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a b s t r a c t

Healthy subjects typically exhibit a subtle bias of visuospatial attention favouring left space that is
commonly termed ‘pseudoneglect’. This bias is attenuated, or shifted rightwards, with decreasing
alertness over time, consistent with theoretical models proposing that pseudoneglect is a result of the
right hemisphere's dominance in regulating attention. Although this ‘time-on-task effect’ for spatial bias
is observed when averaging across whole samples of healthy participants, Benwell, C. S. Y., Thut, G.,
Learmonth, G., & Harvey, M. (2013b). Spatial attention: differential shifts in pseudoneglect direction with
time-on-task and initial bias support the idea of observer subtypes. Neuropsychologia, 51(13), 2747–2756
recently presented evidence that the direction and magnitude of bias exhibited by the participant early
in the task (left biased, no bias, or right biased) were stable traits that predicted the direction of the
subsequent time-on-task shift in spatial bias. That is, the spatial bias of participants who were initially
left biased shifted in a rightward direction with time, whereas that of participants who were initially
right biased shifted in a leftward direction. If valid, the data of Benwell et al. are potentially important
and may demand a re-evaluation of current models of the neural networks governing spatial attention.
Here we use two novel spatial attention tasks in an attempt to confirm the results of Benwell et al. We
show that rather than being indicative of true participant subtypes, these data patterns are likely driven,
at least in part, by ‘regression towards the mean’ arising from the analysis method employed. Although
evidence supports the contention that trait-like individual differences in spatial bias exist within the
healthy population, no clear evidence is yet available for participant/observer subtypes in the direction
of time-on-task shift in spatial biases.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Extensive research using a range of tasks has established that
healthy subjects tend to exhibit a subtle bias of visual attention
favouring left space, termed ‘pseudoneglect’ (Bowers and Heilman,
1980; Jewell and McCourt, 2000; Loftus and Nicholls, 2012;
Mesulam, 1981; Thiebaut de Schotten et al., 2011; Voyer et al.,
2012). However, this leftward bias is attenuated, or shifted

rightwards, with decreasing alertness/increasing fatigue over time
(Benwell et al., 2013a; Dodds et al., 2008; Dodds eat al., 2009;
Dufour et al., 2007; Manly et al., 2005; Newman et al., 2013). These
findings are consistent with theoretical accounts which posit that
decreased activation of the right-hemisphere lateralised ‘alertness’
network may drive attention rightward (Corbetta and Shulman,
2011; Posner and Petersen, 1990).

In line with this, loud tones and time pressure designed to
increase alertness temporarily reduce leftward inattention in patients
suffering from ‘spatial neglect’, a common outcome of right
hemisphere damage that is characterised by deficits in attending
to contralesional space (George et al., 2008; Robertson et al.,
1998). Furthermore, spatial neglect is temporarily ameliorated by
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psychostimulants but exacerbated by sedatives (Fleet et al., 1987;
Geminiani et al., 1998; Gorgoraptis et al., 2012; Grujic et al., 1998;
Lazar et al., 2002; Malhotra et al., 2006; Mukand et al., 2001). In
healthy populations spatial bias is modulated by sleep deprivation
(Manly et al., 2005 ; Schmitz et al., 2011) and psychostimulants
(Dodds et al., 2009) as well as time-on-task.

Corbetta and Shulman (2011) propose that the majority of
healthy people have a right-hemisphere lateralised ventral attention
network which underpins alertness but also modulates inter-
hemispheric rivalry in the bilateral dorsal orienting network.
Decreased activation within the right lateralised ventral network
may cause a more global decrease in right hemisphere activation,
giving the left dorsal orienting network a competitive activation
advantage over the right dorsal network, thus driving attention
rightwards.

However, Benwell et al. (2013b) recently reported differential
time-on-task effects depending on the direction of healthy parti-
cipants' initial spatial bias. Specifically, participants who showed
an initial left bias (LB) during the first block showed a significant
rightward shift over the course of subsequent experimental blocks.
Conversely, participants who showed a right bias (RB) in the first
task block showed a non-significant leftward shift over time. As
noted by Benwell et al., these findings are not consistent with
current views of the interaction between alertness/arousal and
spatial orienting, which would predict a rightward shift in spatial
bias as alertness wanes over time regardless of initial bias, so that
those participants with an initial right bias should shift further
rightwards with time-on-task. Benwell et al. concluded that their
results suggest distinct participant (observer) subtypes that may
be driven by categorically different anatomical and/or functional
asymmetries. This is a potentially pivotal finding, as it throws
doubt on the idea that right hemisphere lateralisation of the
ventral attention network is a uniform feature of neurologically
healthy participants.

Given the important implications that the results of Benwell
et al. have for theoretical models of attention, independent
confirmation of the findings is required. One possibility for
instance, is that their result may be an artefact of ‘regression
towards the mean’ – where a variable that is extreme on its initial
measurement will tend to be closer to the mean on subsequent
measurements (Barnett et al., 2005; Galton, 1886; Stigler, 1997).
This may have unintentionally arisen due to the method of
splitting participants based on their initial spatial bias (during
the first block only) and then including the same data used to
categorise participants in the subsequent analyses. Here we aim to
empirically test the possibility that the effect reported by Benwell
et al. is an artefact of regression to the mean rather than being
indicative of true participant subtypes for the direction of time-
related shifts in spatial bias. Two experiments employed different
spatial attention paradigms in an attempt to confirm the apparent
opposing bias shifts between participants who initially show left,
versus right, bias. The current paradigms differ to the landmark
tasks used by Benwell et al. (2013b) to gauge spatial bias. The
current tasks are more similar to other fixation controlled brief
presentation paradigms that have been used to document evi-
dence for observer subtypes in visuospatial bias (Newman et al.,
2012; Thiebaut de Schotten et al., 2011) and on which shifts in
visuospatial bias with time-on-task and decreased alertness have
been shown (Dodds et al., 2008; Matthias et al., 2009; Newman et
al., 2013). If opposing directional shifts in visuospatial bias over
time in the current paradigms are not due to regression towards
the mean, then the effects should hold after (i) appropriate
statistical adjustment for bias introduced by regression towards
the mean, and (ii) when the initial trials used to categorise
participants are not included in the subsequent time-on-task
analysis.

2. Experiment 1

2.1. Methods

2.1.1. Participants
Ninety-one healthy right-handed volunteers performed a paradigm that allows

derivation of a spatial asymmetry (bias) index. Event-related potential (O’Connell et
al., 2011), molecular genetics (Newman et al., 2012) and alpha power (Newman et
al., 2013) data from a subset of these participants have been previously published.
Four participants responded to fewer than 75% of peripheral targets, suggesting
they were insufficiently engaged in the task. These participants were excluded from
further analysis. Two were excluded due to a technical error relating to response
acquisition. Three participants lacked full time-on-task data within each load
condition, so could not be included. This left a final sample of 82 participants (49
female) aged 18–47 (M¼23).

2.1.2. Spatial attention (RSVP) task
Full details of this visual attention task are described elsewhere (O’Connell et

al., 2011). A schematic of a single trial is illustrated in Fig. 1. Briefly, participants
viewed a centrally presented rapid serial visual presentation (RSVP) stream for the
occurrence of a designated probe item, while simultaneously monitoring periph-
eral locations for the appearance of a target. Peripheral targets were presented
randomly (but with equal probability) in either left or right target location (or not
at all) at either 1200 ms or 2400 ms. In all conditions, participants indicated
detection of the peripheral target via a speeded mouse click with their right hand.

At the end of each trial participants were asked whether the designated central
probe item was present and responded ‘yes/no’ via a non-speeded left or right
mouse click, respectively. The effect of the central probe has already been explored
in these data and reported elsewhere (Newman et al., 2012, 2013) and is not of
interest here as data were collapsed across central probe condition in the
analysis below.

Nonetheless a brief description of the central task is warranted. The designated
central probe item changed across three conditions (no report, low-load, and high-

Fig. 1. A single trial from the RSVP attention task. Participants were fixated on the
central stream searching for a designated probe item, while simultaneously
monitoring the periphery for a brief stimulus that could appear to the right or
left or not at all (catch trials). Participants indicated detection of the peripheral
target with a speeded mouse click. At the end of each trial participants were asked
whether the central stream probe item was present and responded yes/no with a
non-speeded left or right mouse click, respectively.
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load) which were completed in separate blocks. The only aspect that differed
between these three conditions was the instructions regarding the central probe
item. At the beginning of the no report condition, participants were instructed to
simply fixate on the central RSVP stream and monitor for and respond to peripheral
targets. In the low-load condition, participants were instructed that the probe item
was any green character within the central stream. In the high-load condition, the
probe item was any red letter within the central stream of characters. The central
probe item appeared unpredictably in 50% of the trials and its order of appearance
within the RSVP stream was randomised. The onset of the central probe never
coincided with the peripheral target.

2.1.3. Procedure
Participants were seated, supported by a chin rest, at 50 cm viewing distance.

Although continuous EEG was recorded, only behavioural data were reported
herein. Participants were instructed to maintain central fixation and avoid blinking
or moving during each trial, but were encouraged to blink and move in the short
breaks between each trial, if desired. When participants had mastered a practice
session, they were left alone in a darkened room to begin the task (described
above). Participants performed the three load conditions over one session. Each
load condition comprised 300 trials with participants receiving short rest periods
after every 100 trials and a longer rest period at the end of each condition for which
the lights were turned back to normal luminance. Before beginning a new load
condition, participants read on-screen instructions and the experimenter explained
the task verbally then ensured the participants' comprehension of the new task.
The extended rest intervals between conditions for task instructions meant that it
was not appropriate to analyse time-on-task across the whole testing session, and
the data were thus collapsed across load conditions in line with Dodds et al. (2008)
and Newman et al. (2013). The duration of each load condition (approximately
48 min) ensured sufficient data for time-on-task analyses within each separate
condition.

2.1.4. Analysis
In line with Newman et al. (2013) time-on-task was measured by collapsing the

data across load, dividing the duration of the task into n number of time bins of
equal sizes, and testing for trends across those bins. A measure of reaction time
(RT) bias is derived from peripheral RT (ms) using the following formula:

RT bias index¼ left target RTð Þ� right target RTð Þ
mean left and right target RTð Þ

This index gives positive values when reaction-times are faster for right relative
to the left targets (rightward spatial bias) and negative values when the opposite is
true (leftward bias).

Consistent with Benwell et al. (2013b) participants were split into groups
according to their initial bias direction (left or right) during the first time-bin to test
for differential direction of subsequent bias shift. Given that our paradigm required
more than one trial to derive a measure of RT bias, we did not use 95% confidence
intervals (CIs) from zero bias during the first time-bin to split participants into
groups, as was done by Benwell et al. Rather we split participants according to
whether their RT bias index during the first time-bin was positive or negative.
Thus, we did not include a ‘no initial bias group’ in our analysis. Time-bin� initial
bias group ANOVAs were then conducted on the RT bias index and polynomial

contrasts within each initial bias group were used to follow up significant time-
bin� initial bias group interactions. Polynomial contrasts are preferred over linear
regression for assessing the shift in spatial bias over time because linear regression
by definition will fit data to a linear model while polynomial contrasts test for a
linear trend but also take into account the possibility that the data may be
explained by a higher order model (e.g. quadratic, cubic, fourth order, etc.).

Three methods were used to gauge whether ‘regression to the mean’ could be
driving the differential shift over time for the different spatial bias groups. First, we
split the time-course of the task (300 trials) into 3 equal 100 trial time-bins and
initial spatial bias is defined as spatial bias during the first of three time-bins. After
testing for any differential shift in the direction of spatial bias change over time,
conditional upon initial spatial bias, we split the sample into groups based on bias
during the second time-bin, and then based on bias during the third time-bin. This
analysis allowed us to gauge whether ‘regression to the mean’ could be driving the
differential shift over time for the different spatial bias groups. Second, we
reasoned that if regression towards the mean does not account for the opposing
directions of bias shifts in the two groups, then this effect should hold when the
initial trials used to split participants are not included in subsequent time-on-task
analysis. To test this, we split the time-course of the task (300 trials) into 6 time-
bins (each bin comprising 50 trials, equating to approximately 7 min per time bin)
and categorised participants according to their initial spatial bias direction (left or
right) during the first of these time-bins. This number of time-bins was chosen to
ensure enough trials per bin for a reliable measure of spatial bias within each time-
bin, while still permitting adequate temporal resolution to see the dynamics of
time-on-task shifts in spatial bias. For transparency we repeated all analyses
splitting the 300 trials instead into five (i.e. 60 trials per bin), four (i.e. 75 trials
per bin) and three (i.e. 100 trials per bin) time bins, and the key conclusions
reported below hold in each case (see supplementary material). We next
performed a time-on-task analysis on the remaining 5 time bins, excluding the
data from the first time bin that was used to categorise participants. Third, we
tested for regression towards the mean by (i) assessing whether initial spatial bias
and subsequent change in spatial bias were significantly correlated, then (ii)
applying an adjustment to the initial spatial bias scores to control for regression
towards the mean and performing a time-on-task analysis including this adjusted
initial RT bias data.

2.2. Results

The ANOVA revealed a significant interaction between time-bin (3 bins) and
initial bias group [F(2,160)¼4.5, p¼ .013]. In line with the results of Benwell et al.
(2013b), polynomial contrasts within each initial bias group revealed a significant
linear shift in RT bias with time-on-task in a rightward direction over time for the
initial left bias (LB) group [linear F(1,54)¼10.6, p¼ .002; quadratic F¼1.2, p¼ .278]
and a non-significant leftward shift in RT bias in the initial right biased (RB) group
[linear F(1,26)¼ .4, p¼ .549; quadratic F¼2.7, p¼ .115] (see Fig. 2A). After confirming
the general pattern of the results of Benwell et al., we next split the sample into
groups first based on bias during the 2nd time-bin, and then during 3rd time-bin,
and re-ran the time-on-task analysis. Fig. 2A–C shows the effect of regression to the
mean on differential spatial bias shifts when participants are grouped according to
a specific time interval and this interval is then included in the subsequent time-
on-task analysis. For each graph in Fig. 2, the most extreme bias measurement is

Fig. 2. Participant grouping method and regression to the mean may cause opposing directional shifts in spatial bias over time. (A) Apparent shift in RT bias towards zero
over time when participants are grouped according to bias in the 1st time-bin. (B) Bias in the 1st and 3rd time bins appears closer to zero when participants are grouped
according to the middle time-bin. (C) Apparent shift in RT bias away from zero over time when participants are grouped according to bias during the 3rd time bin. Error bars
represent standard error.
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found in the time-bin used to group the sample while bias within the other time
bins regress towards the mean. This effect holds true when using more time-bins
(tested using 3, 6 and 12 time-bins); however 3 time-bins are reported here to
allow depiction using only 3 plots (Fig. 2). Fig. 2A shows an apparent shift in RT bias
towards zero over time when participants are grouped according to bias in the 1st
time-bin. When participants are grouped according to the middle time-bin (Fig. 2B)
bias in the 1st and 3rd time bins appears closer to zero than the middle bin, and
when participants are grouped according to bias during the 3rd time bin (Fig. 2C)
there is an apparent shift in RT bias away from zero over time.

We next split the full series of trials instead into 6 smaller time-bins, then
grouped participants based on their bias during the first of these 6 bins and ran a
time-on-task analysis including the data used to group participants, as above. Again
the results of this analysis were consistent with those of Benwell et al. (2013b). The
ANOVA revealed a significant time-bin (6 bins) by initial bias group interaction [F
(5,400)¼7.87, po .001] and polynomial contrasts showed a significant linear
rightward shift in the direction of RT bias in the initial LB group [linear F(1,54)¼
9.43, p¼ .003; quadratic F¼12.3, p¼ .001; cubic F¼ .68, p¼ .412; fourth order F¼3.0,
p¼ .088; and fifth order F¼ .42, p¼ .518] and a non-linear leftward shift in RT bias in
the initial RB group [linear F(1,26)¼ .15, p¼ .698; quadratic F¼13.5, p¼ .001; cubic
F¼7.7, p¼ .010; fourth order F¼10.3, p¼ .003; and fifth order F¼3.0, p¼ .094] (see
Fig. 3A). We next excluded data from the first time bin which was used to group
participants and ran a time-on-task analysis on only the remaining 5 time bins (see
time-bins 2–6 in Fig. 3A). The ANOVA revealed a significant time-bin (5 bins) by
initial bias group interaction [F(4,320)¼2.61, p¼ .036]. However, polynomial con-
trasts showed that excluding the first time-bin abolished the rightward shift in RT
bias in the initial LB group [linear F(1,54)¼ .02, p¼ .892; quadratic F¼ .20, p¼ .659;
cubic F¼1.2, p¼ .276; and fourth order F¼ .00, p¼ .944] and resulted in a significant
linear shift in the rightward direction in the initial RB group [linear F(1,26)¼10.08,
p¼ .004; quadratic F¼ .05, p¼ .821; cubic F¼ .15, p¼ .699; and fourth order F¼6.4,
p¼ .018]. Thus when discounting the initial time-bin (i.e. analysing only bins 2–6 in
Fig. 3A) the effect is opposite to the overall effect in Fig. 3A and to that reported by
Benwell et al. (2013b). It appears therefore that these data patterns may reflect
regression to the mean rather than meaningful participant subtypes. Other
methods to confirm the existence of regression towards the mean are
explored below.

2.2.1. Confirmation of the regression towards the mean effect
Regression towards the mean can also be tested by assessing whether initial

values and subsequent change are significantly correlated (Barnett et al., 2005;
Rocconi and Ethington, 2009). We calculated the change in RT bias between the
initial time-on-task bin and the final time-on-task bin for each participant and
regressed this against initial RT bias. This revealed a significant correlation, r¼ .535,
p4 .001, confirming that a regression towards the mean effect exits here. A similar
result was reported by Benwell et al. (2013b) (Fig. 6), however in that case it was
interpreted as supporting the hypothesis of observer subtypes for directional shifts
in spatial bias, rather than an indication of regression towards the mean.

2.2.2. Statistical adjustment for regression towards the mean
Once the existence of regression towards the mean is established, a statistical

adjustment can be made to the initial scores to reduce the influence of regression

to the mean (Roberts, 1980). This adjustment is χ 0 ¼ χþ 1�ryyð Þ μ�χ
� �

, where
χ0 ¼adjusted baseline score, χ¼ initial score, ryy¼test–retest reliability and
μ¼mean initial scores of total sample (see Finke et al. (2010) and Rocconi and
Ethington (2009) for recent examples of Roberts' (1980) adjustment). We estab-
lished the test–retest reliability of initial spatial bias (see Fig. 4) and ran a time-on-
task analysis on the six time-bins, substituting the adjusted initial RT bias data into
the 1st time-bin (see Fig. 3B). The ANOVA using the adjusted initial bias scores
revealed a significant main effect of time-bin (6 bins) [F(5,400)¼2.92, p¼ .013].
Polynomial contrasts showed that this was best explained by an overall rightward
shift in spatial bias over time [linear F(1,80)¼10.43, p¼ .002; quadratic F¼ .11,
p¼ .745; cubic F¼ .89, p¼ .349; fourth order F¼ .63, p¼ .634; and fifth order F¼2.97,
p¼ .089] (see Fig. 3B). This main effect was modified by a time-bin by initial bias
group interaction [F(5,400)¼2.66, p¼ .022]. Polynomial contrasts showed a non-
significant rightward shift in the initial LB group [linear F(1,54)¼3.06, p¼ .086;
quadratic F¼3.53, p¼ .066; cubic F¼ .004, p¼ .953; fourth order F¼1.74, p¼ .193;
and fifth order F¼ .25, p¼ .617] and a significant linear shift – also rightward – in RT
bias in the initial RB group [linear F(1,26)¼7.06, p¼ .013; quadratic F¼2.769,
p¼ .108; cubic F¼1.61, p¼ .215; fourth order F¼5.30, p¼ .030; and fifth order
F¼3.99, p¼ .056] (see Fig. 3B). When controlling for bias introduced by regression
towards the mean (Fig. 3B) the effect is opposite to the effect in Fig. 3A and that
reported by Benwell et al. (2013b). It appears therefore that these data patterns
reflect regression to the mean rather than meaningful participant subtypes.

Fig. 4. Test–retest reliability of initial spatial bias on the RSVP task. Relationship
between initial spatial bias scores across separate testing sessions (at least 6 days
apart) on the RSVP task. The significant Pearson's correlation between initial bias
scores confirms that initial bias is a relatively stable trait.

Fig. 3. An apparent differential direction of spatial bias shift over time is abolished when bias introduced by regression towards the mean is controlled for statistically.
(A) Apparent shift in RT bias towards zero over time when participants are grouped according to bias in the 1st time-bin. (B) When scores from the 1st time-bin are adjusted
to control for regression towards the mean, the apparent differential shift in direction of spatial bias over time is abolished and the RT asymmetry of both groups tends to
shift rightwards (less negative/more positive) over time. Error bars represent standard error.
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2.2.3. Test–retest reliability of initial spatial bias on the RSVP task
In order to assess the test–retest reliability of our initial bias measure, 28 healthy

right handed participants (18 female) aged 21–28 (M¼23.5) were recruited to complete
the paradigm on two separate days (separated by at least 6 days). The paradigm and
procedure were identical to those reported above, with the constraint that participants
completed only 100 trials of each load condition, instead of the full 300 trials in each
load condition. Each participant's initial bias measurements on each of the two days
were taken from the first 50 trials of each load condition (equivalent to the first of 6
time-bins in Fig. 3A above). Pearson's correlation revealed that the initial bias measures
across the two test sessions were significantly correlated, [Pearson r ¼ .425, p ¼ .024;
Spearman rho¼ .365, p¼ .056], see Fig. 4 below.

3. Experiment 2

Here we report data from a new cohort of participants on a
different spatial attention paradigm to show the generality of the
participant grouping and regression to the mean effect across
spatial attention paradigms.

3.1. Methods

3.1.1. Participants
Fifty-three healthy right handed volunteers performed a para-

digm that allowed derivation of a spatial bias index. Two partici-
pants' data were lost due to a technical error in response
acquisition, leaving N¼51 (24 female) participants aged 20–26
(M¼22).

3.1.2. Random dot motion (RDM) task
Participants completed a bilateral version of the random dot

motion (RDM) task (Britten et al., 1992; Newsome et al., 1989) in
which they fixated centrally and monitored peripheral patches of
randomly moving dots (one patch in each hemi-field) for targets
defined by instances of coherent motion in the downward
direction (see Fig. 5B). The task was divided into discrete trials
but in line with Kelly and O’Connell (2013), the dots moved
incoherently upon initial presentation and coherent motion
(the ‘target’) was then introduced after a random delay via a
seamless step transition from incoherent to coherent motion.
Stimuli were presented using a 51-cm CRT display (85 Hz;
1024�768 resolution).

Motion coherence level was consistent during the experimental
block and was determined for each participant via a four-down,
one-up staircase beginning at 80% coherence and ending after 15
reversals. Steps down (decreased coherence/increased difficulty)
were 11% and steps up were 13%—setting the up/down step ratio at
.84, as advised by García-Pérez (1998) to converge on the indivi-
dualised coherence level at which the participant could achieve
approximately 85% accuracy. Each participant's individualised
coherence level was calculated by taking the mean coherence at
their final 14 reversals. The average of the individualised coher-
ence levels was 22% (SD¼8.3) and average accuracy during the
experimental block was 84% (SD¼8.8).

During both the staircase and experimental blocks the central
fixation point was a white 5�5-pixel square, and response to
targets was given via a speeded simultaneous button press with
the left and right hand, executed as soon as participants were sure
they had perceived coherent downward motion in either the left
or right hemi-field dot patch. A pre-target interval displaying
random motion lasted either 1.82, 2.22 or 2.62 s, chosen randomly
on a trial-by-trial basis. Coherent motion was always in the
downward direction and only ever occurred once per trial in
either the left or right hemi-field (with equal probability). Catch
trials in which no coherent motion appeared were also included
and participants were instructed to make no response on these
trials. Catch trials occurred at random intervals with 25% fre-
quency during the staircase block and 10% frequency during the
experimental block. Any blink or fixation break (defined as a
deviation 44 degrees from fixation point) during a trial was
recorded by an Eyelink1000 eye tracker and the trial was imme-
diately discontinued and restarted after a brief message reminding
participants to “keep your eye on the spot”. Thus all participants
completed one experimental block containing 330 trials with no
breaks from fixation or blinks, and 300 of these trials contained
coherent downward motion targets.

All stimuli were white and presented against a black back-
ground. The circular dot patches were of 8 degrees diameter with
the centre of each patch situated 4 degrees below and 10 degrees
to the left or right of central fixation point (see Fig. 5). During
random motion, an average of 118 white dots (each dot 6�6
pixels) were placed at random and independent positions within
each of the left and right hemi-field circular patches at a rate of
21.25 frames/s. During coherent downward motion, a proportion
of the dots (i.e. the coherence level) was randomly selected on
each frame to be displaced by a fixed distance of .282 degrees in
the downward direction on the following frame, resulting in a
motion speed of 6 degrees/s.

3.1.3. Procedure
The task was carried out in a dimly lit sound-attenuated room

with participants seated, supported by a chin rest, at 57 cm
viewing distance. Again, although continuous EEG was recorded,
only behavioural data are reported herein. Participants were
instructed to maintain central fixation and to avoid blinking or
moving during each trial, but were encouraged to blink and move
in the short breaks between each trial, if desired. When partici-
pants had mastered a practice session, they were left alone in a
darkened room to begin the staircase block (described above)
which lasted approximately 15 min. After the staircase, each
participant performed the experimental block (lasting approxi-
mately 35 min) at the specific coherence level determined during
that participant's staircase block. Before beginning the task,
participants read on-screen instructions and the experimenter
explained the task verbally to ensure adequate comprehension.
Participants were left alone in the recording room to complete
each block.

Fig. 5. Random dot motion (RDM) task. Participants fixated on the central dot and
monitored the peripheral patches of randomly moving dots (A) for instances of
coherent downward motion (B). Participants responded to downward motion
targets via a speeded button press. Downward motion targets only occurred once
per trial in either the left or right hemi-field (with equal probability), except for
‘catch trials’ in which no coherent motion appeared. Pre-target random motion
lasted either 1.82, 2.22 or 2.62 s, chosen randomly on a trial-by-trial basis.
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3.1.4. Analysis
As in Experiment 1, an RT (ms) bias index that gives positive

values for rightward spatial bias and negative values for leftward
bias can be derived from this paradigm. Time-on-task was oper-
ationalized by dividing the trials into five time-bins (i.e. 66 trials per
time-bin, equating to approximately 7 min per time-bin). This
number of time-bins was chosen to ensure enough trials per bin
for reliable measures of spatial bias within each time-bin, while still
permitting adequate temporal resolution to see the dynamics of
time-on-task shifts in spatial bias. For transparency we repeated the
analysis splitting the total 330 trials into six (i.e. 55 trials per bin),
four (i.e. 82 trials per bin) and three (i.e. 110 trials per bin) time-
bins, and the key conclusions reported below hold in each case (see
Supplementary material). Participant grouping for initial bias was
based on leftward or rightward bias indices during the first time-
bin, as in Experiment 1. The first time bin was included in the
subsequent time-bin� initial bias group ANOVA. We then excluded
the data from the first time bin which was used to form the initial
bias groups and ran the time-bin� initial bias group analysis on the
remaining four time bins. Finally, we tested for regression towards
the mean by assessing whether initial spatial bias (during the first
of five time-bins) and subsequent change in spatial bias were
significantly correlated. We then applied an adjustment to the
initial spatial bias scores to control for regression towards the mean
and performed a time-on-task analysis including this adjusted
initial RT bias data.

3.2. Results

As in Experiment 1, when the data used to split participants
into initial bias groups was included in the subsequent time-on-
task analysis the results were in line with those of Benwell et al.
(2013b). A time-bin (5 bins) by initial bias group interaction [F
(4,196)¼5.03, p¼ .001] was driven by a statistically significant
linear rightward shift in RT bias over time in the initial LB group
[linear F(1,20)¼16.95, p¼ .001; quadratic F¼ .133, p¼ .719; cubic
F¼ .96, p¼ .345; fourth order F¼ .02, p¼ .889] and a non-linear
leftward shift in RT bias in the initial RB group [linear F(1,29)¼ .66,
p¼ .422; quadratic F¼8.53, p¼ .007; cubic F¼6.28, p¼ .018; and
fourth order F¼2.04, p¼ .164] (see Fig. 6A). When the data from
the first of five time bins was discarded after having been used for
participant sorting, and the analysis carried out on the remaining
four time bins (bins 2–5 in Fig. 6A), the rightward linear shift in RT

bias in the initial LB group was still present [linear F(1,20)¼4.66,
p¼ .043; quadratic F¼ .12, p¼ .665; and cubic F¼ .193, p¼ .665] and
a non-significant shift – also in the rightward direction – was
present in the initial RB group [linear F(1,29)¼3.69, p¼ .065;
quadratic F¼ .01, p¼ .952; and cubic F¼ .29, p¼ .595]. Thus the
differential direction of spatial bias shift was abolished when the
time-bin 1 data used to group participants was discarded (i.e. see
bins 2–5 in Fig. 6A).

3.2.1. Confirmation of the regression towards the mean effect
As in Experiment 1, here we assessed whether initial bias

values and subsequent changes were significantly correlated,
providing a further test for regression towards the mean
(Barnett et al., 2005; Rocconi and Ethington, 2009). We calculated
the change in RT asymmetry between the initial time-on-task bin
and the fifth/final time-on-task bin for each participant and
regressed this against initial RT bias. This revealed a significant
correlation, r¼ .494, p4 .001, confirming that a regression towards
the mean effect exists. We note again that although a similar result
was reported by Benwell et al. (2013b) (Fig. 6), our conclusions are
antithetical. Namely, the existence of the significant correlation
indicates regression to the mean.

3.2.2. Statistical adjustment for regression towards the mean
After confirming the existence of regression towards the mean,

we established the test–retest reliability of the initial bias measure
(see Fig. 7) and performed the same adjustment to initial bias
scores (see Experiment 1) to reduce the influence of regression to
the mean (Roberts, 1980). The ANOVA using the adjusted initial
bias scores revealed a non-significant main effect of time-on-task
(5 bins) [F(4,196)¼2.20, p¼ .071], and no significant time-bin by
initial bias group interaction [F(4,196)¼ .34, p¼ .851]. Thus when
controlling for bias introduced by regression towards the mean
(Fig. 6B) the differential shift in spatial bias reported in Fig. 6A is
abolished.

3.2.3. Test–retest reliability of initial spatial bias on RDM task
Twenty-seven healthy right handed participants (17 female)

aged 21–28 (M¼23.6) completed the paradigm on two separate
days in order to assess the test–retest reliability of our initial bias
measure. The procedure was identical to that reported above,
except participants completed 110 trials of the RDM task, instead

Fig. 6. An apparent differential direction of spatial bias shift over time is abolished after controlling for bias introduced by regression towards the mean. (A) Participants are
grouped according to bias in the 1st time-bin and this grouping data is included in the time-on-task analysis, producing an apparent differential direction of spatial bias shift
over time between the two groups. (B) When scores from the 1st time-bin are adjusted to control for regression towards the mean, the apparent differential shift in direction
of spatial bias is abolished. Error bars represent standard error.
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of the full 330 trials. Each participant's initial bias measurements
were taken from the first 66 trials (equivalent to the first of the 5
time-bins in Fig. 6A above) on each of the two days and analysed
with a Pearson's correlation. This revealed that the initial bias
measure was significantly correlated across the two sessions,
[Pearson r ¼ .464, p ¼ .015; Spearman rho¼ .405, p¼ .036], see
Fig. 7 below.

4. Discussion

The observation by Benwell et al. (2013b) that time-on-task has
opposite effects on spatial bias in individuals who are initially
classified as left-, compared to right-, biased is a potentially pivotal
finding that would demand a re-evaluation of current models of
the neural networks governing spatial attention. In both Experi-
ments 1 and 2, we used novel spatial attentions tasks to provide
confirmation of Benwell et al.'s differential time-on task effects,
whereby participants with an initial LB showed a significant
rightward shift in spatial bias over the course of the experimental
session, whereas participants with an initial RB showed a non-
significant leftward shift (Figs. 2A, 3A and 6A). Subsequent analysis
however showed that the apparent differential shifts with time-
on-task might be driven by regression to the mean due to the
participant grouping and analysis method employed (Fig. 2B and
C). The differential direction of time-on-task shift does not hold
when regression towards the mean is controlled by excluding the
initial data used to split participants from subsequent analysis. Nor
does it hold when the influence of regression towards the mean is
statistically controlled by adjusting the initial spatial bias scores
(Roberts, 1980). Therefore, time-on-task may not truly have an
opposite effect on the direction of spatial bias drift in participants
with an initial LB versus participants with an initial RB.

A number of methodological differences between the current
study and those of Benwell et al. (2013b) must be acknowledged.
First, the current study used two different paradigms to measure
spatial bias. The paradigms differ to the landmark task used by
Benwell et al. (2013b) to gauge visuospatial bias. The current tasks
are more similar to the fixation-controlled, lateral stimuli para-
digms that have been used to document participant factors
(i.e. genetics and anatomy) underpinning individual differences
in visuospatial bias (Newman et al., 2012; Thiebaut de Schotten

et al., 2011) and on which shifts in visuospatial bias with time-on-task
and decreased alertness have been observed (Dodds et al., 2008;
Matthias et al., 2009; Newman et al., 2013). Since the pattern of data
presented in Benwell et al. was confirmed using both of our
paradigms, we argue that this shows the generalisability of the results
across spatial attention paradigms and validates our subsequent
demonstration that those results may be driven by regression to the
mean. Second, Benwell et al. used 95% CIs from zero bias during the
first time-bin to categorise participants into initial bias groups, while
the current study categorised participants according to whether their
RT bias index was positive or negative during the first time-bin and
thus did not include a ‘no initial bias group’. The use of 95% CIs to
categorise participants creates more extreme left and right initial bias
groups whichmay be prone to regression towards themean. However,
since the use of 95% CIs to categorise participants provides more
confident categorisation into initial bias groups, it could be argued that
this should attenuate the effect of regression towards the mean. Even
if this argument is accepted, some portion of Benwell et al.'s subjects
will still be categorised into the initial LB/RB group based on random
variation, unless the test–retest correlation coefficient for initial block
bias is 1.0. Via a number of correlation analyses, Benwell et al.
demonstrate that the test–retest correlation coefficient for initial bias
is approximately .77, and therefore there would still be a tendency for
the mean bias of each group to have a relative shift toward zero after
the first block due to the principle of regression to the mean (Barnett
et al., 2005; Galton, 1886; Stigler, 1997). Third, Benwell et al. included
only the first versus final time-bin in the time-on-task� initial bias
group ANOVAs and conducted separate linear regression analyses
across all time-bins to assess whether the time-on-task related change
in spatial bias fitted a linear model. The current study instead included
all time-bins in the time-on-task� group ANOVA and used polynomial
contrasts to assess whether a linear model is the best fit for the time-
on-task related change in spatial bias. Linear regression by definition
will fit data to a linear model, while reporting all polynomial contrasts
takes into account the possibility that the data may be also explained
by a higher order model (e.g. quadratic, cubic, 4th order, etc.).

The significant test–retest reliability of initial spatial bias
reported here and by Benwell et al. provides further evidence that
the direction/magnitude of baseline spatial bias is relatively
stable (Tomer, 2008). However these data cannot establish the
existence of differential categories for the direction of spatial bias
shift over time because the test–retest sessions only included
initial trials rather than the full task. Nonetheless, stable trait-like
differences in spatial attention bias likely exist across the healthy
population and have been linked to such participant factors as
underlying genetics, receptor binding and neuroanatomy
(Bellgrove et al., 2007 ; Newman et al., 2012 ; Thiebaut de
Schotten et al., 2011 ; Tomer, 2008). Many studies have now
replicated the overall rightward shift in spatial bias with decreas-
ing alertness over time (Benwell et al., 2013a; Dodds et al., 2008,
2009; Dufour et al., 2007; Manly et al., 2005; Newman et al., 2013).
Moreover, Newman et al. (2013) showed that pre-target α power
became more prominent over the right, relative to left, hemi-
sphere as the reaction time task progressed over 48-min and that
this change was correlated with a significant rightward shift in
spatial bias. These data are broadly consistent with the notion that
fatigue of the right-hemisphere lateralised ventral ‘alertness’ net-
work asymmetrically affects recruitment of the conjoined dorsal
orienting network thus driving attention rightward. Although one
could conceive that a range of individual participant factors
(genetic, pharmacological, and neuroanatomical) could modulate
activity within the attention networks and thus the time-on-task
modulation of spatial bias, we contend that such evidence is
currently lacking. Although promising, our experiments suggest
that the findings of Benwell et al. (2013b) are likely driven, at least
in part, by regression towards the mean and therefore may not be

Fig. 7. Test–retest reliability of initial spatial bias on the RDM task. Relationship
between initial spatial bias scores across separate testing sessions (at least 6 days
apart) on the random dot motion (RDM) task. The significant Pearson's correlation
between initial bias scores confirms that the initial bias is relatively stable
over time.
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indicative of true participant/observer subtypes. A re-analysis of
Benwell et al.'s data, adjusting the initial scores to control for
regression to the mean, or discarding the initial trials used to
categorise participants from subsequent time-on-task analyses,
may give clearer evidence regarding the existence of true partici-
pant/observer subtypes in the direction of spatial bias shift
over time.
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