho.2011.10.013
https://doi.org/10.1080/09297040701249020
https://doi.org/10.1038/nn1003
http://www.ncbi.nlm.nih.gov/pubmed/12536210
https://doi.org/10.1186/1471-2202-9-102
http://www.sciencedirect.com/science/article/pii/S0028393217300623
http://www.sciencedirect.com/science/article/pii/S0028393217300623
https://doi.org/10.1016/j.neuropsychologia.2017.02.016
http://www.ncbi.nlm.nih.gov/pubmed/28237741
https://doi.org/10.1093/cercor/bhr187
http://www.ncbi.nlm.nih.gov/pubmed/21810782
https://doi.org/10.3109/00207450109149756
http://www.ncbi.nlm.nih.gov/pubmed/11328681
https://doi.org/10.1016/s0376-8716(01)00206-x
https://doi.org/10.1016/s0376-8716(01)00206-x
http://www.ncbi.nlm.nih.gov/pubmed/12062461
https://doi.org/10.1016/j.neuropsychologia.2017.06.025
https://doi.org/10.1016/j.neuropsychologia.2017.06.025
http://www.ncbi.nlm.nih.gov/pubmed/28647437
https://doi.org/10.1371/journal.pone.0225437


22. Mirabella G. Should I stay or should I go? Conceptual underpinnings of goal-directed actions. Frontiers

in Systems Neuroscience. 2014; 8:206. Available from: https://www.frontiersin.org/article/10.3389/

fnsys.2014.00206. PMID: 25404898

23. Crosbie J, Arnold P, Paterson A, Swanson J, Dupuis A, Li X, et al. Response Inhibition and ADHD

Traits: Correlates and Heritability in a Community Sample. Journal of Abnormal Child Psychology. 2013

Apr; 41(3):497–507. Available from: https://doi.org/10.1007/s10802-012-9693-9 PMID: 23315233

24. Toplak ME, West RF, Stanovich KE. Practitioner Review: Do performance-based measures and ratings

of executive function assess the same construct? Journal of Child Psychology and Psychiatry. 2012

Oct; 54(2):131–143. Available from: https://doi.org/10.1111/jcpp.12001 PMID: 23057693

25. Enticott PG, Ogloff JRP, Bradshaw JL. Associations between laboratory measures of executive inhibi-

tory control and self-reported impulsivity. Personality and Individual Differences. 2006 Jul; 41(2):285–

294. Available from: https://doi.org/10.1016/j.paid.2006.01.011.

26. Shuster J, Toplak ME. Executive and motivational inhibition: Associations with self-report measures

related to inhibition. Consciousness and Cognition. 2009 Jun; 18(2):471–480. Available from: https://

doi.org/10.1016/j.concog.2009.01.004 PMID: 19233688

27. Sharma L, Markon KE, Clark LA. Toward a theory of distinct types of impulsive behaviors: A meta-anal-

ysis of self-report and behavioral measures. Psychological Bulletin. 2014; 140(2):374–408. Available

from: https://doi.org/10.1037/a0034418 PMID: 24099400

28. Hauser TU, Fiore VG, Moutoussis M, Dolan RJ. Computational Psychiatry of ADHD: Neural Gain

Impairments across Marrian Levels of Analysis. Trends in Neurosciences. 2016 Feb; 39(2):63–73.

Available from: https://doi.org/10.1016/j.tins.2015.12.009 PMID: 26787097

29. Stillman PE, Shen X, Ferguson MJ. How Mouse-tracking Can Advance Social Cognitive Theory. Trends

in Cognitive Sciences. 2018 Jun; 22(6):531–543. Available from: https://doi.org/10.1016/j.tics.2018.03.

012 PMID: 29731415

30. Cisek P, Kalaska JF. Neural Correlates of Reaching Decisions in Dorsal Premotor Cortex: Specification

of Multiple Direction Choices and Final Selection of Action. Neuron. 2005 Mar; 45(5):801–814. Available

from: https://doi.org/10.1016/j.neuron.2005.01.027 PMID: 15748854

31. Mirabella G, Pani P, Ferraina S. Neural correlates of cognitive control of reaching movements in the dor-

sal premotor cortex of rhesus monkeys. Journal of Neurophysiology. 2011; 106(3):1454–1466. https://

doi.org/10.1152/jn.00995.2010 PMID: 21697448. Available from: https://doi.org/10.1152/%1fjn.00995.

2010.

32. Mattia M, Pani P, Mirabella G, Costa S, Del Giudice P, Ferraina S. Heterogeneous Attractor Cell

Assemblies for Motor Planning in Premotor Cortex. Journal of Neuroscience. 2013; 33(27):11155–

11168. Available from: https://www.jneurosci.org/content/33/27/11155. https://doi.org/10.1523/

JNEUROSCI.4664-12.2013 PMID: 23825419

33. Yamauchi T, Xiao K. Reading Emotion From Mouse Cursor Motions: Affective Computing Approach.

Cognitive Science. 2017 Nov; 42(3):771–819. Available from: https://doi.org/10.1111/cogs.12557

PMID: 29131372

34. Sun D, Paredes P, Canny J. MouStress: Detecting Stress from Mouse Motion. In: Proceedings of the

SIGCHI Conference on Human Factors in Computing Systems. CHI ‘14. New York, NY, USA: ACM;

2014. p. 61–70. Available from: http://doi.acm.org/10.1145/2556288.2557243.

35. Seelye A, Hagler S, Mattek N, Howieson DB, Wild K, Dodge HH, et al. Computer mouse movement pat-

terns: A potential marker of mild cognitive impairment. Alzheimers & Dementia: Diagnosis, Assessment

& Disease Monitoring. 2015 Dec; 1(4):472–480. Available from: https://doi.org/10.1016/j.dadm.2015.

09.006.

36. Grimes G, Valacich J. Mind over mouse: The effect of cognitive load on mouse movement behavior. In:

2015 International Conference on Information Systems: Exploring the Information Frontier, ICIS 2015.

Association for Information Systems; 2015.

37. Rheem H, Verma V, Becker DV. Use of Mouse-tracking Method to Measure Cognitive Load. Proceed-

ings of the Human Factors and Ergonomics Society Annual Meeting. 2018 Sep; 62(1):1982–1986.

Available from: https://doi.org/10.1177/1541931218621449.

38. Yamauchi T, Leontyev A, Wolfe M. Choice reaching trajectory analysis as essential behavioral mea-

sures for psychological science. Insights in Psychology. 2017; 1(4).

39. Leontyev A, Yamauchi T, Razavi M. Machine Learning Stop Signal Test (ML-SST): ML-based Mouse

Tracking Enhances Adult ADHD Diagnosis. In: 2019 8th International Conference on Affective Comput-

ing and Intelligent Interaction Workshops and Demos (ACIIW); 2019.

40. Erb CD, Moher J, Sobel DM, Song JH. Reach tracking reveals dissociable processes underlying cogni-

tive control. Cognition. 2016 Jul; 152:114–126. Available from: https://doi.org/10.1016/j.cognition.2016.

03.015 PMID: 27045465

Mouse movement measures enhance the stop signal task

PLOS ONE | https://doi.org/10.1371/journal.pone.0225437 November 26, 2019 28 / 31

https://www.frontiersin.org/article/10.3389/fnsys.2014.00206
https://www.frontiersin.org/article/10.3389/fnsys.2014.00206
http://www.ncbi.nlm.nih.gov/pubmed/25404898
https://doi.org/10.1007/s10802-012-9693-9
http://www.ncbi.nlm.nih.gov/pubmed/23315233
https://doi.org/10.1111/jcpp.12001
http://www.ncbi.nlm.nih.gov/pubmed/23057693
https://doi.org/10.1016/j.paid.2006.01.011
https://doi.org/10.1016/j.concog.2009.01.004
https://doi.org/10.1016/j.concog.2009.01.004
http://www.ncbi.nlm.nih.gov/pubmed/19233688
https://doi.org/10.1037/a0034418
http://www.ncbi.nlm.nih.gov/pubmed/24099400
https://doi.org/10.1016/j.tins.2015.12.009
http://www.ncbi.nlm.nih.gov/pubmed/26787097
https://doi.org/10.1016/j.tics.2018.03.012
https://doi.org/10.1016/j.tics.2018.03.012
http://www.ncbi.nlm.nih.gov/pubmed/29731415
https://doi.org/10.1016/j.neuron.2005.01.027
http://www.ncbi.nlm.nih.gov/pubmed/15748854
https://doi.org/10.1152/jn.00995.2010
https://doi.org/10.1152/jn.00995.2010
http://www.ncbi.nlm.nih.gov/pubmed/21697448
https://doi.org/10.1152/%1fjn.00995.2010
https://doi.org/10.1152/%1fjn.00995.2010
https://www.jneurosci.org/content/33/27/11155
https://doi.org/10.1523/JNEUROSCI.4664-12.2013
https://doi.org/10.1523/JNEUROSCI.4664-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23825419
https://doi.org/10.1111/cogs.12557
http://www.ncbi.nlm.nih.gov/pubmed/29131372
http://doi.acm.org/10.1145/2556288.2557243
https://doi.org/10.1016/j.dadm.2015.09.006
https://doi.org/10.1016/j.dadm.2015.09.006
https://doi.org/10.1177/1541931218621449
https://doi.org/10.1016/j.cognition.2016.03.015
https://doi.org/10.1016/j.cognition.2016.03.015
http://www.ncbi.nlm.nih.gov/pubmed/27045465
https://doi.org/10.1371/journal.pone.0225437


41. Moher J, Anderson BA, Song JH. Dissociable Effects of Salience on Attention and Goal-Directed

Action. Current Biology. 2015 Aug; 25(15):2040–2046. Available from: https://doi.org/10.1016/j.cub.

2015.06.029 PMID: 26190076

42. Bundt C, Ruitenberg MFL, Abrahamse EL, Notebaert W. Early and late indications of item-specific con-

trol in a Stroop mouse tracking study. PLOS ONE. 2018 05; 13(5):1–14. Available from: https://doi.org/

10.1371/journal.pone.0197278.

43. Dshemuchadse M, Scherbaum S, Goschke T. How decisions emerge: Action dynamics in intertemporal

decision making. Journal of Experimental Psychology: General. 2013; 142(1):93–100. Available from:

https://doi.org/10.1037/a0028499.

44. Ma N, Yu AJ. Inseparability of Go and Stop in Inhibitory Control: Go Stimulus Discriminability Affects

Stopping Behavior. Frontiers in Neuroscience. 2016; 10:54. Available from: https://www.frontiersin.org/

article/10.3389/fnins.2016.00054. PMID: 27047324

45. Congdon E, Mumford JA, Cohen JR, Galvan A, Canli T, Poldrack RA. Measurement and Reliability of

Response Inhibition. Frontiers in Psychology. 2012; 3. Available from: https://doi.org/10.3389/fpsyg.

2012.00037.

46. Bari A, Robbins TW. Inhibition and impulsivity: Behavioral and neural basis of response control. Prog-

ress in Neurobiology. 2013 sep; 108:44–79. https://doi.org/10.1016/j.pneurobio.2013.06.005 PMID:

23856628
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