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a b s t r a c t

Visuospatial neglect is a frequent and disabling disorder, mostly after stroke, that presents

in impaired awareness to stimuli on one side of space. Neglect causes disability and

functional dependence, even long after the injury. Improving measurements of the core

attentional deficit might hold the key for better understanding of the condition and

development of treatment. We present a rapid, pupillometry-based method that assesses

automatic biases in (covert) attention, without requiring behavioral responses. We exploit

the phenomenon that pupil light responses scale with the degree of covert attention to

stimuli, and thereby reveal what draws (no) attention. Participants with left-sided neglect

after right-sided lesions following stroke (n ¼ 5), participants with hemianopia/quad-

rantanopia following stroke (n ¼ 11), and controls (n ¼ 22) were presented with two vertical

bars, one of which was white and one of which was black, while fixating the center. We

varied which brightness was left and right, respectively across trials. In line with the hy-

potheses, participants with neglect demonstrated biased pupil light responses to the

brightness on the right side. Participants with hemianopia showed similar biases to intact

parts of the visual field, whilst controls exhibited no bias. Together, this demonstrates that

the pupil light response can reveal not only visual, but also attentional deficits. Strikingly,

our pupillometry-based bias estimates were not in agreement with neuropsychological

paper-and-pencil assessments conducted on the same day, but were with those admin-

istered in an earlier phase post-stroke. Potentially, we pick up on persistent biases in the

covert attentional system that participants increasingly compensate for in classical neu-

ropsychological tasks and everyday life. The here proposed method may not only find

clinical application, but also advance theory and aid the development of successful

restoration therapies by introducing a precise, longitudinally valid, and objective mea-

surement that might not be affected by compensation.

© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC

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

Unilateral spatial neglect (hereafter “neglect”) is a severe

clinical syndrome during which attention to one side of space

is substantially reduced, which cannot be explained by dam-

age to the sensory system (Bartolomeo & Chokron, 2002;

Parton, Malhotra, & Husain, 2004). The core component of

neglect is a deficit in attentional orienting to the contrale-

sional side of space (Heilman & Van Den Abell, 1979; Husain,

2019). Most notably, neglect presents in ~30% of stroke par-

ticipants with a prevalence up to 71% after a right-

hemispheric stroke when ecological assessment methods

are used (Esposito, Shekhtman, & Chen, 2021), persists longer

than one year for about a third of these cases (Durfee & Hillis,

2023; Nijboer, Kollen, & Kwakkel, 2013), and is one of the most

disabling conditions post-stroke (Buxbaum et al., 2004;

Spaccavento, Cellamare, Falcone, Loverre, & Nardulli, 2017).

Despite numerous efforts to develop treatments, and

apparent improvement of patients on neuropsychological

tests throughout recovery (Cassidy, Lewis, & Gray, 1998;

Nijboer et al., 2013), the latest Cochrane review and meta-

analysis concludes none of the treatments to be convinc-

ingly proven effective (Longley et al., 2021). Therapeutic ap-

proaches can be classified to aim at compensation or restoration

(Luaut�e, Halligan, Rode, Rossetti, & Boisson, 2006), however,

existing outcome measures do not dissociate between these

levels. If restoration therapies are to ever succeed, our disci-

pline must be able to measure the core deficit underlying

neglect. Precise, sub-behavioral, objective, and longitudinally

reliable measurements that directly target the source of

neglect are therefore most urgently needed. Only then we will

be able to understand neglect in-depth and to track the effi-

cacy of therapies over time. Here, we present a novel approach

that exploits the phenomenon that pupil light responses are

modulated by covert attention (Binda, Pereverzeva, & Murray,

2013; Haab, 1886; Mathôt, van der Linden, Grainger, & Vitu,

2013; Naber, Alvarez, & Nakayama, 2013) and are able to

track the most fundamental attentional deficit in neglect via

weakened pupil light responses to stimuli in neglected

hemifields. The here presented method shows promise for

sensitive and specific longitudinal measurementewith po-

tential for both research and clinical applications.

Neglect hasmajor consequences for the individual,making

research into this deficit all the more urgent. People with

neglect show an ipsilesional bias in active behavior, such as

exploratory movements, but also in spontaneous eye and

head position, even when situated in complete darkness

(Danckert & Ferber, 2006; Fruhmann-Berger & Karnath, 2005;

Karnath, 1997). Even if mild, neglect in the acute phase is one

of the most (Jehkonen et al., 2000; Patel, Coshall, Rudd, &

Wolfe, 2003) predictive factors for adverse functional out-

comes: increased risks of falls, prolonged hospitalization,

long-term care placement, increased burden on caregivers,

and many others (Buxbaum et al., 2004; Spaccavento et al.,

2017). Neglect is a heterogeneous syndrome that can result

from lesions in different brain areas, mostly in the right

hemisphere (Moore, Milosevich, Mattingley, & Demeyere,
2023; Ten Brink, Verwer, Biesbroek, Visser-Meily, & Nijboer,

2017), and can manifest in different modalities (e.g. visual,

auditory, tactile; Jacobs, Brozzoli, & Farn�e, 2012), reference

frames (e.g. egocentric, allocentric; Chechlacz et al., 2010), and

distances (e.g. personal, peripersonal, extrapersonal space;

Aimola, Schindler, Simone, & Venneri, 2012; Van der Stoep

et al., 2013).

Although there is no gold standard for diagnosis, a com-

bination of paper-and-pencil neuropsychological tasks com-

plemented with structured clinical observations is the typical

assessment (e.g., Azouvi et al., 2006; Esposito et al., 2021). The

neuropsychological tasks have serious drawbacks, among

which are flooring/ceiling effects and the huge influence of

compensation strategies and practice effects (Bonato &

Deouell, 2013; Deouell, Sacher, & Soroker, 2005; Spreij, Ten

Brink, Visser-Meily, & Nijboer, 2020). Although there is little

to no debate that spatial attention, serving to prioritize in-

formation, is severely impaired and driving the symptoms

observed in neglect, this impairment could originate on

different levels. Neuropsychological assessments require the

patient to actively interact with the external world and/or to

overtly respond, thereby introducing effects of top-down or

controlled attention. Behavioral estimates therefore disallow

to monitor possible restoration of the underlying attentional

systems, as apparent improvements can merely be due to a

learned compensation strategy rather than to a restoration of

attentional biases. One explanation for the improvement over

time of many patients with neglect on neuropsychological

tasks (Cassidy et al., 1998; Nijboer et al., 2013) therefore lies in

the development of increasingly automatized top-down

changes in overt attention. Consequently, assessments that

feature overt behavioral responses are plagued by the inability

to longitudinally assess neglect reliably, which hinders the

evaluationeor even developmenteof effective restoration

therapies (Bonato & Deouell, 2013; Deouell et al., 2005). Eye or

head movements (overt shifts in attention) can be considered

more automatic than many other overt responses needed in

neuropsychological tasks. This makes eye movement-based

outcomes, such as the field of exploration and saccade am-

plitudes, highly sensitive measures to complement paper-

and-pencil tests (Cox & Aimola Davies, 2020), although still

these are under conscious control.

Shifts in covert attention (shifts in absence of eye move-

ments; von Helmholtz, 1866) in turn underlie and precede eye

movements (Deubel & Schneider, 1996). An automatic atten-

tion bias in covert attention is proposed to drive the core

deficit in neglect (Husain, 2019). However, covert attention is

an inherently hidden state and therefore hard to assess.

Addressing this issue, cueing or detection tasks have been

proposed to more directly probe the deficit-underlying atten-

tional system and have shown to disclose signs of neglect in

patients who perform within the normal range on paper-and-

pencil tasks (e.g., Bartolomeo, 1997, 2000; Bonato, 2015;

Bonato, Priftis, Marenzi, & Zorzi, 2009, 2013; Losier & Klein,

2001). Besides a lateralized attention bias in explicit (motor

or verbal) responses on such tasks, reduced pupil dilations

have been reported for invalid targets in the neglected field,

whilst (unseen) targets in the non-neglected field were
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Fig. 1 e Hypothesized mechanism and findings. Example

stimulus as presented to participants, hypothesized

mental representation of the stimulus, and hypothesized

pupil sizes. We expected participants with left-sided

neglect to attentionally overrepresent the right visual field,

which becomes visible in pupil sizes responding more to

the right than to the left side of the screen. Participants

with hemianopia were expected to show a bias in pupil

size towards the undamaged part of the visual field, which

might be even stronger or similar as for participants with

neglect. For controls, we expected a slight leftward bias or

no bias, which would show in a pupil response that

matches the overall luminance.
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associated with enhanced pupil dilations (Lasaponara et al.,

2021). Still, even these tasks require behavioral responses

that are likely to interfere with (spatial) attention itself.

We here propose and evaluated a pupillometry-based

method as a novel way to directly assess automatic, covert

attention in participants with neglecterequiring no overt

interaction with or responses to a task. This method builds on

existing work, so-called pupil perimetry, that demonstrated

pupil light responses to be able to map out deficits linked to

the sensory domainee.g., in the visual cortex. Hereby, bright or

dark stimuli are flashed across the visual field. Depending on

whether these stimuli fall in intact or damaged parts of the

visual field, pupil light responses are substantially stronger or

weaker, respectively (Kardon, Kirkali, & Thompson, 1991;

Maeda et al., 2017; Naber et al., 2018; Portengen et al., 2021;

Skorkovsk�a, Wilhelm, Lüdtke,&Wilhelm, 2009) e and thereby

give away functional brain damage. But how could this help

identify deficits in attention instead of more low-level sensory

areas? We exploit the phenomenon that pupil light responses

are not purely reflexive, but heavily modulated by attention

(Binda&Murray, 2015; Naber, Fr€assle,& Einh€auser, 2011, 2013;

Strauch,Wang, Einh€auser, Van der Stigchel,&Naber, 2022): At

constant fixation, shifts in covert attention towards dark or

bright parts of an object/visual scene result in pupil dilations

or constrictions, respectively (Binda et al., 2013; Haab, 1886;

Mathôt et al., 2013; Naber et al., 2013; Strauch, Wang, et al.,

2022). To elucidate the potential to capture attentional

(instead of sensory) deficits, we tested whether subtle, yet

systematic attentional biases towards the left side of the vi-

sual field described in younger controls (‘pseudoneglect’)

would be revealed by changes in pupil size (Bowers &

Heilman, 1980; Jewell & McCourt, 2000; Strauch, Romein,

Naber, Van der Stigchel, & Ten Brink, 2022). We presented

healthy participants, who fixated the center of amonitor, with

vertical white and black bars in opposite sides of the visual

field. We expected pupil light responses to more closely

correspond to the left rather than the right side of the screen,

due to the overall leftward attention bias. Indeed, the bright-

ness of the left side modulated pupil size stronger than the

brightness of the right side, uncovering pseudoneglect

(Strauch, Romein, et al., 2022).

In the current study, we tested whether this pupillometry-

based method would be able to measure the rightward

attentional bias in participants with left-sided neglect. We

specifically predicted (and here now tested) in our paper about

pseudoneglect “[…] pupil light responses to disproportionately

reflect the brightness of the right side of the display in patients

with left-sided neglect. In other words, we anticipate a weaker

pupil constriction for white/black stimuli and a stronger

constriction for black/white stimuli with similar overall

brightness between both configurations, as the right side

would be (covertly and unconsciously) attended stronger” (p.

269; Strauch, Romein, et al., 2022). We therefore hypothesized

pupil light responses to disproportionally reflect the bright-

ness of the right side of the display in participants with left-

sided neglect, as compared to controls.

A similar (or perhaps even stronger) effect was hypothe-

sized for participants with cortical impairments that affect the

sensory rather than the attentional domain. As for participants
with neglect, sensory deficits should be associated with

spatially selective weakened responses relative to controls (see

Fig. 1 for a visualization of our hypotheses). By including in-

dividuals with primary visual field deficits alongside those with

neglect, we could better interpret the degree of the imbalance

in pupil light responses in neglect, and ensure the reliability of

the current method through replication of previous reported

findings (Kardon et al., 1991; Maeda et al., 2017; Naber et al.,

2018; Portengen et al., 2021; Skorkovsk�a et al., 2009).
2. Materials and methods

The research and consent procedures were performed in

accordance with the standards of the Declaration of Helsinki

and were approved by the Ethics Committee of De Parkgraaf

Rehabilitation center and the Utrecht University Faculty of

Social and Behavioural Sciences Ethics Review Board (protocol

numbers 21e403 and 20e238). Participants were recruited

from February 2022 to February 2023. As effects were of un-

known size, no power estimation could be conducted. For

diagnosis, however, only substantial effect sizes would be of

relevance, which is why effects should show with even very

small sample sizes. No part of the study procedures or
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analysis plans was preregistered prior to the research being

conducted. However, the experiment followed the specific

predictions made in Strauch, Romein, et al. (2022).

2.1. Participants

2.1.1. Controls
Inclusion criteria were corrected-to-normal vision and no re-

ported psychiatric or neurological diseases in the past. A

convenience sample of twenty-two right-handed healthy

participants were assessed as controls, including eleven older

(MAge ¼ 53.7 years, SDAge ¼ 9.7 years) and eleven younger

participants (MAge ¼ 23.4 years, SDAge ¼ 1.2 years). Healthy

controls were considered for the younger/older group if

younger/older than 40 years of age.

2.1.2. Participants with neglect
Seven participants with left-sided neglect admitted to an

inpatient geriatric rehabilitation clinic provided consent to

participate, and completed the calibration and at least one

experimental block. Two of these participants were excluded

due to perceptual problems (holes in the macula, n ¼ 1;

perceiving visual information as being displaced, n ¼ 1). Five

participants with neglect after a first-ever stroke were even-

tually included (MAge ¼ 64.8 years, SDAge ¼ 16.7 years, all right-

handed; one only completed the first block). For demographic

and stroke-related characteristics, and scores on neuropsy-

chological tests per participant, see Table 1 and Table 2,

respectively. For a description of neuropsychological tests, see

Supplementary Material 1, and for computer tomography

scans of brain lesions, see Supplementary Material 2.

2.1.3. Participants with hemianopia and other visual field
deficits
Eleven individuals with quadrantanopia or hemianopia were

included (MAge¼54.9 years, SDAge ¼ 16.5 years). Of these eleven,

four were diagnosed with hemianopia for the left visual field,

two for the right visual field. The remaining five participants

were diagnosed with quadrantanopia or had other visual field

deficits in varying parts of the visual field. For perimetry maps,

see Supplementary Material 3. The visual field loss in all par-

ticipants was a result of strokes in the occipital cortex. In two

participants, strokes occurred after resection of either a tumor

in the left frontal cortex or an arteriovenous malformation. No

brain scans were available. Due to the spatially smaller and

differing deficits in quadrantanopia, which prohibit group-

based analyses, we here give their data only where individual

data is reported.

2.2. Apparatus

Healthy controls and participants with quadrant-/hemianopia

were binocularly tracked using a video-based Eyelink 2000

tracker. The left eye of participants with neglect was tracked

using a (largely similar) Eyelink 1000 tracker (both trackers SR

research; 1000 Hz). A few participants were accidently tracked

at 500 Hz. Upsampling to 1000 Hz and a z-transformation of

pupillometric data within participants (see ‘2.5 Data process-

ing’) ensured comparability across participants. For all par-

ticipants, stimuli were presented on an Asus ROG PG278Q

https://doi.org/10.1016/j.cortex.2023.06.008
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Table 2 e Performance on neglect assessment of participants with neglect (N ¼ 5) at the day of the testing session.

ID Star cancellation,
omissions (0e28)a

Line bisection
paper,

deviation in %
of line lengthb

Line bisection
digitized,

deviation in %
of line lengthb

Line bisection
digitized,
endpoint
weightings

biasb

Line bisection
digitized,
endpoint
weightings

sumc

Greyscales
(0e1)d

Catherine
Bergego Scale,

total score (0e30)e

Pupil
indexf

N1 9 left, 1 right [30 days]; 8 left,

0 right [130 days]

13.54 1.75 0 .95 .96 8.9 .61

N2 28 left, 12 right [21 days];

14 left, 0 right [28 days]

�1.76 �9.53 �.06 .89 1 16.7 1.08

N3 5 left, 0 right [55 days]; 0 left,

0 right [61 days]

5.15 2.76 �.02 .97 .88 17.5 .85

N4 28 left, 21 right [<44 days]; 0 left,

0 right [121 days]

na �.87 .40 .80 1 9 1.24

N5 1 left, 0 right [13 days]; 1 left,

0 right [20 days]

6.50 1.91 .07 1.03 1 13.3 .34

a The star cancellation was administered twice: once at an earlier measuring point and once as part of the testing session. The number of days post-stroke are given between brackets. A higher

number of omissions is indicative of more severe neglect.
b Line bisection deviation and endpoint weightings bias: values < 0 indicate a leftward, and values > 0 indicate a rightward deviation/bias. For the fourth patient, the line bisection on paper was not

administered due to a lack of time.
c Line bisection endpoint weightings sum: lower scores reflect less overall attention allocated.
d Greyscales: values < .5 indicate a leftward, and values > .5 indicate a rightward bias.
e Catherine Bergego Scale: occupational therapists filled out the scale on the day of the test assessment, based upon observations that were made on that day and the week before. The number of

items that could be observed and scored were 9, 9, 8, 10, and 9, respectively for patient one to five. The total score is the sum of scored items divided by the number of scored items, multiplied by 10.

Higher scores indicate more neglect-related behaviour in daily life.
f The pupillometric bias estimate is calculated by subtracting the difference between all trials with luminance composition white/blackeblack/white per participant, starting 550 ms after stimulus

onset. More positive values indicate stronger rightward biased pupil light responses.
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Fig. 2 e Stimuli and task. Participants self-initiated trials by

looking at a central fixation cross for minimally .5 sec.

Participants were then presented with black/white or

white/black stimuli for 2.5 sec (Block 1: full hemifields;

Block 2: peripheral bars). Upon valid trial completion (no

blinks and central gaze), an interstimulus interval of

1.5 sec followed. Invalid trials were fed back to the

participant with the central cross turning red, the trial

would then be repeated at a random later point.

c o r t e x 1 6 7 ( 2 0 2 3 ) 1 0 1e1 1 4106
monitor (99 Hz, 2560*1440 px, 67.5 cm distance from eye-

position) in a light and sound-attenuated room. The partici-

pants' head was positioned in a chin and forehead rest. A

standard keyboard was positioned in between the headrest

and monitor. Psychopy version 2021.2.3 (Peirce et al., 2019)

was used for the implementation of the experiment.

2.3. Procedure and material

After giving written informed consent, participants gave their

data on age, handedness, and sex. Subsequently, participants

underwent the eye-tracking experiment. For participants with

neglect, star cancellation (Wilson, Cockburn, & Halligan,

1987), line bisection (McIntosh, Schindler, Birchall, & Milner,

2005; Wilson et al., 1987), and greyscales tasks (Mattingley,

Bradshaw, Nettleton, & Bradshaw, 1994; Nicholls, Bradshaw,

& Mattingley, 1999) were additionally administered, and an

occupational therapist filled out the Catherine Bergego Scale

(Azouvi et al., 2003; Ten Brink et al., 2013), based upon obser-

vations of neglect behavior that weremade in the week before

and on the day of the assessment (for details on these tasks,

see Supplementary Material 1). Depending on the speed of the

participant, the assessments took up to 1 h in total.

2.4. Task

First, a 9-point calibration and validation procedure of the

eye-tracker was performed. The task itself consisted of two

blocks. In both blocks, participants were presented with a

central fixation cross (light grey), .34� visual angle, presented

on an intermediate grey background (Fig. 2). As soon as gaze

position was registered for longer than .5 sec within an

(invisible) oval shaped fixation region (horizontal radius: 1.74�

visual angle; vertical radius: 3.48� visual angle) for partici-

pants with neglect or visual field deficits, and within an
invisible circle (radius: 1.74� visual angle, i.e., slightly stricter

for controls as they were better able to maintain fixation than

participants with neglect or visual field deficits) for controls, a

trial started. In the first block, one side of the screen

(1280*1440 pixels, 24.9*28.0� visual angle) was presented in

black, whereas the opposing side was presented in white (i.e.,

full hemifields). In the second block, these two vertical bars

were spaced out by a central vertical grey bar in (518*1440

pixels, 10.2*28.0� visual angle), in line with the stimuli (pe-

ripheral bars) used in our previous investigation (Strauch,

Romein, et al., 2022). Crucially, between trials, it was ran-

domized whether stimuli would be white/black or black/

white. Stimulus presentation lasted 2.5 sec. Upon trial

completion, a grey screen was presented. Trials were spaced

out by at least an additional 1.5 sec to the .5 sec needed to start

a trial. Trials in which participants blinked or did notmaintain

central gaze position were considered invalid and dis-

regarded. Blocks lasted until ten valid trials were completed

per condition (white/black, black/white). This resulted in a

testing duration of around 5 min per participant if optimally

performed, but the test duration occasionally increased to

approximately half an hour due to difficulties in estimating

gaze position with the eye tracker (e.g., due to eye lids

covering the pupil) or invalid trials.

2.5. Data processing

All eye tracking data was processed using a Python (3.8) script.

Pupil size was segmented in trial epochs of 2.5 sec starting at

stimulus onset and then baseline corrected by subtracting the

average pupil size during the first 200 ms after stimulus onset

(when the stimulus could not yet have affected pupil size) and

z-transformed to make traces directly comparable between

setups. Visual inspection ensured no outliers, blinks, or other

artefacts affecting pupil measurements. Left/rightward bias in

the pupil light response (‘pupil bias score’) was determined per

participant using the average pupil size change relative to

baseline starting from 550 ms after stimulus presentation,

separately for white/black and black/white displays and then

subtracting these average changes, pooling data of both blocks

(as no differences were observed between blocks). In other

words, this value indicates how much more the pupil

responded to what was presented on the right (positive values)

or on the left (negative values; zero means similar responses).

2.6. Statistical analyses

Bayesian statistics were conducted in JASP (0.14.1; JASP Team,

2021) using the default settings. All other statistics were con-

ducted using custom Python 3.8 scripts (using the statsmodels

and scipy.stats packages for statistics). All statistical tests

were performed two-sided.

To be able to statistically compare differences between

participants with hemianopia and neglect, data from partici-

pants with hemianopia with deficits in the right visual field

were inverted and combined with data from participants with

hemianopia in the left visual field. To statistically test whether

white/black and black/white displays resulted in differential

pupil responses across groups, a one-way repeated

measures ANOVA and, due to the small group sizes, a non-
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parametric alternative (KruskaleWallis test and post-hoc

ManneWhitney U test) were fitted. Bayesian ManneWhitney

U tests were conducted to further substantiate any absence

of effects.

In addition to these arguably more intuitive analyses, we

fitted three linear mixed models that take the data structure

into account best, i.e., trials being nested in conditions and

participants, by using random effects and random slopes for

luminance composition (white/black, black/white) and bar

width (full, peripheral).2 Here, we additionally included age as

a covariate, as pseudoneglect in healthy participants reduces

or disappears with age (Benwell, Harvey, & Thut, 2014;

Learmonth, Benwell, Thut, & Harvey, 2017; Schmitz &

Peigneux, 2011). As only difference between models, we once

tested with participants of all three groups, and once for

participants with neglect and once for participants with

hemianopia against controls, respectively. Per model, we

interpreted the interaction of luminance composition and

group to answer our main question.

We assessed whether results could have been confounded

by differences in horizontal gaze position with

ManneWhitney U tests. If participants with neglect would

have fixated more rightward than controls, slightly different

retinal images for the different luminance compositions could

have driven pupil size due to a higher luminance for black/

white displays as compared to white/black displays to drive

the observed pupillometric effects.

Finally, to compare the pupil bias score with established

neuropsychological tasks, exploratory Spearman correlations

were conducted between the pupil bias score and star

cancellation (total number of omitted targets), line bisection

(endpoint weightings bias), and Catherine Bergego Scale (total

score) for the participants with neglect. We abstained from

significance testing given the small sample size and low power.

2.7. Data availability

Raw data, materials, and analysis scripts are available via the

open Science Framework https://osf.io/hs73k/.
3. Results

Pupils constricted upon stimulus onset in all conditions. As

hypothesized, this constriction was modulated by the lumi-

nance composition (white/black or black/white) and the

participant group. Fig. 3 visualizes these pupil size changes to

baseline per participant group (green: controls; blue: neglect;

red: hemianopia right; orange: hemianopia left), split per

block. The differences in pupil responses betweenwhite/black

and black/white give an indication of covert attentional biases

(Fig. 3: bottom plots, split for blocks; colors indicate groups).
2 Model equation using mixedLM from statsmodels: Pupil ~
luminance_composition þ full_peripheral þ age þ group þ group:
luminance_composition:age þ group: luminance_composition þ
age: luminance_composition þ age:full_peripheral:group þ group:
luminance_composition:full_peripheral:age þ age:full_periph-
eral: luminance_composition þ group:full_peripheral. With
random slopes specified as re_formula ¼ “~luminance_composi-
tion*full_peripheral” and groups as ID.
The individual pupil bias scores are visualized in Fig. 4 on a left

to right axis together with estimated distributions overlaid for

controls and participants with neglect (see Supplementary

Material 2 and 3 for more detailed information on all partici-

pants with neglect or visual field deficits; and Table 2 for the

bias estimates for the participants with neglect).

Both parametric and non-parametric tests with group (i.e.,

controls, neglect, hemianopia) as a predictor were found to

significantly predict the difference in pupil size between

white/black and black/white displays (ANOVA: F (2,31)¼ 18.65,

P < .001, hpart
2 ¼ .55; non-parametric KruskaleWallis test: H

(2)¼ 17.93, P < .001). Post-hoc non-parametric ManneWhitney

U tests revealed significant differences between controls and

participantswith neglect (U¼ 5.0, P¼ .001; Cohen's d¼ 2.37), as

well as significant differences between controls and partici-

pants with hemianopia (U¼ 6.0, P < .001; Cohen's d¼ 2.33), but

no significant differences between participants with neglect

and participants with hemianopia (U ¼ 11.0, P ¼ .261; Cohen's
d ¼ .33). For the latter analysis, the sample sizes make it hard

to conclude whether biases were similar between participants

with neglect and hemianopia, yet a Bayesian ManneWhitney

U test favored similarity (BF01 ¼ 1.78).

Linear mixed models showed that pupil size was signifi-

cantly predicted by the decisive interaction of luminance

composition and group in all threemodels (all P � .01), but not

by any other main effect or interaction. Again, no significant

differences were found for the decisive interaction between

luminance composition and group when comparing partici-

pants with hemianopia and neglect with each other (see

Supplementary Material 5 for full results and details).

Finally, horizontal gaze position did not differ between

groups, as assessed with ManneWhitney U tests (all P > .08,

descriptively most leftward for participants with neglect; see

Supplementary Material 6 for full results). Therefore, pupil-

lometric biases cannot be the result of (subtle) differences in

gaze position.

In sum, all analyses demonstrate that participants with

neglect and participants with hemianopia showed more

biased pupil light responses than controlseeffects that cannot

be explained by age, nor by gaze position. The bias of partic-

ipants with neglect did not differ from participants with

hemianopia with tentative support for similar effect sizes

between these groups.

The exploratory comparison of assessed attentional bias

with the pupil method versus established neuropsychological

tasks in participants revealed an interesting pattern: Partici-

pants who omitted many targets in the cancellation task

during the first weeks after the stroke (more acute phase),

showed strong biases in the pupillometric score at a later

time-point post-stroke (Spearman's r¼ .87; Fig. 4, bottom left).

In contrast, the omitted targets in the same task, but assessed

later post-stroke (i.e., at the same time as the pupillometry

experiment) did not relate to the pupillometric bias (r ¼ �.21;

Fig. 4, bottom second left). Similarly, the pupillometric bias

neither scaled with line bisection scores (r ¼ 0; Fig. 4, bottom

second right) nor with the scores on the Catherine Bergego

Scale (r ¼ .10; Fig. 4, bottom right), which were also measured

during the more chronic phase. Correlations with small n

necessitate caution in interpretation, yet the overall picture of

results might suggest that the obtained pupillometric bias

https://osf.io/hs73k/
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Fig. 3 e Average pupil responses over time split for luminance composition and group of participants. Top: The lines reflect

the change in pupil size with respect to baseline, locked to stimulus onset across luminance composition (white/black and

black/white) and the two bar widths (full hemifields, peripheral bars) across participant groups (controls n ¼ 22; leftward

neglect n ¼ 5; hemianopia right n ¼ 2; hemianopia left n ¼ 4). Pupil responses were averaged split for luminance

composition and participants, showing similar traces for white/black and black/white displays for healthy controls (green),

but different traces for participants with neglect (blue) and hemianopia (left-sided: red; right-sided: orange),

disproportionally more driven by the non-neglected or non-blind sides. The change in pupil size in trials with white/black

stimuli are represented by dashed lines, the change in pupil size in trials with black/white stimuli are represented by solid

lines. Bottom: differences in pupil size changes between white/black and black/white displays split per group of participants

(left: full hemifields, right: peripheral bars). Shaded bars represent standard error of themean across average differences per

participant.
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corresponds to neglect in the more acute phase post-stroke,

but not to the degree of bias as shown in assessments in a

more chronic phase or problems in daily life (Catherine Ber-

gego Scale).
4. Discussion

4.1. Present findings and theoretical contributions

We described a pupillometry-based method which showed

capable to assess biases in covert spatial attention in controls,

participants with neglect, and visual field deficits in
participants with hemianopia. In participants with left-sided

neglect (an attentional deficit), the pupil responded stronger

to the luminance on the right side of the visual display as

compared to the left, indicating a rightward bias in automatic,

covert attention. A similar pattern was observed for visual

field deficits (a sensory deficit): the pupil responded stronger

to the intact rather than defective parts of the visual field. This

supports the central hypotheses at very large effect size. As in

Strauch, Romein, et al. (2022), bar width (full hemifields, pe-

ripheral bars) showed no effect on the difference in pupil light

response.

In all individuals with left-sided neglect, pupil responses

indicated a rightward bias. However, the strength of this bias

https://doi.org/10.1016/j.cortex.2023.06.008
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Fig. 4 e Averagedmeasures for horizontal bias per participant and pupil bias against classical neuropsychological tests. Top:

Difference between the pupil size change in trials with white/black and black/white stimuli, averaged across both blocks

(full hemifields, peripheral bars), per participant (averaged difference across period 550e2450 ms). Values close to the

horizontal 0-point reflect unbiased pupil responses, negative values (to the left) indicate a leftward bias, i.e., stronger pupil

responses to the luminance of the left side of the screen, and positive values (to the right) indicate a rightward bias, i.e.,

stronger pupil responses to the luminance of the right side of the screen. Groups are denoted by colors and schematic

drawings of visual/attentional field defects (green: controls; blue: neglect; orange: hemianopia left; red: hemianopia right;

black: quadrants and other visual field deficits); vertical dashed lines denote medians for controls and participants with

neglect. Labels denote individual participants as given in the tables and supplementary material Bottom: scores on

neuropsychological tests per participant with neglect scattered against assessed pupil bias. Left: Total number of targets

omitted in the star cancellation task during the more acute phase after stroke (see Table 2 for the number of days post-

stroke at the moment of assessment). A higher number of omissions indicates more neglect. All remaining scores were

assessed on the same day, or shortly previous to it (i.e., Catherine Bergego Scale; CBS). Second left: Total number of targets

omitted in the star cancellation task at the day of the test session, i.e., in a later phase. Second right: Endpoint weightings

bias taken from the line bisection task. Positive values indicate a leftward attention bias, negative values a rightward

attention bias. Right: Total score on the CBS. For all participants, at least 7 items of the CBS were scored. The total score was

computed by multiplying the average of the scored items by 10. Higher scores reflect more neglect behavior in daily life, as

observed by the occupational therapist.
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varied between participants with neglect, and two of the five

participants with neglect had scores descriptively similar to

controls. Neglect severity measured in clinical tasks (cancel-

lation, line bisection) during a later, more chronic phase did

not link to the degree of bias observed in our pupillometry-

based measurements. This could suggest that the pupil

picked up on the automatic attentional bias present in earlier

post-stroke phases, but with increasing awareness and

increasingly learned coping mechanisms, behavioral and

covert attentional biases diverged.

For all five participants with neglect, including those two

for whom the pupillometry-based bias was in the range of

healthy controls, practitioners observed neglect behaviour in

daily life as assessed with the Catherine Bergego Scale. One

may argue that the pupillometric estimate proposed here
therefore carries little value, as the Catherine Bergego Scale is

considered a highly sensitive measures for effects of neglect

on daily life (Azouvi et al., 1996). However, the high sensitivity

comes with a low specificity, and a low precision in assessing

individual subprocesses of attention. First, the low specificity

of the Catherine Bergego Scale might have led to some

behaviour observed by practitioners being misdiagnosed as

neglect. Determining whether observed behaviour is specif-

ically related to neglect or due to, for instance, apraxia or a

severe primary sensory or motor deficit is difficult (Azouvi

et al., 1996; Menon & Korner-Bitensky, 2004). This is why

standardized neuropsychological tests are designed to assess

cognitive functions in isolation. Of course, not knowing what

exactly caused a specific behaviour is also the case for stan-

dardized tests (i.e., the problem of task impurity), but most

https://doi.org/10.1016/j.cortex.2023.06.008
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likely evenmore so for observed behaviour in amore complex

and dynamic context. Thus, other factors than a bias in lat-

eralized attention might as well have influenced ratings on

the Catherine Bergego Scale. Speculatively, this might explain

the results of participant N5, who did not show neglect on the

star cancellation task (not even in the acute phase) but for

whom points were assigned on the Catherine Bergego Scale.

Second, the pupil bias score measures a specific aspect of

neglect, namely a “default” lateralized covert attention bias.

For some individuals, neglect might only show in situations

with higher attentional demands (e.g., when dual-tasking is

required) or in which there is competition between (relevant)

ipsilesional and contralesional information. The latter might

underlie the results of participant N1, whose pupil bias score

was comparable to most severe biases in healthy controls, but

who omitted 8 left targets on the star cancellation task, in

which ipsilesional stimuli are present.

Whilst data of five participants warrants further replication,

our findings raise the question whether covert attentional

biases present chronically persistent. In line with this notion,

recent auditory-based ERP measures as a proxy for attention

showed no improvement of automatic attentional biases in

left-sided neglect after rehabilitation treatment, despite

improvement on classical neuropsychological tests

(Hildebrandt, Notbohm,Duning,& Schweser, 2023). If follow-up

research confirms that the automatic attention bias in partici-

pants with neglect indeed does not resolve, this would have

substantial implications for understanding the recovery of

neglect. Generally, it is thought that recovery of the impairment

itselferestoration of the underlying attentional systemetakes

place within the first threemonths post-stroke (Durfee& Hillis,

2023; Kerkhoff & Schenk, 2012; Nijboer et al., 2013). After this

initial period, recovery is thought to be mainly driven by

compensatory strategies. The results from the current study,

however, lead to the hypothesis that already in the first three

months, other processes (e.g., top-down attention) become

involved for the compensation for the automatic attention bias

(Hildebrandt et al., 2023), which itself may never recover.

Biases were found to be comparable in strength for par-

ticipants with damages to sensory (hemianopia) and atten-

tional (neglect) systems. Together with previous findings

(Binda et al., 2013; Binda & Murray, 2015; Haab, 1886; Kardon

et al., 1991; Maeda et al., 2017; Mathôt et al., 2013; Naber

et al., 2011, 2018; Portengen et al., 2021; Skorkovsk�a et al.,

2009; Strauch, Wang, et al., 2022), this supports the notion

that the pupil light response is not solely reflexive, but heavily

modulated by attention and thus cortical processing. Such

cortical influences hereby must pass the parietal areas

damaged in neglect and with it the attentional system and

more frontal areas, likely via the frontal eye fields, to affect the

brainstem circuit around the superior colliculus that brings

about related modulations in pupil size (Strauch, Wang, et al.,

2022; Wang & Munoz, 2018).

Furthermore, previous studies have shown that hemi-

anopia and neglect share anatomical substrates. For example,

damage to the optic tracks, linking the lateral geniculate nu-

cleus to the primary visual cortex, could cause hemianopia

but is also related to visuospatial neglect (Toba et al., 2020). All

participants with neglect had no reported concurrent diag-

nosis of visual field deficits by the hospital and rehabilitation
center, still, we did not obtain information on how this was

tested. Possibly undiagnosed visual field deficits could thus

have contributed to biased pupil light responses in a subset of

participants with neglect.

Importantly, participants with visual field deficits versus

those with neglect were not comparable regarding time post-

injury, which argues for cautionwhen comparing these groups.

4.2. A roadmap to solve outstanding questions and
challenges

The here introduced method might hold the key to solve a

number of longstanding theoretical and applied challenges

that neglect continues to pose, which are discussed in the

following. On a fundamental level, pupillometry has the po-

tential to uncover the extent to which neglect arises from

attentional competition between stimuli or from an inherent

bias in spatial attention towards the right (Husain, 2019;

Karnath, 2015). To this end, an additional condition featuring

a single stimulus on either the left or right side of the inter-

mediate gray display could be incorporated. If pupil light re-

sponses were similar for presentation on the right and on the

left, this would be in favor of a competition accounteas po-

sition would be irrelevant in isolation. If, however, pupil light

responses were substantially stronger for the stimulus pre-

sented on the right than on the left, this would argue for a

default bias to the right, independent of interference from the

left. Responses falling between these two extremes would

support an integrated view of both accounts and indicate the

extent to which neglect is shaped by attentional competition

versus default attentional biases.

Adding dual tasks to increase attentional demands has

been shown to reveal hidden biases in many neuropsycho-

logical tasks that might otherwise go undetected in chronic

stages (e.g., Bonato, Priftis, Marenzi, Umilt�a, & Zorzi, 2010;

Robertson & Frasca, 1991; Russell, Malhotra, & Husain, 2004).

But is mental effort interfering with the interhemispheric

balance of dorsal networks (Paladini et al., 2020), directly on

the level of the spatial attentional system (Corbetta &

Shulman, 2011; Kinsbourne, 1993), or is effort interfering

with (highly automatized, yet effortful) compensation strate-

gies instead (Villarreal et al., 2022)? If the account of persis-

tently unaltered pupillometric biases was correct,

pupillometric biases should present also without the induc-

tion of efforteany further enhancement with effort would

argue for an effect of effort on spatial attention in turn. If,

however, biases would not enhance, then this would suggest

that effort interferes only on the level of executive control

needed for compensatory strategies.

Besides these fundamental questions, the here presented

method could be useful to dissociate between subtypes of

neglect. We propose that, for instance, connected black/white

or white/black stimuli that are positioned on both hemifields

should go in hand with a much stronger pupillometric bias in

allocentric than in egocentric neglect, although, as for the

other predictions made in this section above, this remains to

be tested. In combination with the aforementioned manipu-

lations this could adequately address the individual, here

clustered as a participant with neglect. Neglect is a heteroge-

nous syndrome with a plethora of potential subtypes and
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possibly different underlying neural substrates and atten-

tional mechanisms at play.

Successful clinical use of the here presented method for

diagnosis as an enhancement to existing diagnostic tools will

critically depend on iterative improvements to be made for

increased feasibility/usability with patients and practitioners

as stakeholders. This could be achieved by using gaze-

contingent displays, allowing participants to blink, and

using eye trackers that are robust to noise. Hereby, a sweet

spot in the trade-off between diagnostic properties, cost

effectiveness, and burden put on the participants must be

foundethese considerations could for instance concern the

number of trials or the length of stimulus presentation.

Furthermore, a study with a large sample size is needed,

preferably including participants with left- and right-brain

damage following stroke, with and without neglect as deter-

mined based upon existing measures to assess reliability,

validity, sensitivity, and specificity. This should then also

result in a threshold bias score that divides patients with

neglect from those without. The estimation of the pupil bias

per participant could ideally be determined flexibly, for

instance by either reaching a predefined Bayes factor for a null

effect or a clear bias, respectively, and then stopping the

assessment.

To conclude, our objective, rapid pupillometry-based

method allows to directly assess the core deficit of neglect,

namely the ipsilesional (covert) attentional bias in absence of

any task beyond simple fixation. Participants with deficits in

vision, a sensory function, showed almost similarly biased

pupil responses as participants with deficits in attentional

function. Our initial data further reveals that covert attention

is persistently altered in participants with neglect, evenweeks

or months after stroke. We expect insights into mechanisms

of spatial attention, subtypes of neglect, recovery over time, or

the effectiveness and working principles of therapies. This

method should next be evaluated on larger scale for the

clinical diagnosis of neglect, especially in a more chronic

phase post-stroke because of its potential robustness to

compensation.
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