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Abstract

The study of action selection in humans can present challenges of task design since our
actions are usually defined by many degrees of freedom and therefore occupy a large
action-space. While saccadic eye-movement offers a more constrained paradigm for inves-
tigating action selection, the study of reach-and-grasp in upper limbs has often been defined
by more complex scenarios, not easily interpretable in terms of such selection. Here we
present a novel motor behaviour task which addresses this by limiting the action space to a
single degree of freedom in which subjects have to track (using a stylus) a vertical coloured
target line displayed on a tablet computer, whilst ignoring a similarly oriented distractor line
in a different colour. We ran this task with 55 subjects and showed that, in agreement with
previous studies, the presence of the distractor generally increases the movement latency
and directional error rate. Further, we used two distractor conditions according to whether
the distractor’s location changes asynchronously or synchronously with the location of the
target. We found that the asynchronous distractor yielded poorer performance than its syn-
chronous counterpart, with significantly higher movement latencies and higher error rates.
We interpret these results in an action selection framework with two actions (move left or
right) and competing ‘action requests’ offered by the target and distractor. As such, the
results provide insights into action selection performance in humans and supply data for
directly constraining future computational models therein.

Introduction

Selecting an appropriate target for action in an unpredictable environment is crucial to survival
for all animals [1, 2]. As an example, consider the choice between grasping for a nutritious blue
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fruit whilst ignoring the distraction of poisonous red berries. Such an interaction is dependent
upon an integration of perception and action [3]. The simple task of perceiving the target
berry and grasping it is typically coordinated by a rapid eye movement toward the target, fol-
lowed by goal-directed hand and arm movements [4-6]. Individuals must have the ability to
rapidly distinguish between relevant and irrelevant information within the environment, and
selectively initiate the most suitable movement; a process referred to as action selection; a term
which began to be used within the context of biological motor control in the late 1980s [7-9].

The ability to select the appropriate movement requires the individual to choose between
an abundance of conflicts within competing brain systems [10]. In our example, the blue ber-
ries must be selected as the grasp target in preference to the red berries, but it may also be nec-
essary for the animal to select the action of fleeing if it detects the approach of a predator or
returning to the safety of its nest if it is sated or tired. Action selection may refer either to the
within-goal selection of a movement (towards the blue berry or towards the red berry) or to a
selection between different goals (continue feeding or return to nest).

In this paper, we are concerned with the former, within-goal selection choice. We wanted
to investigate motor control and action selection, and to this end we developed a task in which
we could measure reaction times, error rates and trajectories of stylus movements towards a
target line in the presence of a differently coloured distractor line. Here, we present the task,
which we call the line task, along with a sample implementation of the task with a healthy
cohort of subjects.

For many years, the saccadic system has been used for the investigation of action selection
and decision making [11-16]. A well structured set of experimental protocols has been devel-
oped by researchers in this field. Pro-saccades, for which the subject must move their eyes
towards a target, are elicited in ‘gap, step and overlap’ paradigms [17]. The anti-saccade, in
which the subject is required to saccade away from a target, has a proposed protocol [18]. Sac-
cades provide a good window through which to view sensorimotor decisions because they can
be considered to have only two degrees of freedom and the anatomy is reasonably well under-
stood [19-21]. The predictive properties of the superior colliculus [22], frontal eye field [23]
and lateral intraparietal area [14, 24] have all been investigated. However, the saccadic system
is highly specialised for eye movements and an understanding of it may not generalise to
motor control of limb movements. Furthermore, saccades and reaching decisions are closely
connected [25]. Although an observation of a primate making a reaching movement will show
that the saccade precedes the reach (as described in the berries example), internal neural con-
trol processes for the two movements are not necessarily sequential [26] and the reaching
movement has been shown to be specified prior to the onset of the saccade [25]. Reaching
movements affect both saccade trajectories [27] and latencies [5, 28, 29] and they may be
planned in an eye-centered coordinate system [27, 30]. Because of this close relationship, it is
important to conduct behavioural studies using both reach and saccadic eye movements to
reveal internal, decision making processes.

The simplicity of saccadic paradigms is usually lost in experiments on limb control. Thus,
many reach to grasp experiments involve the recognition of targets and distractors within a
three dimensional space. Consequently, higher-order visual processes such as depth percep-
tion are employed [31]. Additionally, tasks requiring prehension movements involve the rec-
ognition of object size, orientation and shape [32]. Both the ventral and dorsal streams are
therefore likely to be engaged whilst completing reach and grasp tasks [33]. As well as high
order visual processing, these tasks require intricate grasp movements and complex motion
throughout a three dimensional space [3, 34-37]. A consequence of the complexity associated
with these tasks is that participants may be selecting from not a few, but from many competing
actions or affordances [1].
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There does exist a class of experiments known as step-tracking tasks which study reach
movements in response to simple, quick movements of a target. For example, in one early,
electronic trajectory-tracking apparatus, Trumbo and colleagues displayed a vertical hair-
line target on the 5 inch screen of an oscilloscope [38]. Subjects were required to match the
location of a second line to the target by controlling the position of their arm which was
fixed but allowed to pivot at the elbow [39]. Hallett and co-workers used a similar apparatus
to that used by Trumbo et al. in an investigation of EMG activity in biceps and triceps mus-
cles [40]. Other researchers performed step-tracking experiments for wrist movements,
tracking a target moving in one dimension [41, 42] or two [43]. In each of these step-
tracking experiments the subject would move a manipulandum lever to position a cursor
image so that it matched the location of a target image. This task forms a simplified frame-
work by which task selection, as expressed in limb movements and distinct from (or indeed,
together with [39]) saccadic eye movement, can be studied. However, dissociates the end-
points of the saccade and limb movements in a way which is not typical of natural behav-
iour; in the example, the target of the animal’s saccade to the blue berry matches the target
of the reach to grasp the berry. Studies which investigate the positional reference frames
employed by the brain for saccadic and reach movements may not be expected to observe
the same results for the arm movements of the step-tracking tasks as for natural reach-to-
grasp movements.

Experiments to investigate the nature of arm movements are typically laboratory based.
Like the step-tracking experiments described above, they usually consist of a screen to display
the stimuli and an input system which the subject uses to interact with the display. The input
may be via a set of buttons [44, 45], a joystick [2] or a computer keyboard [46]. Movement tra-
jectories are collected using specialised equipment [47, 48] or may only be inferred from infor-
mation about the trajectory end point [2].

Here, addressing the issues of complexity, lab-bound constraint and target/effector end-
point dissociation, we present the line task; a novel, inexpensive and easy to use experimental
apparatus for the study of one dimensional target selection and reach. The task is designed to
minimise the cognitive complexity of the target selection and reach-tasks which it is intended
to probe. Thus, it uses vertical lines which move in one dimension only (horizontally), mean-
ing that subjects could plan their movements internally in a one dimensional space, even
though the end point moves in two dimensions and the arm movement is carried out in multi-
ple rotational dimensions. Colour is used to allow subjects to distinguish between target and
distractor stimuli. No other object features need to be recognised by the subject’s visual pro-
cessing systems. The apparatus provides the ability to record reaction times and detailed trajec-
tory information. Because it is implemented on standard tablet computer hardware, the line
task is not constrained to the laboratory and can be used by individuals in their own homes
to generate movement data which can then be collected via the internet for analysis by the
researcher.

The device was tested and evaluated on an action selection task (with synchronous and
asynchronous distractor) on a large sample size of 55 test subjects, to verify that the device met
the design requirements. The task was chosen to demonstrate the particular utility of the
device design; tracking a target line in the presence of a distractor line. This task revealed for
the first time a particular deficit in action selection with an asynchronous distractor: increased
latency compared to a synchronous distractor. This new result is distinct from previous action
selection investigations because the results do not have potential confounding factors associ-
ated with higher level cognitive loading and explicit 3D visual/movement transformations,
illustrating the value of the line task.
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Materials and methods
Line task

The line task was presented on a tablet PC (see Fig 1 and [49]). It requires participants to move
a stylus to the location of a vertical, cyan line (the target) whose position changes randomly,
possibly in the presence of a red line (the distractor), whose position also changes. There were
three experimental conditions for the line task. One in which there was ‘No Distractor’ (ND),
one in which the distractor changed position asynchronously with respect to the target line
(‘Asynchronous Distractor’ or AD), and one in which the distractor line changed location
whenever the target’s position changed (‘Synchronous Distractor’ or SD). In each condition,
the target line would spend a randomized period of time T at each location before simula-
neously disappearing from the old location and appearing at the new location. T is drawn
from a normal distribution with mean 1.6 s and variance 0.636:

T, ~ N(p = 1.6,0° = 0.636) seconds (1)

Time: 71120

Fig 1. The line task in operation. The cyan target line is visible, along with a red distractor and the narrower, black stylus line.

https://doi.org/10.1371/journal.pone.0176945.9001
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In the synchronous distractor condition, the time between distractor location changes is iden-
tical to T;. The new target location, x, was computed by first generating a random location off-
set, 0x, then adding this to the current location, subject to the bounds of the edge of the screen:

ox ~ - U(-1,1) (2)

9
X + ox for1<x’+5x<—w
x = 10 10 (3)

x' — 0x otherwise

where &’ is the previous location of the target, w is the width of the screen in pixels and U(-1,1)
is a uniformly distributed random 32 bit floating point number between -1 and 1. In the asyn-
chronous distractor condition, the time between target location changes is the same as in the
ND and SD condition with T; ~ N(u = 1.6, 0* = 0.636) s. The time between distractor location
changes was given by:

T, ~ N(p=0.8,0° = 0.158) seconds (4)

Note the shorter periods; the asynchronous distractor changes location more quickly than the
target. The locations of the asynchronous distractor are calculated according to:

5x~g U(-1,1) (5)

w 9w
X +0x for — < x' +0x < —
x = 10 10 (6)

x' — 0x otherwise

which differs from the computation of the target locations only in that the distractor location
is permitted to change by up to half the screen width, which allows the distractor to appear
either side of the next target location, even if that is at the most distal location possible. In the
synchronous distractor condition, the distractor line changes location simultaneously with the
target line, and by an equal and opposite distance. If the distractor line would need to be dis-
played beyond the edge of the screen, then it was placed w/20 pixels from the edge.

Experimental design

The line task experiment had a one way, repeated measures design. The dependent variables
were the movement latency and the error rate. Movement latency refers to the time taken to
initiate a movement after target stimulus onset. Significant movement away from the target
counted as an error. The definitions of error and latency are given in Latency extraction,
below. The related samples independent variable was the distractor condition, with three levels
(synchronous, asynchronous and no-distractor). A linear mixed effects model was fitted with
distractor condition as the fixed effect and individual included as the random effects compo-
nent. An alpha value of 0.05 was selected for significance testing.

Apparatus and stimuli

The line task was presented on a Lenovo ThinkPad 10 (20C1) tablet computer with a 218 mm
x 137 mm (1920 pixel x 1200 pixel) colour display. The tablet was positioned in landscape ori-
entation and thus the height was 137 mm and the width was 218 mm (see Fig 1). A vertical
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cyan (RGB24 representation: #fcfc00) target line was displayed on the white (#fcfcfc) back-
ground of the display, along with a vertical black (#000000) line indicating the current hori-
zontal position of the participant’s stylus (the vertical location of the stylus was not recorded or
displayed). In some cases, a third, vertical red (#fc0000) distractor line was also displayed. All
lines extended from the top of the display to the bottom; the full height of the display. Target
and distractor lines were 8 pixels wide; the black line indicating current position was 2 pixels
wide and overlaid the target or distractor lines when co-located with either of them. A stylus
(ThinkPad Tablet Digitizer Pen, manufacturer: Wacom) was used to track the target line. Use
of this particular stylus disables the capacitive touch screen on the ThinkPad, preventing con-
tact with the heel of the hand from registering as an erroneous stylus position. The position of
the stylus was digitised approximately every 5 ms. A software timer guaranteed that the stylus
position was recorded at least every 5 ms, though if the system was busy, a longer gap could
occur between recordings. For each datum, the time was recorded with a precision of 1 ms.
The refresh rate of the tablet display screen was 60 s'. The line task was programmed in

C++ using the Qt framework version 5.3.

Participants

Opverall, 61 psychology undergraduate students participated in the study. 6 participants were
removed prior to analysis due to errors in the implementation of the tasks (the target’s mean
jump time had been set to values other than 1.2 s for one or more conditions). This left 55 par-
ticipants (9 males and 46 females). 47 of these participants were right handed; 8 were left
handed. All participants had normal to corrected vision. The chronological age of the 55 par-
ticipants ranged from 18 to 28 years old with a mean age of 19.2 years (SD = 2.1).

The majority of participants were an opportunity sample. These participants were recruited
via the University of Sheffield’s online research participation system, in order to gain course
credit. The experiment was conducted by five different experimenters, who were all involved
in the recruitment and data collection. The study received ethical approval from the Psychol-
ogy department’s ethics sub-committee. Written informed consent was also collected from all
participants.

Procedure

Each participant completed the line tracking tasks individually within the same dimly lit cubi-
cle room. On arrival, the participants were asked to sign a consent form which outlined the
experimental aim. They were then given verbal instructions to follow the blue target line with
the stylus pen in all trials, while ignoring other stimuli. Participants were explicitly told that
they must complete the tasks “as quickly and as accurately as possible”, implicitly allowing
each participant a decision between movement speed and accuracy. The tablet was placed flat
on the table, directly in front of the participant. The tablet’s display brightness setting was set
to automatically adjust based on the surrounding light level. To start the tasks, the participants
were verbally instructed to press the play button with the stylus pen when they were ready. Par-
ticipants then completed a 30 second practice task in which the mean jump time was set to 3
seconds (thus slower than the main tasks during which data was recorded). After the practice
task, participants had a chance to ask any further questions about the tasks, after which they
proceeded to complete the three task conditions (ND, SD and AD), each of which lasted for
120 seconds. Before the participant started the tasks, the experimenter would leave the room
and dim the lights. The sequence in which the task conditions were presented was determined
randomly for each participant. When participants had completed the first task, they informed
the experimenter. The end of a task was indicated by a return to the line task application’s
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start-up screen. The experimenter would then enter the room and adjust the settings on the
tablet for the next task. The participant would then proceed to complete the next 120 second
task condition. This process was repeated until the participant had completed all three task
conditions.

Latency extraction

The data collected, and all of the scripts used to analyse them are available at https://github.
com/ABRG-models/linetask2014.

The raw data generated by the line task application consisted of position data for the target
line, the distractor line (if any) and the stylus position, sampled at approximately 5 ms inter-
vals. For each subject, one raw data output file was produced for each of the experimental con-
ditions. These raw data files were analysed by a script (1t_analyse .m)implemented in
Octave (version 3.8.2), which algorithmically recognises the beginning and end of a stylus
movement, returning latency to first movement for each trial, along with movement error
information. The volume of data necessitated an automated approach; there were a total of
17617 individual target and distractor events to analyse. In order to verify that the latency
extraction script was producing reliable results, an alternative method based on resampling
and movement filtering was also applied to the ND and SD cases, although this method was
not extended to handle the many subtleties of the more complex AD condition.

Primary latency extraction method. The first latency extraction method was based on
the raw stylus position information and its first derivative.

The script begins by identifying the times of target and distractor events. A target/distractor
event is the event that the target/distractor changes position on the screen. To determine the
latency to movement for a given target event it is necessary to find the time at which the stylus
first begins to move. The script computes the average position of the stylus prior to the event;
the ‘stable stylus position’. The mean and standard deviation of the stylus position data from
the time of the end of the previous movement to the time of the current target event is calcu-
lated. Motion is detected if, post-event, the stylus position departs further than 3 pre-event
standard deviations from the pre-event mean position and has a speed greater than 0.05 pixels
per millisecond (50 px/s; 5.7 mm/s, cf. [50]). The displacement at this time step gives the initial
stylus direction. To determine as closely as possible the start of the movement, the algorithm
steps back along the trajectory until the stylus position is within 1 pre-event standard deviation
from the pre-event mean position (dash-dot blue lines in Fig 2). This gives the movement
latency, shown in the figures as a green arrow.

After a target event, if the motion was initially in the direction of the target line’s new posi-
tion, then this was recorded as a correct movement. If the motion was in the opposite direc-
tion, this was recorded as a movement error. Feedback on whether or not the movement was
in error was not given to the subject during the task. Note that a very brief movement in the
wrong direction was counted as an error; in most cases subjects correct their movements
quickly (in around 100 ms). A motion towards the distractor line following a distractor event
was also recorded as a movement error. In the asynchronous condition, a distinction was
made in the analysis between target and distractor movement errors.

It was not possible to measure a latency for every event; some were omitted from this analy-
sis. Most of these events were also omitted from error analysis. A list of the reasons for omit-
ting events is given in S1 Appendix.

The analysis of events was significantly more complex in the asynchronous distractor con-
dition. In both the no-distractor condition and the synchronous distractor condition, each
event was well separated from preceding and subsequent events. In most cases, as long as a
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Fig 2. a) An example event—number 18 from this data set. The horizontal position of the vertical target and stylus lines is plotted against time. The black
line shows the stylus position. The cyan line shows the position of the target. At event 18, the position of the target shifts from 1475 px to 1007 px. Event 17
is also visible. The grey dashed box indicates the region of the graph which is expanded in plot b). b) The expanded region from plot a) which shows the
result of the movement onset analysis in more detail. Blue lines indicate the ‘stable stylus position’ period which precedes the target event. Blue dot-dash
lines indicate 1 standard deviation in position over this period; blue dashed lines indicate 3 standard deviations. The latency to first movement is shown as

a green arrow, with a purple arrow showing the algorithm’s estimate of the length of the first, uninterrupted smooth motion and the orange arrow indicating
the detected time for the motion to complete. Here, the subject moved in the correct direction.

https://doi.org/10.1371/journal.pone.0176945.9002

stable stylus position was achieved before the event, then the latency and the movement direc-
tion error could be easily determined, as in Fig 2. The difficulty in the asynchronous distractor
condition was that distractor events could occur at any time, and had been programmed to
occur in larger numbers, so that instead of analysing 50 to 60 target events (or target+distractor
combined events for the synchronous condition) it was necessary to analyse roughly 50 to 60
target events and also over 100 distractor events for each trial.

Movement errors. In the statistical analysis for the no distractor condition, movement
errors were always associated with target events. In the synchronous condition, because a dis-
tractor event always occurred simultaneously with the target event, movement errors could
have been associated with either event; the target event was chosen to match the no-distractor
condition. For the asynchronous distractor condition, movement errors which correlate with
target events were distinguished from those which followed distractor events. For a target
event, a trajectory which was initially directed away from the target was recorded as a move-
ment error. For a distractor event, a movement towards the distractor was considered to be a
movement error. Fig 3 shows an example movement error event.

Alternative latency extraction method. To verify the accuracy of the latency extraction
described above, an alternative approach was developed, and the results compared for the no-
distractor and synchronous distractor conditions.

This method relies on the computation of the sign of the stylus velocity. Because the touch
position is quantized, the stylus velocity is exactly zero as long as the readout position is the
same pixel. If the stylus drifts slowly then a series of short pulses are observed in the velocity.
Voluntary movements are sustained for some time and hence, the velocity maintains the same
sign for the same interval.

Fig 4 gives an example. In the event 3, the stylus remained stationary over the same pixel
until time t = 0.4 s. Then the sign of the velocity remains positive (towards the target) until
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Fig 3. An example movement error event. The line colours have the meanings given in Fig 2. The red dotted line is the horizontal position of the
vertical red distractor line. Following event 34, this subject moved the stylus towards the distractor (red dotted line). Within 100 ms of the movement,
the subject corrected the direction and moved to the target position.

https://doi.org/10.1371/journal.pone.0176945.9003
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t = 0.85s. This is an intentional target reach movement. Note that at about t = 0.9 s there is a
negative velocity spike which represents the stylus stepping back one pixel. Event 12 is more
complex; in this case at about t = 0.1 s there is a spike because the stylus steps to the next pixel.
If spikes are ignored, the real movement is made of three steps two initial steps towards the tar-
get and one backwards (because the target was overshot). Example 21 represents an error: at
t = 0.25 s the stylus moves away from target, but then, at t = 0.38 s the direction of movement
is correct towards the target. Example 26 is another error example: in this case the movement
starts slowly in the wrong direction and looks like a spike preceding the sustained phase.

In order to detect the time when an intentional movement begins, spikes needs to be
ignored. This has been done by filtering the velocity sign signal with a median filter (the radius
of the median filter determines the duration of the neglected spikes and was 40 ms in our
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Fig 4. The sign of the stylus velocity plotted for 4 example events, numbered 3, 12, 21 and 26 on the
right hand axis. Each event is aligned with the target position change at 0.

https://doi.org/10.1371/journal.pone.0176945.9004

implementation, which also means that only movements lasting longer are considered inten-
tional). The red dots in Fig 4 represent the detected movement onset. The sign of the velocity
at that point indicates whether the movement is correct or an error.

The method may produce outliers of two kinds: a) if there is no movement, no delay is
computed (a condition that had instead to be explicitly omitted above), b) if the subject is dis-
tracted and reacts too late, a long reaction time is produced which is filtered as an outlier.

This method has been used with only two conditions: a) target jump size greater than 20
pixels (as above) and b) drift of stylus smaller or equal to 1 pixel in the first 0.15 s. These two
conditions are intentionally different from those listed above so that we can compare the
results of a different method with slightly different omission criteria.

This second method has confirmed the estimation carried out with the primary method:
the mean reaction time with this method is systematically slightly shorter than the primary
method due to differing criteria for event omission. Table 2 includes the results for the alterna-
tive method alongside those for the primary method.

Statistical analysis

The statistical analyses reported here were carried out in R [51] and python.

Prior to applying analyses, outlier data were excluded from the latency measurements for
each individual. For details, code and data, see S2 Appendix and https://github.com/ABRG-
models/linetask2014. Causes of outlier data included an individual becoming distracted from
the task and missing one or more targets or the stylus lifting from the screen and the position
failing to update, which occurred for the example shown in Fig 5. Outliers were excluded
using a “median absolute deviation from the median” method [52] with the modified Z-score
threshold set to 3.5. After excluding outliers, the mean latency in each condition was computed
for each individual.
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Fig 5. An example event during which the stylus (black line) lifted and it seems that movement did not occur until 1013 ms after the target
event (label ‘A’) when the stylus made contact with the screen and data could again be recorded. This latency was recorded by the latency
extraction script, but was then excluded by the median absolute deviation method employed to exclude outliers. The cyan line is the target position, the
red dotted line is the distractor position. For the meaning of other coloured lines, refer to Figs 2 and 3.

https://doi.org/10.1371/journal.pone.0176945.9g005

Results

Other than where indictated, the results presented here have been derived from analysis of
latencies and error rates produced by the primary latency extraction method.

Latency extraction

The mean number of target events in the tasks was 64.7 with standard deviation (SD) of 6.9.
Of these, the Octave latency extraction script was able to measure latency to first movement in
53.1 (SD =7.8) cases. The script was most successful in collecting latencies from the no-dis-
tractor task condition, returning a latency for 89% of trials across individuals (range 75% to
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100%). The presence of a distractor line increased the variability of the stylus trajectory, reduc-
ing the number of target events for which a latency could be determined. In the synchronous
distractor condition, latencies were returned from 79.1% of trials (range 58% to 96%); in the
asynchronous condition from 78% of trials (range 57% to 100%).

Analysis of latencies

Fig 6 shows probability density functions for a subset of the measurements taken from all 55
subjects in the three conditions. Here, the maximum possible equal number of correct-move-
ment latency measurements from each condition were randomly sampled for each subject,
giving datasets of length 2013 for each condition.

Fig 7 shows the result of the same analysis of the latencies determined by the alternative
latency extraction method. Inspection of Fig 7 shows that the latency distributions for the
alternative extraction method preserve the form of those shown in Fig 6 for the primary
method. The sample means and standard deviations are summarised in Table 1. To estimate
the standard error of the sample mean, we created bootstrap samples of 2013 observations
drawn with replacement and then computed the mean for each of 4x10° replications.

We constructed a linear mixed effects model on the latencies to determine whether there
was a statistically significant difference in latency to first movement predicted by the fixed

' | — No distractor (mean 295.1 ms)
N Synchronous (336.0 ms)

—— Asynchronous (345.0 ms)

300 400 500 600 700 800
Latency (ms)

Fig 6. Probability density function approximations for 2013 latency measurements for each of three experimental conditions. The
graph indicates the wide variances in movement onset latencies which are typical in any animal behavioural experiment. This graph shows
latencies for correct movements only. Black indicates data for the no distractor condition, blue for the synchronous distractor condition and red for
the asynchronous distractor. Dashed lines indicate the means. Although the synchronous and asynchronous curves appear very similar,
bootstrap resampling of the two samples indicates that there is a very low probability that they are generated by the same population distribution.

https://doi.org/10.1371/journal.pone.0176945.g006
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Fig 7. Probability density function approximations for latency measurements determined using the alternative method. The
presentation matches Fig 6: Black indicates data for the no distractor condition, blue for the synchronous distractor condition and red for the
asynchronous distractor. Dashed lines indicate the means.

https://doi.org/10.1371/journal.pone.0176945.9007

factor of the three conditions ‘No Distractor’, ‘Synchronous Distractor’ and ‘Asynchronous
Distractor’. The individual subject was used as the random factor to give an model of the form
(using R-like notation):

latency ~ condition + (1|subject) + € (7)

Table 1. Summary of latency means with standard deviations, for the primary and alternative latency
extraction methods. A bootstrap estimate of the standard error of the mean is also given.

Condition Mean (ms) Std. Dev. Std. Err.
Primary latency extraction method
ND 295.1 51 1.1
SD 336.0 57 1.3
AD 345.0 79 1.8
Alternative latency extraction method
ND 292.6 53 1.3
SD 329.9 56 1.5
AD 341.6 71 2.0

https://doi.org/10.1371/journal.pone.0176945.t001
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Fig 8. Standardized residuals indicating the proximity of each individual subject’s mean latency in the three conditions from the fit
of the linear mixed effects model.

https://doi.org/10.1371/journal.pone.0176945.9008

The model showed that the different task conditions elicited statistically significant changes in
latency to first movement (3*(2) = 130.53, p<2.2x10'°). Plots of the residuals from the model
(Fig 8) do not suggest any evidence for heteroscedasticity or non-normality.

To determine differences and confidence intervals between pairs of conditions we applied a
bootstrap analysis to the data. We computed an estimate of the standard error of the difference
between the means in the three conditions. These results are summarised in Table 2. The Z-
scores indicate that the effect size is large for either of the distractor conditions compared with
the no distractor condition, but small for the SD/AD pair.
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Table 2. Summary of bootstrapped two-sample analyses of latency values. The difference between the sample means is shown (e.g. for ND/SD, the SD
condition has a latency which is 40.9 ms longer than for ND) along with the computed estimate of the standard error of the difference and the corresponding Z-
score. The last column shows the result of the Studentized t-test to determine the probability that the two samples are drawn from the same population. For
comparison, the corresponding results for the alternative latency extraction method are shown here.

Conditions Difference (ms) SE Z-score t-test p-value
Primary latency extraction method
ND/SD 40.9 1.67 24.5 <2.4x1077
ND/AD 49.8 2.07 241 <2.4x1077
SD/AD 8.92 2.24 3.98 0.000015
Alternative latency extraction method
ND/SD 37.3 2.00 24.5 <1x1078
ND/AD 49.0 2.34 20.9 <1x1073
SD/AD 11.6 2.45 4.73 <1x1073

https://doi.org/10.1371/journal.pone.0176945.t002

To obtain a better estimate of the probability that the distributions were drawn from the
same population, especially as the apparent effect size between the SD and AD conditions is
small, we applied a bootstrapped, Studentized t-test. This test rejected the null hypothesis that
distributions were drawn from the same population in each case: For ND compared with
either AD or SD: p<2.5x1077; for AD compared with SD: p = 0.000015 (4x10° resamples). The
mean latencies, with 95% confidence intervals computed from a bootstrap analysis of the sam-
ple means, are shown in Fig 9.

We analysed the latencies for error movements in each condition to compare these with
latencies for correct movements. In each condition, the mean latency for error movements
was significantly shorter than for correct movements (p<0.00002 SD; p = 0.0001 AD;

p = 0.005 ND) by about 100 ms. Refer to Table 3 for the results.

We analysed the asynchronous data alone to answer the following questions: 1) Does the
recency of the last distractor event affect the latency for a target or distractor event movement?
2) Does the relative location of the distractor affect target latency? Put another way, if the dis-
tractor is in the opposite direction from the target, do latencies differ from the cases where the
distractor lies in the same direction as the target? In each case, we found no significant differ-
ence or trend.

To examine whether the latency has a dependence on the distance between the stylus
starting position and the target, we arranged all the latency values in order of distance to tar-
get and then computed a moving mean, using a bin with a width corresponding to 5 mm on
the screen. At each bin position, we compute both the mean, and the 95% confidence interval
by bootstrapping. Fig 10 shows the result of this analysis. We assume an approximate dis-
tance from eye to tablet of 400 mm, and take the fovea as having an effective radius of 1.7deg,
at which point the cone density has dropped to 1/2e of its maximum [53] and rod density is
comparable with cone density [54]. This boundary is shown as a dashed line in Fig 10. The
graph shows that the mean no distractor latency is shorter than the latencies in the distractor
conditions regardless of distance to target. There is a notable upward trend in latency at
short distances, particularly within the high-acuity foveal region. At longer and very short
distances to the target (greater than 30 mm or less than 7 mm) asynchronous latencies are
longer. Analysing latency data for targets for which distance is in the non-foveal region, a
regression analysis shows that ND and SD latencies are independent of distance, whereas
the latency in the presence of asynchronous distractors is predicted by distance, F(1,1846) =
14.85, p<0.001.
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Fig 9. Mean latencies to first movement in the three experimental conditions ‘No Distractor’ (ND), ‘Synchronous Distractor’ (SD) and
‘Asynchronous Distractor’ (AD) as determined using the primary latency extraction method. In this plot, the error bars show 95% confidence
intervals, determined by a bootstrap analysis of the sample means.

https://doi.org/10.1371/journal.pone.0176945.9009

Latency to first movement (ms)

We repeated this analysis to determine if there is any correlation between the absolute dis-
tance to the last distractor in the asynchronous condition and the latency to first movement.
Fig 11 shows the result of this analysis and suggests a possible trend that as the last distractor
becomes more distal, the latency reduces very slightly. This trend is not statistically signifi-
cant, although a linear model reproduces the trend for this tiny effect (Slope -0.005 ms/mm,
F(1,2230) = 2.799, p = 0.094).

Table 3. Mean latencies for movements directed towards the target (non-error) and for movements which were in error and directed away from the
target. Standard error and the probability of the two samples being drawn from the same population were calculated using the bootstrap method described in
the text.

Condition Mean latency (ms) Difference std. err. p value
Non-error Error
No Distractor 294.9 218.9 -76 21 p =0.005
Synchronous Distractor 335.9 274.4 -61 4 p<0.00002
Asynchronous Distractor 344.9 229.0 -116 19 p =0.0001

https://doi.org/10.1371/journal.pone.0176945.t003
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Fig 10. ‘Moving bin’ mean latencies to first movement versus distance from stylus to target. A bin of width 5 mm is moved through the data. At each
distance, the mean is computed (thicker lines) and the standard error of the mean is computed using the bootstrap method. The thinner lines show the
corresponding 95% confidence intervals about the mean. The approximate location of the foveal region is shown by the dashed line, assuming that the eye
to screen distance is 400 mm. A marked increase in latency is seen for all conditions within the foveal region. In the non-foveal region, distance is
predictive only for the asynchronous distractor.

https://doi.org/10.1371/journal.pone.0176945.9010

Error rates

We defined the error rate, R¢, for an individual completing the line task in condition C as the
number of movement errors per target event:

E
R, = ?C (8)

E¢ is the total number of movement errors during the task and T is the number of target events
(excluding those omitted from the latency extraction). Note that according to this definition,
the asynchronous distractor error rate, R4p, could have a value exceeding 1, as movement
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Fig 11. ‘Moving bin’ mean latencies to first movement versus distance computed as in Fig 10 for the asynchronous distractor condition only.
Here, latencies to first movement are shown with respect to the distance to the target (red), which is the same data as the red plot in Fig 10, along with
latencies to first movement plotted with respect to the distance to the distractor which was visible when the target event occurred. As in Fig 10, the
approximate location of the foveal region is shown by the dashed line.

https://doi.org/10.1371/journal.pone.0176945.9011

errors could be caused both by target events and by distractor events. That is, the number of
events in the asynchronous condition is:

Nyp=T+D (9)

where D is the number of distractor events. The number of events in the synchronous (Ngp)
and no-distractor (Nyp) conditions is smaller, and is given by:

Ngp =Ny =T (10)

Due to these additional distractor events, it was not possible to make a direct comparison
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Table 4. Mean movement error rates with corresponding standard deviation and median absolute
deviation statistics.

Condition Mean error rate Std. dev. Med. abs. dev.
No Distractor 0.016 0.023 0.000
Synchronous Distractor 0.125 0.080 0.079
Asynchronous Distractor 0.193 0.119 0.097

https://doi.org/10.1371/journal.pone.0176945.t1004

between the error rate for the asynchronous distractor condition and those for the no-distrac-
tor and synchronous distractor conditions. Whilst the number of events is larger in the asyn-
chronous condition, the nature of the events is different and so a definition of the error rate of
Rc = Ec/Nc would have no greater validity than Eq 8.

A Wilcoxon signed rank test between the ND and SD conditions indicated that the SD
error rate was statistically significantly higher than the ND error rate (W = 23, p<10~°). Cliff's
Delta indicated a large effect size (|d| = 0.91).

The error rates are given in Table 4 and Fig 12.

Distributions of bootstrapped error rate means

100
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— AD
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Density

20

0.05 0.10 0.15 0.20 0.25
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Fig 12. Probability density functions for the error rate sample means computed from 100 data resamples of 55 data points for each
condition. The error rate is computed as the proportion of movement errors per target event. Data for the ND condition are shown in black and SD in
blue. Dashed lines show the sample means; dot-dash lines show the 95% confidence intervals for the sample means. It is clear from this graph that
the synchronous distractor increases the movement error rate compared with the no-distractor condition.

https://doi.org/10.1371/journal.pone.0176945.9012
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Discussion

We have presented a new, minimally complex task for the investigation of target-distractor
reaching movements. The line task constrains arm movements to a two dimensional plane
(because the stylus is constrained by the surface of the tablet) and guides the subject to carry
out approximately one-dimensional reach movements. Because the nature of the movements
is simple, it is easier to interpret the behaviour within an action-selection framework in which
we consider the action-space to be one-dimensional.

As a tablet-based experiment, the line task can be conducted either within or outside the
laboratory, with the potential for automated, large-scale data collection. Together with the
task, we have provided algorithms which automate the process of extracting latency and move-
ment error data from the raw trajectories.

The psychophysical results showed that latencies in either distractor condition were signifi-
cantly longer than latencies in the no-distractor condition. This was in broad agreement with
previous studies [2, 32, 44]. The results showed that latencies in the asynchronous distractor
condition were slightly, but significantly longer than those in the synchronous condition and
were dependent on the distance to the target, indicating the value of conducting an easy to
deliver experiment with a large number of participants.

In both of the distractor conditions, latencies for error movements towards the distractor
were significantly shorter than correct movements towards the target. Similarly, in the no dis-
tractor condition, latencies for error movements away from the target were significantly
shorter than correct movements towards the target. Error rates were significantly higher in the
synchronous condition when compared with the no-distractor condition. The error rate was
significantly higher in the asynchronous condition, although as discussed, interpretation of
this result is difficult because the event rate in the asynchronous condition is higher than in
the other conditions.

Over the last four decades, much theoretical and experimental work has been carried out
towards a goal of understanding action selection in the presence of environmental distractors.
J. J. Gibson introduced the term affordance for an action which is physically possible and
‘afforded by the environment’ [55]. In our task, both target and distractor lines present affor-
dances for movement. Gibson’s work inspired more recent theories of attention and action
selection which we will discuss here; indeed, the theory to which we will devote most of our
discussion is named the affordance competition hypothesis. These more recent theories make
use of neurophysiological data collected from motor and pre-motor regions of the brain along-
side behavioural measurements.

Although we are considering reach movements, it has been natural to consider action selec-
tion and attention in terms of the visual system and visual perception. Rizzolatti and co-
workers presented psychophysical results both from choice selection and oculomotor experi-
ments and developed a premotor theory of selective attention. In their theory, attention is inti-
mitely bound to neural activity which is preparatory to goal-directed and spatially coded
movements [56]. Although the theory makes the prediction that attended distractors may
modify trajectories, it is not sufficiently quantitative to make predictions about the movement
latencies which are the main topic of this paper.

Houghton, Tipper and co-workers produced a large body of work based on the idea that
action and attention are linked [3, 27, 35, 44, 57, 58]. In their model of selective attention [57,
58], multiple objects are perceived in an ‘object field’. A competition occurs to determine the
attended object. A ‘property matching’ system in the model selectively excites target-matching
objects and inhibits non-target objects. The model makes a number of predictions which are
not applicable to the line task (such as the negative priming and inhibition of return effects
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[57]), but it does predict that the existence of distractors will slow responses to targets, in
agreement with our results.

Based on neurophysiological data from Georgopoulus, Kalaska and co-workers which indi-
cated that neurons in motor cortex [59] and parietal cortex [60] produce a signal related to
reach direction, Tipper, Howard and Jackson extended the ideas in the selective attention
model to cover action selection in reach experiments [35]. In their new model, which is
referred to as the ‘response vector model’ by Welsh and co-workers [31], the object field of the
selective attention model becomes a field of potential reach vectors, interpreted as population
codes. These population codes excite and inhibit one another via on-centre, off-surround exci-
tation and inhibition. This assists in the competition between incompatible actions (such as
reach left and reach right). Additional inhibitory processes selectively inhibit distractors, based
on the subject’s goals (e.g. ‘ignore the red distractor’). This additional mechanism is required
to prevent intermediate reaches between competing reach vectors which are too closely aligned
for the off-centre inhibition mechanism to determine a winner.

Welsh & Elliott extended a discussion of the response vector model by considering the tim-
ing required by inhibitory processes. The response vector model does not incorporate a quan-
titative treatment of the time required to build up inhibitory suppression and so it is not able
to predict how the effects of synchronous and asynchronous distractor presentation in the line
task might differ and thus cannot help to explain the small difference in latencies which we
detected between the SD and AD conditions in this work. The ‘response activation model’ [31]
considers that the potential reach vectors found in overlapping regions of motor cortex partici-
pate in a race. When a movement is expressed, a component of the final movement will origi-
nate from the non-target, predicting trajectory deviations towards the non-target. In one
experiment in which subjects were required to reach forwards over distances of up to 0.4 m,
Welsh & Elliott [31] introduced a ‘stimulus-onset asynchrony’ between the onset of non-target
and target stimuli. They found that if the non-target (indicated by colour) was illuminated 250
ms or 750 ms before the target, then response times were shortened by as much as 68 ms com-
pared with a case in which there were no distractors. They argue that the most likely reason for
this response facilitation is that the non-target induces motor activity which then aids the tar-
get in achieving sufficient activity to produce a movement. They go on to suggest that if this
were true, then the non-target activity should be seen in trajectory variations. They presented
trajectory data from their experiments which suggest that motor activity induced by the non-
target would be inhibited by 750 ms after the non-target onset. We did not replicate their
result; instead, we find that our asynchronous distractor condition, which produces a variable
delay between distractor and target (mean(SD) 573(450) ms), increases the latency compared
to the no distractor condition (by 50 ms; see Table 2). Note that there are important differences
between the experiments; Welsh & Elliott presented targets over larger distances than those
used in the line task and their subjects had to make reach movements forwards from their bod-
ies, rather than sideways on a tablet.

A more recent model is the affordance competition hypothesis [1], which is qualitatively
similar to the response vector and activation models but which has closer links to the neuro-
anatomy of reach and action selection. Under this hypothesis, potential actions are continously
specified, based on incoming sensory information, whilst selection processes (both cortical
and sub-cortical) simultaneously determine which are to be enacted. It extends previous
ideas of evidence integration [61, 62] and sub-cortical action selection [10, 63, 64] by incorpo-
rating evidence that activity within motor cortical areas participates in action selection and
specification.

The affordance competition hypothesis contrasts with some more traditional ideas in cog-
nitive psychology, which describe staged or serial processes. In the traditional description,
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sensory information is first collected to build an internal representation of the external world.
This representation, along with internal motivations, then determines or selects the next
action. Finally, a process of action specification is engaged, controlling muscle activation to
achieve the desired action. The difficulty with this framework is that neural activity relating to
sensory information, motor specification and cognitive value judgements can be found within
the same brain nuclei and are seen to build up concurrently within a task [23, 65].

The affordance competition hypothesis suggests that action selection begins at an early
stage within motor cortical brain regions with activity building up in networks which specify
multiple potential actions. Cortical and subcortical [66] processes take part in supression
of non-optimal actions. The model of reaching decisions presented by Cisek [1, 67] and sup-
ported by neural activity reported in [65] shows activity in directionally sensitive neurons in
posterior parietal cortex (PPC), dorsal premotor cortex (PMd), primary motor cortex (M1)
and in ‘colour sensitive’ pre-frontal cortex (PFC). A spatial cue is first presented which indi-
cates two possible direction options. With this cue, activity is first seen to build in the neurons
in PPC and PMd which encode these two directions. Later, a colour cue indicates which direc-
tion will provide the reward. On presentation of this colour cue, activity for the correct direc-
tion is driven by activity in ‘colour-sensitive’ pre-frontal cortex, whilst neuronal activity
encoding incorrect directions is supressed. Finally a ‘go’ cue causes a further increase in activ-
ity in PMd and ungates the connection from PMd to primary motor cortex (M1), providing
the motor command. The model represents a type of sequential evidence accumulation model
[62], in that evidence for competing actions is repeatedly sampled until one action reaches a
threshold and is un-gated.

We now see fit to interpret our task in this framework. In the synchronous distractor condi-
tion of the line task, each event is a two-alternative forced choice between potential moves
towards red and cyan lines. It is similar to the experimental condition described in Fig 3(c) in
[1] in which two choices are first presented, then a colour cue indicates the correct target. In
our task, the cyan line is always the target, and so we would expect the details of the evidence
accumulation to differ. We might expect to see activity in neurons encoding a move towards
the cyan target line build up faster than activity in those encoding a move towards the red dis-
tractor. The direction of movement made, and whether or not this is an error will depend on
the rate at which evidence of the colour of the lines builds up, the magnitude of the activity
threshold required to un-gate a movement and the amplitude of noise within the system. The
no-distractor condition provides a control condition in which there is no activity (other than
noise) in competing neurons. The model of Cisek [1] predicts that the presence of the distrac-
tor will increase the latency to first movement in the synchronous distractor condition because
cross-inhibition between competing potential actions (‘move left’ and ‘move right’) will reduce
the rate of evidence accumulation in motor cortical areas.

It is not clear, however, that the affordance competition hypothesis predicts a shorter
latency for error movements; only that evidence for error movements can be detected as early
as activity is seen in PMd and PPC. The response vector/activation models are similarly unable
to predict this finding. To explain this finding we would require either that the rate of evidence
accumulation caused by the distractor line is greater than the rate caused by the target line, or
that the threshold to un-gate movement differed for the distractor line. Neither of these seem
plausible, though a colour effect should be ruled out by reversing the colours used for target
and distractor and repeating the measurements.

It is interesting to consider what Cisek’s model would predict for in the two different dis-
tractor conditions and whether it has the ability to predict the latency difference which we
have observed. In Cisek’s model, visual input is passed into PPC, with a short time constant
of 0.3 s, and also into colour-sensitive PFC, with a much longer time constant of 100 s (See
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Fig 1.A from [67] and the related supplementary material from that paper). We would
expect to see activity in the red-sensitive PFC relating to the distractor line and in the blue
sensitive PFC for the target line along with activity for both lines in PPC. The PFC output
interacts multiplicatively with PPC output to produce input to PMd layers of the model.
Given the long time constant in the PFC, it could be argued that activity from previous dis-
tractors would persist during the presentation of a new target line and slow the decision
making process in PMd. However, the behaviour of PFC is not modelled in detail in the
Cisek model, and instead, the determination of which colour refers to a target is made by
providing excitatory input to one colour-sensitive PFC population or the other. In the Cisek
modelling, this occurs on the presentation of the colour code (a central red or blue circle).
Given that our experiment is carried out in blocks, and the target is always blue, there would
be a constant excitatory input to the blue-sensitive PFC, which would suppress activity in
red PFC (red PFC neurons inhibit blue PFC neurons and vice-versa). It is hard to see how
much activity could build up in PPC relating to the distractor, due to the multiplicative
enhancement of the signal to PMd, and the feedback from PMd to PPC. To apply the Cisek
model to our task, it would likely be necessary to increase the noise level in the PFC relative
to the amount of constant excitatory input, otherwise the model would not reproduce the
errors seen in the experiment. In any case, we might expect the concurrent presentation of
the distractor in the synchronous condition to have a more competitive effect, slowing the
decision making process, when compared with the asynchronous condition; a reverse of the
observed trend.

The threshold required for activation of M1 is thought to be governed by activity in related
thalamo-cortical loops through the basal ganglia [66, 68]. Channels have been identified in
these loops [69], and have been postulated to carry motor commands [70-72]. Output nuclei
of selected channels through the basal ganglia are disinhibited, enabling the execution of
actions via brainstem [73] and cerebellar [74] activity. The same reach movement could be
selected in any of the no-distractor, synchronous and asynchronous conditions of the line
task; for example, the target could specify a movement to the left of 40 mm. In all conditions,
the same channel in basal ganglia is (presumably) selected. The architecture of the basal gan-
glia ensures that the threshold required to select the channel is kept relatively constant [75, 76],
regardless of the number of competing inputs. Using this argument, we suggest that an
increase in the un-gating threshold activity in PMd which would be observed in the asynchro-
nous condition of the line task is unlikely.

In order to explain a lengthened asynchronous latency, the evidence accumulation seen in
PMd should be slowed, which could be achieved with a blanket inhibition of PMd provided by
higher cortical areas. This could be driven by experiencial learning that in the asynchronous
condition, early evidence from edge detection regions of visual cortex does not always imply
the need for a movement, as it does in the synchronous condition.

The simplicity of the design of the line task means that the influence of distractor interfer-
ence on action selection mechanisms can be probed in large-scale subject populations. Track-
ing tasks are valuable for the study of sensory motor function, enabling the collection of
objective and quantitative data, as well as producing detailed information about task perfor-
mance. It is not necessary to provide training to carry out tracking tasks, as making point or
reach movements is entirely natural. Tracking tasks can be equally well completed by patients
with neurological disorders [77] as by healthy subjects.

The employment of experimental tracking tasks means that considerable control can be
held over stimuli, such as the signalling of targets and distractors [78]. In spite of this, Watson
and colleagues [78] suggest that two dimensional tasks provide more precise measurements
and considerably more information regarding sensory-motor function. Moreover, it is
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suggested that two dimensional tracking tasks are more sensitive than one dimensional track-
ing tasks in their ability to detect dysfunctional motor performance within Parkinson’s
patients. The apparent limitation of using one dimensional rather than two dimensional pur-
suit tracking tasks should be considered in future research.

The line task can be accused of lacking ecological validity, in that it does not represent tasks
common to everyday life: In the line task, reaches are small (limited by the tablet size) and fol-
low one dimensional lines as targets; in daily life, reaches may be large (up to 0.5 m) and are
usually made to three dimensional targets for grasping. The line task purposefully trades eco-
logical validity for a simple environment with few potentially confounding factors, as discussed
in the introduction.

Future implementations of the line task could vary aspects of the distractor’s parameters.
For example, the rate of distractor event presentation, the number of distractor lines or distrac-
tor and target thicknesses could be varied. A future experiment should be run to exclude the
possibility that there is a colour effect, with the target and distractor colours being reversed for
some subjects, or between conditions. Gaps between target and distractor presentation could
be investigated, analogous to the ‘gap, step and overlap’ paradigm used in saccadic eye move-
ment experiments. Investigations in which the target position was updated during the initial
stylus movement could give insight into selection and online error correction within motor
systems. Whilst not discussed here, the dynamics of the trajectories recorded by the line task
could be analysed in detail, with particular attention being paid to the ‘first smooth move-
ment’. In order to more carefully study the effect of the distance to the target, it would be
necessary to record or control the distance from each subject’s eyes to the tablet surface. Con-
sideration should always be given to learning effects in each condition of the line task [79].
Here, the order in which conditions were presented was randomised, but it may be preferable
to implement an independent measures design, with each group completing the opposite
order of distractor conditions.

In conclusion, the line task is a tablet-based application that can be used to record data for
healthy or neurologically impaired subjects in the laboratory, clinic or at home. As such, it is
an effective and convenient tool for the detailed investigation of action selection for reaching
movements.

Supporting information

S1 Appendix. A list of omit reasons. A list of the reasons for which it may have been impossi-
ble to extract a latency and error measurement for an event.
(PDF)

S$2 Appendix. Statistical analysis. PDF version of statistical analysis ipython notebook.
(PDF)

Acknowledgments

This work was partially funded by the EC FP7 project NoTremor— Virtual, Physiological and
Computational Neuromuscular Models for the Predictive Treatment of Parkinson’s Disease,
Grant Agreement No. 610391.

Author Contributions
Conceptualization: KG OAB MAMN REP JS KT.

Data curation: SJ.

PLOS ONE | https://doi.org/10.1371/journal.pone.0176945 May 5, 2017 24/29


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0176945.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0176945.s002
https://doi.org/10.1371/journal.pone.0176945

@° PLOS | ONE

Target-distractor synchrony in action selection

Formal analysis: S] PJP TTH.

Funding acquisition: KG SA MDL.

Investigation: KG S] OAB MAMN REP JS KT.

Methodology: KG S] OAB MAMN REP JS KT.

Project administration: KG SA MDL.

Software: S] MDL.

Supervision: KG §J.

Visualization: SJ.

Writing - original draft: S| MDL.

Writing - review & editing: S MDL KG SA PJP.

References

1.

10.

11.

12.

13.

14.

Cisek P. Cortical mechanisms of action selection: the affordance competition hypothesis. Philos-
TransRSoclLond B Biol Sci. 2007; 362(1485):1585—1599. Available from: PM:17428779. https://doi.org/
10.1098/rstb.2007.2054 PMID: 17428779

Pratt J, Abrams RA. Action-centered inhibition: Effects of distractors on movement planning and execu-
tion. Human Movement Science. 1994 Jun; 13(2):245-254. Available from: http://www.sciencedirect.
com/science/article/pii/0167945794900396.

Tipper SP, Howard LA, Houghton G. Action—based mechanisms of attention. Philosophical Transac-
tions of the Royal Society of London Series B: Biological Sciences. 1998 Aug; 353(1373):1385—-1393.
Available from: http://rstb.royalsocietypublishing.org/content/353/1373/1385. PMID: 9770231

Biguer B, Jeannerod M, Prablanc C. The coordination of eye, head, and arm movements during reach-
ing at a single visual target. Experimental Brain Research. 1982; 46(2):301-304. Available from: http:/
dx.doi.org/10.1007/BF00237188. PMID: 7095037

Neggers SFW, Bekkering H. Ocular Gaze is Anchored to the Target of an Ongoing Pointing Movement.
Journal of Neurophysiology. 2000 Feb; 83(2):639-651. Available from: http://jn.physiology.org/content/
83/2/639. PMID: 10669480

Neggers SF, Bekkering H. Gaze anchoring to a pointing target is present during the entire pointing
movement and is driven by a non-visual signal. Journal of Neurophysiology. 2001; 86(2):961-970.
Available from: http://jn.physiology.org/content/86/2/961.short. PMID: 11495964

Norman DA, Shallice T. Attention to action. In: Consciousness and self-regulation. Springer; 1986. p.
1-18. https://doi.org/10.1007/978-1-4757-0629-1_1

Maes P. The dynamics of action selection. Artificial Intelligence Laboratory, Vrije Universiteit Brussel;
1989.

Maes P. Situated agents can have goals. Robotics and autonomous systems. 1990; 6(1):49-70. https://
doi.org/10.1016/S0921-8890(05)80028-4

Redgrave P, Prescott TJ, Gurney K. The basal ganglia: a vertebrate solution to the selection problem?
Neuroscience. 1999; 89(4):1009—-1023. Available from: http://www.sciencedirect.com/science/article/
pii/S0306452298003194. PMID: 10362291

Deubel H, Schneider WX. Saccade target selection and object recognition: Evidence for a common
attentional mechanism. Vision Research. 1996 Jun; 36(12):1827—-1837. Available from: http://www.
sciencedirect.com/science/article/pii/0042698995002944. PMID: 8759451

McPeek RM, Keller EL. Saccade Target Selection in the Superior Colliculus During a Visual Search
Task. Journal of Neurophysiology. 2002 Oct; 88(4):2019-2034. Available from: http://jn.physiology.org/
content/88/4/2019.abstract. PMID: 12364525

Carpenter RHS. Contrast, Probability, and Saccadic Latency: Evidence for Independence of Detection
and Decision. Current Biology. 2004 Sep; 14(17):1576—1580. Available from: http://www.sciencedirect.
com/science/article/pii/S0960982204006165. PMID: 15341745

Rorie AE, Gao J, McClelland JL, Newsome WT. Integration of sensory and reward information during
perceptual decision-making in lateral intraparietal cortex (LIP) of the macaque monkey. PloS one. 2010;
5(2):9308. https://doi.org/10.1371/journal.pone.0009308 PMID: 20174574

PLOS ONE | https://doi.org/10.1371/journal.pone.0176945 May 5, 2017 25/29


https://doi.org/10.1098/rstb.2007.2054
https://doi.org/10.1098/rstb.2007.2054
http://www.ncbi.nlm.nih.gov/pubmed/17428779
http://www.sciencedirect.com/science/article/pii/0167945794900396
http://www.sciencedirect.com/science/article/pii/0167945794900396
http://rstb.royalsocietypublishing.org/content/353/1373/1385
http://www.ncbi.nlm.nih.gov/pubmed/9770231
http://dx.doi.org/10.1007/BF00237188
http://dx.doi.org/10.1007/BF00237188
http://www.ncbi.nlm.nih.gov/pubmed/7095037
http://jn.physiology.org/content/83/2/639
http://jn.physiology.org/content/83/2/639
http://www.ncbi.nlm.nih.gov/pubmed/10669480
http://jn.physiology.org/content/86/2/961.short
http://www.ncbi.nlm.nih.gov/pubmed/11495964
https://doi.org/10.1007/978-1-4757-0629-1_1
https://doi.org/10.1016/S0921-8890(05)80028-4
https://doi.org/10.1016/S0921-8890(05)80028-4
http://www.sciencedirect.com/science/article/pii/S0306452298003194
http://www.sciencedirect.com/science/article/pii/S0306452298003194
http://www.ncbi.nlm.nih.gov/pubmed/10362291
http://www.sciencedirect.com/science/article/pii/0042698995002944
http://www.sciencedirect.com/science/article/pii/0042698995002944
http://www.ncbi.nlm.nih.gov/pubmed/8759451
http://jn.physiology.org/content/88/4/2019.abstract
http://jn.physiology.org/content/88/4/2019.abstract
http://www.ncbi.nlm.nih.gov/pubmed/12364525
http://www.sciencedirect.com/science/article/pii/S0960982204006165
http://www.sciencedirect.com/science/article/pii/S0960982204006165
http://www.ncbi.nlm.nih.gov/pubmed/15341745
https://doi.org/10.1371/journal.pone.0009308
http://www.ncbi.nlm.nih.gov/pubmed/20174574
https://doi.org/10.1371/journal.pone.0176945

@° PLOS | ONE

Target-distractor synchrony in action selection

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Bompas A, Sumner P. Saccadic Inhibition Reveals the Timing of Automatic and Voluntary Signals in
the Human Brain. Journal of Neuroscience. 2011 Aug; 31(35):12501-12512. Available from: http://
www.jneurosci.org/cgi/doi/10.1523/JNEUROSCI.2234-11.2011. PMID: 21880912

Reppert TR, Lempert KM, Glimcher PW, Shadmehr R. Modulation of Saccade Vigor during Value-
Based Decision Making. Journal of Neuroscience. 2015 Nov; 35(46):15369—-15378. Available from:
http://www.jneurosci.org/cgi/doi/10.1523/JNEUROSCI.2621-15.2015. PMID: 26586823

Saslow M. Effects of components of displacement-step stimuli upon latency for saccadic eye move-
ment. JOSA. 1967; 57(8):1024—1029. PMID: 6035296

Antoniades C, Ettinger U, Gaymard B, Gilchrist I, Kristjansson A, Kennard C, et al. An internationally
standardised antisaccade protocol. Vision Research. 2013 May; 84:1-5. https://doi.org/10.1016/.
visres.2013.02.007 PMID: 23474300

Moschovakis A, Highstein S. The anatomy and physiology of primate neurons that control rapid eye
movements. Annual review of neuroscience. 1994; 17(1):465—488. https://doi.org/10.1146/annurev.
neuro.17.1.465 PMID: 8210184

Moschovakis A, Scudder C, Highstein S. The microscopic anatomy and physiology of the mammalian
saccadic system. Progress in neurobiology. 1996; 50(2):133-254. https://doi.org/10.1016/S0301-0082
(96)00034-2 PMID: 8971981

Sparks DL. The brainstem control of saccadic eye movements. Nature Reviews Neuroscience. 2002
Dec; 3(12):952-964. Available from: http://www.nature.com/doifinder/10.1038/nr986. PMID: 12461552

Ratcliff R, Cherian A, Segraves M. A Comparison of Macaque Behavior and Superior Colliculus Neuro-
nal Activity to Predictions From Models of Two-Choice Decisions. Journal of Neurophysiology. 2003
Sep; 90(3):1392. Available from: http://jn.physiology.org/content/90/3/1392.abstract. PMID: 12761282

Schall JD, Hanes DP. Neural basis of saccade target selection in frontal eye field during visual search.
Nature. 1993; 366(6454):467—469. https://doi.org/10.1038/366467a0 PMID: 8247155

Hanks TD, Ditterich J, Shadlen MN. Microstimulation of macaque area LIP affects decision-making in a
motion discrimination task. Nature neuroscience. 2006; 9(5):682—689. https://doi.org/10.1038/nn1683
PMID: 16604069

Gribble PL, Everling S, Ford K, Mattar A. Hand-eye coordination for rapid pointing movements: Arm
movement direction and distance are specified prior to saccade onset. Experimental Brain Research.
2002 Aug; 145(3):372-382. Available from: http://link.springer.com/10.1007/s00221-002-1122-9.
PMID: 12136387

Carey DP. Eye—hand coordination: Eye to hand or hand to eye? Current Biology. 2000; 10(11):R416—
R419. Available from: http://www.sciencedirect.com/science/article/pii/S096098220000508X. PMID:
10837240

Tipper SP, Howard LA, Paul MA. Reaching affects saccade trajectories. Experimental Brain Research.
2001; 136(2):241-249. Available from: http://link.springer.com/article/10.1007/s002210000577. PMID:
11206286

Fisk JD, Goodale MA. The organization of eye and limb movements during unrestricted reaching to tar-
gets in contralateral and ipsilateral visual space. Experimental Brain Research. 1985; 60(1):159—178.
Available from: http://link.springer.com/article/10.1007/BF00237028. PMID: 4043274

Snyder LH, Calton JL, Dickinson AR, Lawrence BM. Eye-Hand Coordination: Saccades Are Faster
When Accompanied by a Coordinated Arm Movement. Journal of Neurophysiology. 2002 May; 87
(5):2279. Available from: http://jn.physiology.org/content/87/5/2279.abstract. https://doi.org/10.1152/jn.
00854.2001 PMID: 11976367

Batista AP, Buneo CA, Snyder LH, Andersen RA. Reach Plans in Eye-Centered Coordinates. Science.
1999 Jul; 285(5425):257. Available from: http://science.sciencemag.org/content/285/5425/257 .
abstract. PMID: 10398603

Welsh TN, Elliott D. Movement trajectories in the presence of a distracting stimulus: Evidence for a
response activation model of selective reaching. The Quarterly Journal of Experimental Psychology
Section A. 2004; 57(6):1031-1057. https://doi.org/10.1080/02724980343000666 PMID: 15370515

Meegan DV, Tipper SP. Visual search and target-directed action. Journal of Experimental Psychology:
Human Perception and Performance. 1999; 25(5):1347.

Milner AD, Goodale MA. Two visual systems re-viewed. Neuropsychologia. 2008 Jan; 46(3):774—785.
Available from: http://linkinghub.elsevier.com/retrieve/pii/S0028393207003545. PMID: 18037456

Howard LA, Tipper S. Hand deviations away from visual cues: indirect evidence for inhibition. Experi-
mental brain research. 1997; 113(1):144—-152. https://doi.org/10.1007/BF02454150 PMID: 9028783

Tipper SP, Howard LA, Jackson SR. Selective reaching to grasp: Evidence for distractor interference
effects. Visual Cognition. 1997; 4(1):1-38. Available from: http://www.tandfonline.com/doi/abs/10.
1080/713756749.

PLOS ONE | https://doi.org/10.1371/journal.pone.0176945 May 5, 2017 26/29


http://www.jneurosci.org/cgi/doi/10.1523/JNEUROSCI.2234-11.2011
http://www.jneurosci.org/cgi/doi/10.1523/JNEUROSCI.2234-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/21880912
http://www.jneurosci.org/cgi/doi/10.1523/JNEUROSCI.2621-15.2015
http://www.ncbi.nlm.nih.gov/pubmed/26586823
http://www.ncbi.nlm.nih.gov/pubmed/6035296
https://doi.org/10.1016/j.visres.2013.02.007
https://doi.org/10.1016/j.visres.2013.02.007
http://www.ncbi.nlm.nih.gov/pubmed/23474300
https://doi.org/10.1146/annurev.neuro.17.1.465
https://doi.org/10.1146/annurev.neuro.17.1.465
http://www.ncbi.nlm.nih.gov/pubmed/8210184
https://doi.org/10.1016/S0301-0082(96)00034-2
https://doi.org/10.1016/S0301-0082(96)00034-2
http://www.ncbi.nlm.nih.gov/pubmed/8971981
http://www.nature.com/doifinder/10.1038/nrn986
http://www.ncbi.nlm.nih.gov/pubmed/12461552
http://jn.physiology.org/content/90/3/1392.abstract
http://www.ncbi.nlm.nih.gov/pubmed/12761282
https://doi.org/10.1038/366467a0
http://www.ncbi.nlm.nih.gov/pubmed/8247155
https://doi.org/10.1038/nn1683
http://www.ncbi.nlm.nih.gov/pubmed/16604069
http://link.springer.com/10.1007/s00221-002-1122-9
http://www.ncbi.nlm.nih.gov/pubmed/12136387
http://www.sciencedirect.com/science/article/pii/S096098220000508X
http://www.ncbi.nlm.nih.gov/pubmed/10837240
http://link.springer.com/article/10.1007/s002210000577
http://www.ncbi.nlm.nih.gov/pubmed/11206286
http://link.springer.com/article/10.1007/BF00237028
http://www.ncbi.nlm.nih.gov/pubmed/4043274
http://jn.physiology.org/content/87/5/2279.abstract
https://doi.org/10.1152/jn.00854.2001
https://doi.org/10.1152/jn.00854.2001
http://www.ncbi.nlm.nih.gov/pubmed/11976367
http://science.sciencemag.org/content/285/5425/257.abstract
http://science.sciencemag.org/content/285/5425/257.abstract
http://www.ncbi.nlm.nih.gov/pubmed/10398603
https://doi.org/10.1080/02724980343000666
http://www.ncbi.nlm.nih.gov/pubmed/15370515
http://linkinghub.elsevier.com/retrieve/pii/S0028393207003545
http://www.ncbi.nlm.nih.gov/pubmed/18037456
https://doi.org/10.1007/BF02454150
http://www.ncbi.nlm.nih.gov/pubmed/9028783
http://www.tandfonline.com/doi/abs/10.1080/713756749
http://www.tandfonline.com/doi/abs/10.1080/713756749
https://doi.org/10.1371/journal.pone.0176945

@° PLOS | ONE

Target-distractor synchrony in action selection

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

Castiello U. Mechanisms of selection for the control of hand action. Trends in Cognitive Sciences. 1999
Jul; 3(7):264-271. Available from: http://www.sciencedirect.com/science/article/pii/
S1364661399013467. PMID: 10377541

Jackson S, Jackson G, Rosicky J. Are non-relevant objects represented in working memory? The effect
of non-target objects on reach and grasp kinematics. Experimental Brain Research. 1995; 102(3):519—
530. https://doi.org/10.1007/BF00230656 PMID: 7737398

Trumbo D, Eslinger R, Noble M, Cross K. A Versatile Electronic Tracking Apparatus (VETA). Perceptual
and Motor Skills. 1963 Jun; 16(3):649-656. Available from: http://journals.sagepub.com/doi/abs/10.
2466/pms.1963.16.3.649. PMID: 13994384

Trumbo D, Noble M, Fowler F, Porterfield J. Motor performance on temporal tasks as a function of
sequence length and coherence. Journal of experimental psychology. 1968; 77(3p1):397. hitps://doi.
org/10.1037/h0025935 PMID: 5665571

Hallett M, Shahani BT, Young RR. EMG analysis of stereotyped voluntary movements in man. Journal
of Neurology, Neurosurgery & Psychiatry. 1975 Dec; 38(12):1154—1162. Available from: http://jnnp.
bmj.com/content/38/12/1154.abstract.PMID: 1219079

Waters P, Strick PL. Influence of‘strategy’on muscle activity during ballistic movements. Brain research.
1981; 207(1):189—-194. https://doi.org/10.1016/0006-8993(81)90692-2 PMID: 7470903

Hoffman D, Strick P. Step-tracking movements of the wrist in humans. I. Kinematic analysis. The Jour-
nal of Neuroscience. 1986 Nov; 6(11):3309. Available from: http://www.jneurosci.org/content/6/11/
3309.abstract. PMID: 3772433

Haruno M, Wolpert DM. Optimal Control of Redundant Muscles in Step-Tracking Wrist Movements.
Journal of Neurophysiology. 2005 Nov; 94(6):4244. Available from: http://jn.physiology.org/content/94/
6/4244.abstract. PMID: 16079196

Tipper SP, Lortie C, Baylis GC. Selective reaching: evidence for action-centered attention. Journal of
Experimental Psychology: Human Perception and Performance. 1992; 18(4):891. https://doi.org/10.
1037/0096-1523.18.4.891 PMID: 1431753

Waszak F, Wascher E, Keller P, Koch |, Aschersleben G, Rosenbaum DA, et al. Intention-based and
stimulus-based mechanisms in action selection. Experimental Brain Research. 2005; 162(3):346—356.
Available from: http://dx.doi.org/10.1007/s00221-004-2183-8. PMID: 15599722

Elsner B, Hommel B. Effect anticipation and action control. Journal of experimental psychology: human
perception and performance. 2001; 27(1):229. PMID: 11248937

Song JH, Nakayama K. Target selection in visual search as revealed by movement trajectories. Vision
Research. 2008 Mar; 48(7):853-861. Available from: http://www.sciencedirect.com/science/article/pii/
S0042698907005688. PMID: 18262583

Jax SA, Rosenbaum DA. Hand path priming in manual obstacle avoidance: evidence that the dorsal stream
does not only control visually guided actions in real time. Journal of Experimental Psychology: Human Per-
ception and Performance. 2007; 33(2):425. https://doi.org/10.1037/0096-1523.33.2.425 PMID: 17469977

Da Lio M. NoTremor—Line tracking test. Available from: https://www.youtube.com/watch?v=
903AKdDqg9aE.

Prablanc C, Echallier JF, Komilis E, Jeannerod M. Optimal response of eye and hand motor systems in
pointing at a visual target. Biological cybernetics. 1979; 35(2):113—124. Available from: http:/link.
springer.com/article/10.1007/BF00337436. PMID: 518932

R Core Team. R: A Language and Environment for Statistical Computing. Vienna, Austria: R Founda-
tion for Statistical Computing; 2013. Available from: http://www.R-project.org/.

Iglewicz Boris, Hoaglin David. How to Detect and Handle Outliers. In: The ASQC Basic References in
Quality Control: Statistical Techniques, Mykytka Edward F., Ph.D., Editor.. vol. 16. ASQC Quality
Press; 1993. p. 1-87.

Hirsch J, Curcio CA. The spatial resolution capacity of human foveal retina. Vision Research. 1989; 29
(9):1095-1101. Available from: http://www.sciencedirect.com/science/article/pii/0042698989900588.
PMID: 2617858

Jonas JB, Schneider U, Naumann GOH. Count and density of human retinal photoreceptors. Graefe’s
Archive for Clinical and Experimental Ophthalmology. 1992; 230(6):505-510. Available from: http://dx.
doi.org/10.1007/BF00181769. PMID: 1427131

Gibson JJ. The ecological approach to visual perception. Houghton Mifflin Company; 1979.

Rizzolatti G, Riggio L, Sheliga BM. Space and selective attention. Attention and performance XV. 1994;
15:231-265.

Houghton G, Tipper SP. A model of inhibitory mechanisms in selective attention. In: Dagenbach D, Carr
TH, editors. Inhibitory processes in attention, memory, and language. San Diego: Academic Press;
1994. p. 53-112.

PLOS ONE | https://doi.org/10.1371/journal.pone.0176945 May 5, 2017 27/29


http://www.sciencedirect.com/science/article/pii/S1364661399013467
http://www.sciencedirect.com/science/article/pii/S1364661399013467
http://www.ncbi.nlm.nih.gov/pubmed/10377541
https://doi.org/10.1007/BF00230656
http://www.ncbi.nlm.nih.gov/pubmed/7737398
http://journals.sagepub.com/doi/abs/10.2466/pms.1963.16.3.649
http://journals.sagepub.com/doi/abs/10.2466/pms.1963.16.3.649
http://www.ncbi.nlm.nih.gov/pubmed/13994384
https://doi.org/10.1037/h0025935
https://doi.org/10.1037/h0025935
http://www.ncbi.nlm.nih.gov/pubmed/5665571
http://jnnp.bmj.com/content/38/12/1154.abstract
http://jnnp.bmj.com/content/38/12/1154.abstract
http://www.ncbi.nlm.nih.gov/pubmed/1219079
https://doi.org/10.1016/0006-8993(81)90692-2
http://www.ncbi.nlm.nih.gov/pubmed/7470903
http://www.jneurosci.org/content/6/11/3309.abstract
http://www.jneurosci.org/content/6/11/3309.abstract
http://www.ncbi.nlm.nih.gov/pubmed/3772433
http://jn.physiology.org/content/94/6/4244.abstract
http://jn.physiology.org/content/94/6/4244.abstract
http://www.ncbi.nlm.nih.gov/pubmed/16079196
https://doi.org/10.1037/0096-1523.18.4.891
https://doi.org/10.1037/0096-1523.18.4.891
http://www.ncbi.nlm.nih.gov/pubmed/1431753
http://dx.doi.org/10.1007/s00221-004-2183-8
http://www.ncbi.nlm.nih.gov/pubmed/15599722
http://www.ncbi.nlm.nih.gov/pubmed/11248937
http://www.sciencedirect.com/science/article/pii/S0042698907005688
http://www.sciencedirect.com/science/article/pii/S0042698907005688
http://www.ncbi.nlm.nih.gov/pubmed/18262583
https://doi.org/10.1037/0096-1523.33.2.425
http://www.ncbi.nlm.nih.gov/pubmed/17469977
https://www.youtube.com/watch?v=9o3AKdDq9aE
https://www.youtube.com/watch?v=9o3AKdDq9aE
http://link.springer.com/article/10.1007/BF00337436
http://link.springer.com/article/10.1007/BF00337436
http://www.ncbi.nlm.nih.gov/pubmed/518932
http://www.R-project.org/
http://www.sciencedirect.com/science/article/pii/0042698989900588
http://www.ncbi.nlm.nih.gov/pubmed/2617858
http://dx.doi.org/10.1007/BF00181769
http://dx.doi.org/10.1007/BF00181769
http://www.ncbi.nlm.nih.gov/pubmed/1427131
https://doi.org/10.1371/journal.pone.0176945

@° PLOS | ONE

Target-distractor synchrony in action selection

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Houghton G, Tipper SP, Weaver B, Shore DI. Inhibition and Interference in Selective Attention: Some
Tests of a Neural Network Model. Visual Cognition. 1996 Jun; 3(2):119-164. Available from: http://
www.tandfonline.com/doi/abs/10.1080/713756733.

Georgopoulos AP, Schwartz AB, Kettner RE. Neuronal population coding of movement direction. Sci-
ence. 1986 Sep; 233(4771):1416-1419. Available from: http://www.sciencemag.org/content/233/4771/
1416. PMID: 3749885

Kalaska J, Caminiti R, Georgopoulos A. Cortical mechanisms related to the direction of two-dimensional
arm movements: relations in parietal area 5 and comparison with motor cortex. Experimental Brain
Research. 1983; 51(2):247-260. https://doi.org/10.1007/BF00237200 PMID: 6617794

Mazurek ME, Roitman JD, Ditterich J, Shadlen MN. A role for neural integrators in perceptual decision
making. Cerebral cortex. 2003; 13(11):1257—-1269. https://doi.org/10.1093/cercor/bhg097 PMID:
14576217

Bogacz R, Brown E, Moehlis J, Holmes P, Cohen JD. The physics of optimal decision making: a formal
analysis of models of performance in two-alternative forced-choice tasks. Psychological Review. 2006;
113(4):700-765. Available from: file:///home/alex/Documents/Papers/Bogacz_optimal_decision_mak-
ing.pdf. https://doi.org/10.1037/0033-295X.113.4.700 PMID: 17014301

Grillner S, Hellgren J, Menard A, Saitoh K, Wikstrom MA. Mechanisms for selection of basic motor pro-
grams—roles for the striatum and pallidum. Trends Neurosci. 2005 Jul; 28(7):364—370. Available from:
PM:15935487. https://doi.org/10.1016/j.tins.2005.05.004 PMID: 15935487

Houk JC, Bastianen C, Fansler D, Fishbach A, Fraser D, Reber PJ, et al. Action selection and refine-
ment in subcortical loops through basal ganglia and cerebellum. Philosophical Transactions of the
Royal Society B: Biological Sciences. 2007 Sep; 362(1485):1573-1583. Available from: http://rstb.
royalsocietypublishing.org/cgi/doi/10.1098/rstb.2007.2063.

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: http://linkinghub.elsevier.com/retrieve/pii/S0896627305000590. PMID: 15748854

Humphries MD, Gurney KN. The role of intra-thalamic and thalamocortical circuits in action selection.
Network: Computation in Neural Systems. 2002; 13:131-156. https://doi.org/10.1080/net.13.1.131.156
PMID: 11873842

Cisek P. Integrated Neural Processes for Defining Potential Actions and Deciding between Them: A
Computational Model. Journal of Neuroscience. 2006 Sep; 26(38):9761-9770. Available from: http:/
www.jneurosci.org/cgi/doi/10.1523/JNEUROSCI.5605-05.2006. PMID: 16988047

Parent A, Hazrati LN. Functional anatomy of the basal ganglia.1. the cortico-basal ganglia-thalamo-cor-
tical loop. Brain Research Reviews. 1995; 20:91-127. https://doi.org/10.1016/0165-0173(94)00007-C
PMID: 7711769

Zarzecki P. The Distribution of Corticocortical, Thalamocortical, and Callosal Inputs on Identified Motor
Cortex Output Neurons: Mechanisms for Their Selective Recruitment. Somatosensory & Motor
Research. 1991 Jan; 8(4):313-325. Available from: http://www.tandfonline.com/doi/abs/10.3109/
08990229109144755. PMID: 1667057

Graybiel AM, Aosaki T, Flaherty AW, Kimura M. The basal ganglia and adaptive motor control. SCI-
ENCE-NEW YORK THEN WASHINGTON-. 1994;p. 1826—1826. https://doi.org/10.1126/science.
8091209 PMID: 8091209

Doya K. Complementary roles of basal ganglia and cerebellum in learning and motor control. Current
Opinion in Neurobiology. 2000 Dec; 10(6):732—-739. Available from: http://www.sciencedirect.com/
science/article/pii/S0959438800001537. PMID: 11240282

Middleton FA, Strick PL. Basal ganglia and cerebellar loops: motor and cognitive circuits. Brain
Research Reviews. 2000 Mar; 31(2—3):236—250. Available from: http://www.sciencedirect.com/
science/article/pii/S0165017399000405. PMID: 10719151

Roseberry TK, Lee AM, Lalive AL, Wilbrecht L, Bonci A, Kreitzer AC. Cell-Type-Specific Control of
Brainstem Locomotor Circuits by Basal Ganglia. Cell. 2016; 164(3):526-537. Available from: http://dx.
doi.org/10.1016/j.cell.2015.12.037. PMID: 26824660

Fortier PA, Kalaska JF, Smith AM. Cerebellar neuronal activity related to whole-arm reaching move-
ments in the monkey. Journal of Neurophysiology. 1989 Jul; 62(1):198. Available from: http://jn.
physiology.org/content/62/1/198.abstract. PMID: 2754472

Gurney K, Prescott TJ, Redgrave P. A computational model of action selection in the basal ganglia.
1. Analysis and simulation of behaviour. Biological cybernetics. 2001 Jun; 84(6):411-23. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/11417053. https://doi.org/10.1007/PL0O0007985 PMID: 11417053

Bogacz R, Gurney K. The basal ganglia and cortex implement optimal decision making between alter-
native actions. Neural Computation. 2007 Feb; 19(2):442—477. Available from: http://www.ncbi.nim.nih.
gov/pubmed/17206871. https://doi.org/10.1162/neco.2007.19.2.442 PMID: 17206871

PLOS ONE | https://doi.org/10.1371/journal.pone.0176945 May 5, 2017 28/29


http://www.tandfonline.com/doi/abs/10.1080/713756733
http://www.tandfonline.com/doi/abs/10.1080/713756733
http://www.sciencemag.org/content/233/4771/1416
http://www.sciencemag.org/content/233/4771/1416
http://www.ncbi.nlm.nih.gov/pubmed/3749885
https://doi.org/10.1007/BF00237200
http://www.ncbi.nlm.nih.gov/pubmed/6617794
https://doi.org/10.1093/cercor/bhg097
http://www.ncbi.nlm.nih.gov/pubmed/14576217
https://doi.org/10.1037/0033-295X.113.4.700
http://www.ncbi.nlm.nih.gov/pubmed/17014301
https://doi.org/10.1016/j.tins.2005.05.004
http://www.ncbi.nlm.nih.gov/pubmed/15935487
http://rstb.royalsocietypublishing.org/cgi/doi/10.1098/rstb.2007.2063
http://rstb.royalsocietypublishing.org/cgi/doi/10.1098/rstb.2007.2063
http://linkinghub.elsevier.com/retrieve/pii/S0896627305000590
http://www.ncbi.nlm.nih.gov/pubmed/15748854
https://doi.org/10.1080/net.13.1.131.156
http://www.ncbi.nlm.nih.gov/pubmed/11873842
http://www.jneurosci.org/cgi/doi/10.1523/JNEUROSCI.5605-05.2006
http://www.jneurosci.org/cgi/doi/10.1523/JNEUROSCI.5605-05.2006
http://www.ncbi.nlm.nih.gov/pubmed/16988047
https://doi.org/10.1016/0165-0173(94)00007-C
http://www.ncbi.nlm.nih.gov/pubmed/7711769
http://www.tandfonline.com/doi/abs/10.3109/08990229109144755
http://www.tandfonline.com/doi/abs/10.3109/08990229109144755
http://www.ncbi.nlm.nih.gov/pubmed/1667057
https://doi.org/10.1126/science.8091209
https://doi.org/10.1126/science.8091209
http://www.ncbi.nlm.nih.gov/pubmed/8091209
http://www.sciencedirect.com/science/article/pii/S0959438800001537
http://www.sciencedirect.com/science/article/pii/S0959438800001537
http://www.ncbi.nlm.nih.gov/pubmed/11240282
http://www.sciencedirect.com/science/article/pii/S0165017399000405
http://www.sciencedirect.com/science/article/pii/S0165017399000405
http://www.ncbi.nlm.nih.gov/pubmed/10719151
http://dx.doi.org/10.1016/j.cell.2015.12.037
http://dx.doi.org/10.1016/j.cell.2015.12.037
http://www.ncbi.nlm.nih.gov/pubmed/26824660
http://jn.physiology.org/content/62/1/198.abstract
http://jn.physiology.org/content/62/1/198.abstract
http://www.ncbi.nlm.nih.gov/pubmed/2754472
http://www.ncbi.nlm.nih.gov/pubmed/11417053
https://doi.org/10.1007/PL00007985
http://www.ncbi.nlm.nih.gov/pubmed/11417053
http://www.ncbi.nlm.nih.gov/pubmed/17206871
http://www.ncbi.nlm.nih.gov/pubmed/17206871
https://doi.org/10.1162/neco.2007.19.2.442
http://www.ncbi.nlm.nih.gov/pubmed/17206871
https://doi.org/10.1371/journal.pone.0176945

o @
@ ’ PLOS | ONE Target-distractor synchrony in action selection

77. Hocherman S, Moont R, Schwartz M. Recruitment of attentional resources during visuomotor tracking:
effects of Parkinson’s disease and age. Cognitive brain research. 2004; 21(1):77-86. https://doi.org/10.
1016/j.cogbrainres.2004.05.008 PMID: 15325415

78. Watson R, Jones R, Sharman N. Two-dimensional tracking tasks for quantification of sensory-motor
dysfunction and their application to Parkinson’s disease. Medical and Biological Engineering and Com-
puting. 1997; 35(2):141-145. https://doi.org/10.1007/BF02534145 PMID: 9136208

79. SongJH, Nakayama K. Automatic adjustment of visuomotor readiness. Journal of Vision. 2007; 7(5):2—
2. https://doi.org/10.1167/7.5.2 PMID: 18217842

PLOS ONE | https://doi.org/10.1371/journal.pone.0176945 May 5, 2017 29/29


https://doi.org/10.1016/j.cogbrainres.2004.05.008
https://doi.org/10.1016/j.cogbrainres.2004.05.008
http://www.ncbi.nlm.nih.gov/pubmed/15325415
https://doi.org/10.1007/BF02534145
http://www.ncbi.nlm.nih.gov/pubmed/9136208
https://doi.org/10.1167/7.5.2
http://www.ncbi.nlm.nih.gov/pubmed/18217842
https://doi.org/10.1371/journal.pone.0176945

