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a b s t r a c t

Every saccade is generally preceded by a mandatory shift of attention to the saccade

endpoint, allowing us to process visual information more effectively. Whether this ‘pre-

saccadic shift of attention’ is still intact in hemispatial neglect is unknown. Whereas

neglect patients exhibit lateralized impairments of attention and often show impaired

saccadic behaviour, it is not yet clear how the pre-saccadic shift of attention is affected

during accurately executed eye movements. In this study, we used a gaze contingent visual

discrimination task, in which neglect patients had to discriminate a probe presented before

saccade onset. Results revealed an imbalance in discrimination performance between the

two hemifields with poor performance to probes in the contralesional compared to the

ipsilesional hemifield when accounting for saccadic impairments. These results suggest

that attention and eye movements are both unique impairments of neglect patients. We

hypothesize that the impaired pre-saccadic shift of attention could be one of the key

problems of neglect and might underlie other spatial and non-spatial deficits often re-

ported in neglect patients.

© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Humans are remarkably fast in shifting attention towards

relevant visual locations (Deubel, 2008; Montagnini & Castet,

2007). During visual exploration of our world, attention is

known to be allocated to the location of an upcoming saccade.

This so called ‘pre-saccadic shift of attention’ allows us to

process visual information more effectively during visual
84 CS, Utrecht, the Neth
hout).

Elsevier Ltd. This is an ope
exploration (Rolfs et al., 2011; Zhao et al., 2012). The influential

Pre Motor Theory of attention (PMT) even proposes that

shifting spatial attention is functionally equivalent to plan-

ning a goal directed action (Rizzolatti et al., 1987). This theory

was recently criticized by Smith and Schenk who suggested

that, although the same neural circuits might be involved,

separate populations of cells could still be responsible for

attention processing andmotor preparation (Smith & Schenk,

2012). They proposed that a dissociation between eye
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movement preparation and shifting attention may be specif-

ically related to endogenous attentionea voluntary shift based

on top-down aims and intentions- and not to exogenous

attention in which visual information in the environment

captures attention in a bottom-up reflexive fashion.

Many studies have shown this tight link between attention

and eye movements in healthy populations (Deubel &

Schneider, 1996; Hanning et al., 2018; Jonikaitis & Deubel,

2011). The coupling between eye movement preparation and

attention is often studied using the dual task paradigm

developed by Deubel and Schneider (Deubel & Schneider,

1996). In this task, participants have to maintain fixation on

a central fixation cross until a colored arrow cue (blue, red or

green) is presented pointing towards the left or right. Three

colored ovals are placed on the left and right from fixation and

the participant has to saccade towards the oval that matches

the cues color and indicated direction as soon as the cue dis-

appears. Digital number eights are placed within each oval.

During the saccade preparation time, a probe (digitized E or 3)

is briefly flashed on either the saccade target location, or one

of the two movement irrelevant locations, while the other

locations also change identity (digitized 2 or 5). Critically, the

probe is masked when the eyes land on the target. Deubel and

Schneider showed that probe discrimination is significantly

better at the saccade target location compared to the move-

ment irrelevant locations and that the covert attention shift

prior to saccade execution is obligatory.

An interesting approach to study this coupling between

eye movements and attention is to examine patients with

visuospatial neglect. Visuospatial neglect is defined as a

failure to report, respond to or orient to stimuli presented in

the contralesional hemifield in the absence of sensory or

motor defects (Heilman & Valenstein, 1979). The core of this

disorder reflects a lateralized impairment of attention to-

wards the contralesional hemifield (Danckert & Ferber, 2006;

Marshall & Halligan, 1989). Interestingly, it has been shown

that most neglect patients are still able to execute eye

movements accurately towards (salient) targets in the con-

tralesional hemifield (Behrmann et al., 2001; Van der Stigchel

& Nijboer, 2010). Therefore, patients with neglect offer an

ideal population to study the coupling between attention and

eye movements.

Previous studies have provided evidence for impaired

spatial remapping (Duhamel et al., 1992; Pisella & Mattingley,

2004; Saj et al., 2020; Vuilleumier et al., 2007) and deficits in

visual spatial working memory (Husain et al., 2001; Malhotra

et al., 2004; Saj et al., 2020) in patients with neglect. Howev-

er, no studies have focused on the pre-saccadic shift of

attention in neglect patients, which may be one of the un-

derlying problems of these deficits, as these pre-saccadic

shifts are crucial for successful spatial remapping and visual

spatial working memory across saccades (Van der Stigchel &

Hollingworth, 2018). In the absence of a successful pre-

saccadic shift of attention, the saccade target is not auto-

matically transferred to visual working memory before the

saccade. Accordingly, processes which depend on the correct

storage of the saccade target in visual spatial working mem-

ory, such as spatial remapping, might be impaired.

So far, only a few (case) studies on patients with optic

ataxia have studied pre-saccadic shifts of attention in stroke
patients (Blangero et al., 2010; Khan et al., 2009; Striemer et

al., 2007). Interestingly, Khan et al. found a dissociation be-

tween saccade execution and pre-saccadic shifts of attention

in a single patient with optic ataxia using a simplified version

of the task developed by Deubel and Schneider (Khan et al.,

2009). In this version, the patient had to execute a saccade

as soon as the cue was presented towards the central location

of the three ovals at either side. Although this patient was

able to correctly execute saccades towards a visual target in

the contralesional hemifield, the patient could not identify

pre-saccadically presented probes in the contralesional

hemifield suggesting that saccade preparation and pre-

saccadic perception can be dissociated. In contrast, a subse-

quent study with a different patient with optic ataxia per-

forming the same task did not reveal such a dissociation as

performance on the probe identification task for probes pre-

sented in the contralesional hemifield was similar to the

ipsilesional hemifield (Blangero et al., 2010). Therefore, there

still is limited evidence of a possible dissociation between

saccade execution and pre-saccadic shift of attention after

stroke. In order to test this coupling more fundamentally, a

study with a larger sample of stroke patients with lateralized

attentional deficits is needed.

The aim of the current study was to investigate the asso-

ciation between attention and saccadic eye movements in a

group of thirteen neglect patients. In a gaze contingent para-

digm, we tested whether neglect patients are able to

discriminate a probe, presented pre-saccadically thus relying

on the pre-saccadic shift of attention, in the ipsi- and con-

tralesional hemifield. If accurate eye movements of neglect

patients towards the contralesional hemifield are not pre-

ceded by an attentional shift, this may help to understand

why many patients do not benefit from visual scanning

training (Bowen et al., 2013) which builds on the premises that

attention can be trained by initiating movements towards the

contralesional visual field, alluding to the link between

attention and the oculomotor system. In addition, the results

of this study may help to understand deficits in spatial

remapping and visual spatial workingmemory, often reported

in this patient group.
2. Materials and methods

We report how we determined our sample size, all data ex-

clusions (if any), all inclusion/exclusion criteria, whether in-

clusion/exclusion criteria were established prior to data

analysis, all manipulations, and all measures in the study.

2.1. Participants

Thirteen patients with visuospatial neglect after stroke were

included during admittance to the Hoogstraat Rehabilitation

center. This was the maximum feasible within the time win-

dow of data collection. With an estimated effect size of .8 and

alpha of .05, this led to a power of .75. The patients were

selected based on presence of neglect assessed during a

neuropsychological neglect screening that all stroke patients

in the Hoogstraat Rehabilitation center receive as part of usual

care, including digitized shape cancellation, digitized line

https://doi.org/10.1016/j.cortex.2021.05.019
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bisection and Catherine Bergego Scale (CBS). With respect to

the digitized shape cancelation task, the number of omitted

items on the contralesional side were subtracted from the

number of omission on the ipsilesional side, which resulted in

an omission difference. An omission difference deviating

more than 2.5 SD from the average score of a control dataset

-consisting of 25 age-matched healthy participants-was

considered neglect. The same dataset of healthy controls

contained performance during the line bisection task and was

used to calculate the cutoff score on the digitized line bisec-

tion task. Patients were included if 1) at least one of these

three tests were deviant from normal range (i.e., �2 omission

difference at shape cancellation test, �2 of 4 lines deviant on

line bisection task or CBS score �6), 2) the neglect was caused

by stroke, age between 18 and 85 and (3) they had sufficient

ability to comprehend and to communicate as assessed by a

psychologist. Patients with traumatic head injury, severe

aphasia (lack of understanding and/or production of speech)

and/or insufficient understanding of the task as assessed by a

psychologist prior to inclusion were not included. Written

informed consent was obtained from all patients according to

the Declaration of Helsinki. The study was evaluated and

approved by the Medical Ethical Committee of University

Medical Centre Utrecht (16e640/C, NL64626.041.18).

2.2. Visual discrimination task

An adopted version of the visual discrimination task first

described in Deubel and Schneider (1996) was used to test

the pre-saccadic shift of attention. The original version

could not be performed by the neglect patients, as it was too

complex due to the inclusion of additional conditions.

Therefore, we developed a simplified version in which six

black ovals were presented on a grey background, three on

the right and three on the left of the central fixation cross

(Fig. 1). All six possible target locations were masked by a

digital grey number eight. Using an EyeLink 1000 (SR
Fig. 1 e Visual discrimination task. The central items on

each side were presented at 10 deg visual angle from

fixation at the center and the items were 4 deg separated.

Note, probe presentation time is variable and similar as the

saccade latency as it is coupled to saccade execution.
Research Ltd Ottawa ON) and gaze contingent software, one

of the six targets was replaced by a salient probe (i.e., white

digital “E” or digital “3”, counterbalanced for identity and

location), when patients fixated for 2 ± .2 s at the central

fixation cross. The other items did not change identity. The

patients were instructed to saccade to the item that was

replaced by the probe and make a force choice response

whether an E or 3 was presented by pressing the right and

left arrow key to the keyboard, respectively. Importantly,

when the EyeLink system detected a saccade, the probe was

masked again by the digital eight. Therefore, the probe was

never present when the eyes landed on the target location

(confirmed after offline analysis, see analyses section).

Importantly, as a consequence of this gaze contingent

paradigm, we correct for the expected difference in saccade

latency between the left and right hemifield (Van der

Stigchel & Nijboer, 2010): the probe is presented till the

saccade is initiated.

On 11% of the trials, the probe was not masked after

saccade detection and presented till response (max 2sec), to

allow patients to detect the probe. This was implemented to

keep the patients motivated and to check retrospectively

whether they understand task instruction. For each patient,

we collected data in 2 runs of 108 trials (of which 12 post

saccadic per run).

2.3. Analyses

Although a gaze contingent paradigm was used, we checked

offline whether the probe was masked before the eyes landed

on the target location. First, all post saccadic trials (probe still

visible after the saccade) were analyzed to confirm that pa-

tientswere able to perform the task. Next, we selected the pre-

saccadic trials in which saccades were made to the correct

side, had an amplitude >3 deg and landed on target location

after the probe was masked. The targets closest to fixation

were placed at 4 deg from fixation and are 1 deg in width.

Therefore, we considered an amplitude of at least 3deg as a

goal directed saccade. Trials without a saccade or with a

saccade latency >2000 ms were excluded. Finally, for each

patient we calculated the percentage correct responses,

saccade latencies and landing accuracy per hemifield. In

addition, we will perform a binned analysis on landing accu-

racy to study how performance is affected by landing accu-

racy. Repeated measures ANOVA will be used to compare

performances between hemifields (two-tailed, alpha set to

.05). Mixed model binary logistic regression analyses will be

used to compare performance between both hemifields while

taking saccade latency and amplitude error into account.

Lastly, a step-wise multiple regression analysis will be used to

study the relationship between neglect severity and pre

saccadic discrimination performance. No part of the study

procedures or analysis plans was preregistered prior to the

research being undertaken.
3. Results

All patients includedwere able to complete the task. However,

based on the analysis of the post saccadic trials, one patient

https://doi.org/10.1016/j.cortex.2021.05.019
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was removed from further analysis since his performance on

these post saccadic trials was around chance level (43.4%

correct) which suggest a lack of task comprehension. In the

twelve included patients (ten left sided neglect), 66% of all

trials were kept (61% contralesional side and 71% ipsilesional

side). Trials were excluded when no saccade was detected by

the Eyelink system (15% contralesional vs 11% ipsilesional),

saccade latency>2000 ms (9% contralesional vs 1% ipsile-

sional), the saccade landed prior to masking (6% contrale-

sional vs 2% ipsilesional), amplitude<3 deg (2% contralesional

vs 3% ipsilesional) or a combination of errors (7% contrale-

sional vs 12% ipsilesional). Note that overall fewer (accurate)

saccades were executed towards the contralesional hemifield

compared to the ipsilesional hemifield. For this study, in

which we investigate the pre-saccadic shift of attention, we

focus on the saccades that were executed correctly. De-

mographic and clinical characteristics of the remaining

twelve patients can be found in Table 1.

3.1. Probe identification performance

The percentage of accurate discrimination on the post-saccadic

trials (i.e., accurate probe identification when probe was still

presented after saccade landing on target) was 87.9%

(SE¼ 3.83) in the contralesional hemifield and 92.4% (SE¼ 2.83)

in the ipsilesional hemifield and did not differ (F (1,10) ¼ 1.18,

p ¼ .30, h2p ¼ .10).

However, neglect patients’ performance on the pre-saccadic

trials (i.e., accurate probe identification on trials in which the

probe was masked before saccade landed on the target) was

significantly lower for the contralesional hemifield compared

to the ipsilesional hemifield (F (1,11) ¼ 6.93, p ¼ .02, h2p ¼ .39;

Fig. 2A). While performance in the ipsilesional hemifield was

77.5% correct, it is significantly reduced to 63.8% correct in the

contralesional hemifield.

3.2. Saccade latencies

We found amuch longer saccade latency to the contralesional

hemifield (570 ± 88 ms) relative to the ipsilesional hemifield

(271 ± 12 ms) (F (1,11) ¼ 9.74, p ¼ .01, h2p ¼ .47; Fig. 2B). Hence, it

is important to recall that we accounted for this difference in

saccade latency by presenting the probe up to saccade

execution using a gaze contingent paradigm. Therefore, the

saccade must have been planned within the probe presenta-

tion period. Thus, even with a longer probe presentation time,

as long as the saccade latency, performance was still signifi-

cantly lower for the contralesional hemifield compared to the

ipsilesional hemifield.

3.3. Landing accuracy

Importantly, unsigned landing accuracy was not different be-

tween the contra- (1.66 ± .14 deg) and ipsilesional hemifield

(1.82 ± .13 deg) (F (1,11)¼ .85, p¼ .38, h2p ¼ .07; Fig. 2C). This was

also not significant if signed landing error positions were

analyzed (contralesional: �.67 ± .22 deg; ipsilesional: .04 ± .34

deg, (F (1,11)¼ 3.39, p¼ .09, h2p ¼ .24). In addition, an analysis on

the performance binned to absolute amplitude error revealed

https://doi.org/10.1016/j.cortex.2021.05.019
https://doi.org/10.1016/j.cortex.2021.05.019


Fig. 2 e Performance on the visual discrimination task. The red lines in panels AeC reflect the mean, the colored areas are

the 95% confidence interval and the black lines represent the standard deviation. The individual performances are plotted

with shaded lines in panels AeC. A) Performance during pre-saccadic trials. The dotted horizontal line at 50% reflects

chance level. B) Saccade latencies. C) Unsigned amplitude error. D) Correct discrimination performance as a function of

amplitude error (bins: 0e1 deg; 1e2 deg). E) Difference scores for each outcome measure presented in panel 2A, B, C and D.

The error bars represent the SE.
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a main effect of saccade side (F (1,11) ¼ 6.82, p ¼ .024, h2p ¼ .38)

with better performance in the ipsilesional side for these bins

than performance in the contralesional side, and no main

effect of amplitude error (F (1,11) ¼ .23, p ¼ .64, h2p ¼ .02). Thus,

performance does not decrease with larger amplitude errors

(Fig. 2D). There was no interaction between saccade side and

amplitude error (F (1,11) ¼ .37, p ¼ .55, h2p ¼ .03.

The difference scores (ipsilesional-contralesional) of per-

formance, saccade latency and unsigned landing error are

plotted in Fig. 2E.

Finally, a stepwise mixed model binary logistic regression

analysis with side, saccade latency and landing accuracy as

fixed factors and patient as random factor, revealed a signifi-

cant main effect for side (ß ¼ .32, t ¼ 2.28, p ¼ .023, odds

ratio ¼ 1.37), saccade latency (ß ¼ �.001, t ¼ �3.45, p ¼ .001,

odds ratio ¼ 1) and landing accuracy (ß ¼ �.09, t ¼ �2.36,

p ¼ .018, odds ratio ¼ .91) as well as the random factor patient

(estimate ¼ .623 Z ¼ 2.13, p ¼ .03). Together, our data indicate

an impaired pre-saccadic shift of attention on top of impaired

saccadic behaviour, suggesting that the pre-saccadic shift of

attention is a unique aspect of the neglect disorder above and

beyond the impaired saccadic behaviour.

On a final note, if all analyses were performed including all

trials, similar results are found that lead to the same conclusions
(discrimination performance contralesional 63.7% vs 75.7%

ipsilesional; (F (1,11) ¼ 8.61, p ¼ .014, h2p ¼ .44).
3.4. Individual performances

The patterns of individual neglect patients are important to

investigate the generalizability and/or heterogeneity of

neglect in relation to pre-saccadic shifts of attention. As can

be deducted from Fig. 2A, six of the twelve patients show a

minor imbalance between contralesional and ipsilesional

hemifield (between 2.5%e9.1%), while six of the patients

actually show a strong imbalance (between 13.9%e42.3%). To

investigate whether the amount of imbalance between con-

tralesional and ipsilesional performance on the visual

discrimination task was related to severity of neglect, we

conducted a step-wise multiple regression analysis. There-

fore, we regressed the imbalance difference score of the visual

discrimination task (% correct ipsilesionale% correct con-

tralesional) on the performance on shape cancellation task

(omission difference), line bi-section task (number of lines

deviant from normal range; this simplemetric (instead of e.g.,

reporting one mean mm deviation) is used to provide an easy

to understand quick overview of task performance of all lines)

and CBS score (Fig. 3). Themodel was a significant predictor of

https://doi.org/10.1016/j.cortex.2021.05.019
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Fig. 3 e Relation between perceptual accuracy during the

visual discrimination task and performance on line

bisection task. The difference between contralesional and

ipsilesional performance on the visual discrimination is

plotted on the y-axis and regressed against the number of

lines that were deviant from normal range.

c o r t e x 1 4 2 ( 2 0 2 1 ) 2 1 3e2 2 0218
the imbalance score of the visual discrimination task (F

(3,8)¼ 7.51, R2 ¼ .64, p¼ .01).While performance on the line bi-

section task contributed significantly to the model (B ¼ 1.215,

p¼ .002), the shape cancellation task and CBS did not (B¼ .546,

p¼ .06 and B¼�.629, p¼ .07, respectively). Removing the non-

significant predictors stepwise led to the finalmodel with only

the line-bisection task as contributing predictor (F

(1,10)¼ 12.49, R2¼ .56, B¼ .75, p¼ .005). This analysis indicates

that the more severe the neglect based on the line-bisection

task, the more disrupted the pre-saccadic shift of attention.
4. Discussion

Here, we show for the first time that the pre-saccadic shift of

attention during correctly executed saccadesmay be impaired

in neglect patients. On top of impaired saccadic behaviour in

the contralesional field, there may be additional deficits in the

shift of attention to the saccade endpoint before an eye

movement is initiated and accurately executed. Such an

impaired pre-saccadic shift of attention in neglect patients

may underlie other deficits often associated with neglect such

as spatial remapping (Pisella & Mattingley, 2004; Vuilleumier

et al., 2007) and visual spatial working memory (Saj et al.,

2018; Van der Stigchel & Hollingworth, 2018). If an eye move-

ment is not preceded by an attentional shift, specific features

of an object of the upcoming saccade endpoint are not enco-

ded into visual spatial working memory (Van der Stigchel &

Hollingworth, 2018). This lack of a trans-saccadic represen-

tation will make the visual system less efficient and may lead

to perceptual deficits in learning and anticipation to sequen-

tial visual events in the contralesional hemifield (Saj et al.,

2018). In addition, our results are not in line with the PMT

that proposes that eye movements and attention are func-

tionally equivalent (Rizzolatti et al., 1987). While it might still
be that eye movements and attention are tightly coupled in

the healthy brain, our data suggest that impaired pre-saccadic

attention is a unique aspect of the neglect disorder on top of

saccadic impairments.

Our gaze contingent paradigm allowed us to control for

potential longer saccade latencies towards the contralesional

hemifield. As many studies have shown that the saccade la-

tencies to the contralesional hemifield are longer in neglect

patients (Behrmann et al., 2001; Harvey et al., 2002; Van der

Stigchel & Nijboer, 2010), we anticipated that a fixed probe

presentation time may result in a presentation period that is

too short for the patient to plan the saccade. Indeed, saccade

latencies were longer to the contralesional hemifield

compared to the ipsilesional hemifield. Even though we pre-

sented the probe as long as the saccade latency, which was

often >500 ms, there was still an attentional impairment in

the contralesional hemifield. This finding also eliminates the

possibility that covert attention was already present at the

saccade endpoint. If the task could have been performed by

using covert attention solely (i.e., attention not coupled to an

eyemovement), performance should have been equal for both

visual fields (Blangero et al., 2010).

Another potential explanation for the reduced perfor-

mance in the contralesional hemifield is the existence of

potential visual field defects. However, since the target was

randomly presented at three different target locations at each

side, 4 deg spaced, one would expect a larger amplitude error

than observed (�.67 deg in contralesional side; 1.66 deg un-

signed) in case of a visual field defect. In addition, we

removed all trials with saccade latencies >2000 ms or no

saccade at all, excluding trials in which the probe onset is

likely missed. Therefore, we are confident that the patients

were able to detect the probe presentation at the target

location.

Not all twelve neglect patients in our study seem to show

an impairment in the pre-saccadic shift of attention and oc-

ulomotor programming, consistent with the known hetero-

geneity of visuospatial neglect (Bowen et al., 2002, 2013; Van

der Stigchel & Nijboer, 2018). An impaired pre-saccadic shift

of attention is therefore not a behavioural signature of vi-

suospatial neglect perse, although it seems related to the

severity of neglect based on the line bisection task: the more

severe the neglect on this task, the more disrupted the pre-

saccadic shift of attention.

Our results may have important implication for rehabilita-

tion of neglect. Visual scanning therapy (VST), in which eye

movements are trained to more actively explore the contrale-

sional hemifield, is widely used to ameliorate symptoms of

neglect. Currently it is hard to predict rehabilitation outcome

for neglect patients; not all patients benefit from this extensive

rehabilitation method (Bowen et al., 2013; Kerkhoff & Schenk,

2012). We speculate that a poor rehabilitation outcome with

VST may be caused by a disrupted link between attention and

eye movements to the contralesional hemifield. Neglect pa-

tients with an impaired pre-saccadic shift of attention may

have less training potential as the eye movement system

cannot be used to covertly shift attention to the contralesional

hemifield, as postulated by the PMT. It would be interesting to

study whether our hypothesis is valid in future studies where

neglect patients also receive VST. Moreover, whether this

https://doi.org/10.1016/j.cortex.2021.05.019
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disrupted link can be restored by visual training, also remains

an open question.

Together, our study has several important implications: the

impaired pre-saccadic shift of attention in neglect patients may

1) be one of the key problems related to other deficits often re-

ported in neglect (e.g., spatial remapping, visual spatial working

memory), 2) predict rehabilitation success of patients trained

with VST, and 3) suggest that eyemovements and attention are

not functional equivalent, as predicted by the PMT.
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