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Objective: Right-hemisphere stroke may cause an ipsilesional attention bias and left hemispatial neglect.
Computerized time-limited tasks are more sensitive than conventional paper—pencil tests in detecting
these spatial attention deficits. However, their frequency in the acute stage of stroke, the neuroanatomical
basis and functional relevance for patients’ everyday life are unclear. Method: A realistic visual search
task is introduced, in which eye movements are recorded while the patient searches for paperclips among
different everyday objects on a computer display. The “desk task™ performance of 34 acute right-
hemisphere stroke patients was compared to established paper—pencil tests for neglect and the Posner
reaction time task, and finally correlated to structural brain lesions. Results: Most of the patients, even
those without clinical neglect signs and with normal paper—pencil test performance, exhibited a clear
ipsilesional attention bias in the desk task. This bias was highly correlated to the left-right asymmetry in
the Posner task and to neglect-related functional impairment scores. Lesion-symptom mapping revealed
task-specific differences: deficits in the desk task were associated with lesions of the superior temporal
gyrus, contralesional unawareness in the Posner task with ventral frontal cortex lesions and paper—pencil
cancellation bias with damage to the inferior parietal lobe. Neglect behavior was further associated with
distinct frontoparietal white matter tract disconnections (inferior longitudinal fasciculus, superior longi-
tudinal fasciculus, arcuate). Conclusions: Results from the novel desk task indicate a functional
relevance of spatial attention deficits in right-hemisphere stroke patients, even if they are “subclinical.”
This should be considered especially in patients without obvious clinical neglect signs.

General Scientific Summary

Introducing a realistic visual search task with everyday objects (desk scene), we demonstrate a
functionally relevant ipsilesional attention bias in right-hemisphere stroke patients, that was evident
even in those patients without spatial neglect on clinical assessment and established paper-and-pencil
tests. We highlight the distinct neuroanatomical basis of this attention bias depending on the different
tests used and discuss its functional relevance for patients and the consequences for care providers.
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Hemispatial neglect constitutes a major cognitive syndrome
that frequently occurs after right-hemisphere stroke (Parton,
Malhotra, & Husain, 2004; Ringman, Saver, Woolson, Clarke,
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& Adams, 2004). Patients show strong lateralized (but also
nonlateralized) spatial attention deficits: They are unaware of
objects, people, and even their own body parts in the contral-
esional left half of space (Husain & Rorden, 2003; Robertson &
Halligan, 1999). Due to the resulting impairments in the activ-
ities of daily living, hemispatial neglect counts among the major
predictors for poor functional outcome following stroke (Jeh-
konen et al., 2000; Katz, Hartman-Maeir, Ring, & Soroker,
1999).

One, if not the main, core symptom of spatial neglect is an
ipsilesional spatial attention bias leading to an unawareness of
stimuli in contralesional space (Driver & Vuilleumier, 2001; Rob-
ertson & Halligan, 1999). An attentional priority map in the brain
that is imbalanced due to the unilateral brain damage has been


mailto:Bjoern.Machner@neuro.uni-luebeck.de
http://dx.doi.org/10.1037/neu0000493

publishers.

gical Association or one of its allied

This document is copyrighted by the American Psycholo

ted broadly.

1al user

This article is intended solely for the personal use of the

SPATIAL BIAS IN RHS 851

proposed as the pathophysiological basis (Pouget & Driver, 2000).
Following this hypothesis, the damaged brain favors objects in
ipsilesional hemispace in the competition for attention, whereas
contralesional objects must be either extremely salient or relevant,
that is, of higher attentional priority, to be noticed (Bays, Singh-
Curry, Gorgoraptis, Driver, & Husain, 2010; Fecteau & Munoz,
2006).

The spatial attention bias can be assessed by different measures.
In clinical practice usually batteries of different paper-and-pencil
tests are used at the bedside to diagnose the heterogeneous neglect
syndrome that cannot be detected by a single test in all patients
(Azouvi et al., 2006; Parton et al., 2004; Wilson, Cockburn, &
Halligan, 1987). The individual paper-and-pencil tests differ with
respect to their sensitivity and retest-reliability in acute and
chronic stroke patients (Azouvi et al., 2002; Machner, Mah, Gor-
goraptis, & Husain, 2012). Furthermore, several studies have
shown that computerized reaction time (RT) tasks are more sen-
sitive than standard paper-and-pencil tests especially in the detec-
tion of lateralized spatial attention deficits in patients with mild or
remitted neglect (Bonato, Priftis, Marenzi, Umilta, & Zorzi, 2010;
Deouell, Sacher, & Soroker, 2005; Erez, Katz, Ring, & Soroker,
2009; Rengachary, d’Avossa, Sapir, Shulman, & Corbetta, 2009;
Schendel & Robertson, 2002). However, most of these studies did
not relate the abstract neuropsychological test performance to
clinical impairments or neglect-related functional disability and
therefore could not provide information on the relevance of a mild
lateralized attention deficit for patients’ activities of daily living.
Furthermore, they lacked detailed neuroanatomical information
such as the exact size and location of brain lesions. We know from
different studies, using the lesion-symptom mapping approach
including novel meta-analyses, that there is not only one critical
lesion site that determines whether a patient develops spatial
neglect or not (Chechlacz, Rotshtein, & Humphreys, 2012; Mo-
lenberghs, Sale, & Mattingley, 2012; Verdon, Schwartz, Lovblad,
Hauert, & Vuilleumier, 2010; Vuilleumier, 2013). In line with the
heterogeneity of the behavioral neglect symptoms, there is a vari-
ation in the brain lesions that explain different impairments of this
multicomponent syndrome.

In our study, we confronted acute right-hemisphere stroke pa-
tients with a real-life search situation using a novel, computerized
visual search task including eye movement recordings—the desk
task. Patients were stratified into one of three groups based on their
neglect-related functional disability as assessed by the Catherine
Bergego Scale: no neglect, moderate, or severe neglect. Their
performance in the desk task was compared to the performance in
an established battery of paper-and-pencil tests for neglect and the
well-known Posner RT task (Posner, Walker, Friedrich, & Rafal,
1984). Finally, patients’ behavioral data were related to neuroana-
tomical data of structural brain damage using voxel-based lesion
symptom mapping.

The main questions were as follows:

Research Question 1: 1s the naturalistic desk task equally or
even more sensitive than established computerized or paper-
and-pencil tests in detecting neglect behavior in acute right-
hemisphere stroke patients?

Research Question 2: Is there a common or distinct neural
basis for lateralized deficits in right-hemisphere stroke pa-
tients among the different tasks for spatial attention?

Research Question 3: What is the clinical and functional
relevance of an ipsilesional spatial attention bias in the ev-
eryday life of right-hemisphere stroke patients?

Method

Participants

The study has been approved by the local Ethics Committee of
the University of Liibeck (AZ 12—064). Written informed consent
according to the Declaration of Helsinki was obtained from all
participants. The patients were in-patients at the Department of
Neurology, University Hospital Schleswig-Holstein, Campus Lii-
beck, who had suffered a first-time right-hemisphere stroke as
proven by cranial MRI. Patients were screened for visual field
defects (e.g., homonymous hemianopia) and visual extinction by
finger perimetry at the bedside. For the assessment of primary
afferent visual field defects, each of the four quadrants were
stimulated by peripheral finger wiggling two times in a random
order and the patients were asked to verbally respond by indicating
the side of the stimulus. If a stimulus was missed both times on
unilateral stimulation, a visual field defect was documented. Those
patients with quadrantanopia or hemianopia were excluded from
the study and did not undergo further testing. In case of intact
visual fields, a bilateral stimulation with peripheral finger wiggling
in the upper or lower quadrants was performed (again two runs
each) and visual extinction was documented if the contralesional
stimulus was missed at least once on bilateral stimulation. Visual
extinction, as opposed to primary visual fields defects, was no
exclusion criterion.

Patients were further clinically examined and assessed by use of
the following scales: the National Institutes of Health Stroke Scale,
the modified Rankin Scale, the Barthel Index as a general measure
of functional independence and the Catherine Bergego Scale
(CBS) as a more specific measure of neglect-related functional
disability (Azouvi et al., 2003). The CBS was based on direct
observation of the patient’s functioning in 10 real-life situations as
assessed by the occupational therapist and the stroke nurse of the
patient. For each of 10 items there is a score between 0 (no neglect)
and 3 (severe neglect), the maximum total score sums up to 30
points. If one or more items could not be assessed in a patient, we
applied an equation by Chen, Hreha, Fortis, Goedert, and Barrett
(2012) to correct for the missing data without falsely reducing the
overall neglect score in the patient.

Based on the degree of neglect-related functional disability as
reflected by the CBS the patients were assigned to one of three
subgroups: (a) no neglect (CBS score = 0), (b) moderate neglect
(CBS score from 1 to 15), or (c) severe neglect (CBS score from
16 to 30). Eleven healthy subjects with no neurological or oph-
thalmological disease constituted the control study group.

Demographical, clinical and functional characteristics of the
participants are presented in Table 1 separately for the four study
groups. There was no significant difference between the study
groups with respect to age, F(1,41) = 0.167, p > .9, gender (x> =
7.18, p > .06) and time since lesion, F(2, 31) = 0.679, p > 5.



This document is copyrighted by the American Psychological Association or one of its allied publishers.
This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.

852 MACHNER ET AL.

Table 1
Clinical Characteristics of the Study Groups
Healthy No Moderate ~ Severe
Characteristics controls neglect  neglect  neglect
Number of subjects 11 10 12 12
Demographic
Age (years) 69+x4 71x3 68 =3 69 =3
Sex (n female) 8 7 5 3
Clinical
Time since stroke (days) — 4=+1 4+ 1 5+1
Type of stroke
Ischaemic (n) — 9 10 11
Haemorrhagic (n) — 1 2 1
Visual extinction (n) 0 0 7 11
Functional
Catherine Bergego Scale 0 0 8§+ 1 24 £ 1
Modified Rankin Scale 0 244 31*4 44=x2
NIH-Stroke Scale 0 3x1 5*1 11=*1
Barthel index (%) 100 6910 53*11 13=*5
Note. NIH = National Institutes of Health. Mean * standard error of the

mean.

Computerized Tests for Spatial Attention

All participants underwent two computerized tests for spatial
attention: (a) the desk task, a novel naturalistic visual search task
in an everyday-life situation, and (b) a RT task as a variant of the
classic Posner cueing paradigm (Posner et al., 1984).

For the desk task, participants were seated in front of a 24-in.
widescreen thin film transistor monitor (Samsung SyncMaster
2443BW with a resolution of 1920 X 1200 pixels and a refresh
rate of 60 Hz, Seoul, South Korea). At an eye-to-screen distance of
60 cm the display covered a visual field of 48° X 30°. Each trial
started with a central fixation cross presented on a black back-
ground, followed by the presentation of a naturalistic image of a
desk scene (Figure 1). On the desk, there were 30 different every-
day objects, for example, a pen, a coin, a key. Patients were
instructed to search for a paperclip that could be either red or blue.

As soon as they found the target, they should press a response
button. Afterward, to control for false alarms, they were asked to
report the color of the target detected. Then the examiner manually
started the next trial. Each trial was finished after a maximum of
12 s or earlier by a button press upon target detection. Hence, the
duration of each individual trial varied depending on the partici-
pant’s speed of search, but no stimulus image was presented longer
than the maximum duration of 12 s. There were a total of 100
different desk scene images that were always presented in the same
order. In 80% of the images there was a target present, 20% were
no-target trials. With respect to its horizontal x-position on the
screen, the target was located with an equal probability within one
of four columns (outmost left [OL], center left [CL], center right
[CR], or outmost right [OR]).

For the trials where a target was present, we analyzed the
detection rate, that is, the percentage of target-present trials where
the participant pressed the response button to signal target detec-
tion and provided the correct color of the paperclip. The search
duration was the time until the button was pressed or the maxi-
mum duration of a single trial (12 s) in cases where the target was
not found.

In 32 out of 34 patients and in six out of the 11 age-matched
control subjects, we recorded eye movements throughout the desk
task using a contact-free remote eye tracker running at 50 Hz (SMI
RED-X, Teltow, Germany). From the eye movement data we
derived the horizontal fixation distribution including the parame-
ters center of fixation (CoF) and field of exploration (FoE).

The Posner RT task is able to assess three components of visual
attention that are typically impaired in hemispatial neglect (Posner
et al., 1984; Rengachary, He, Shulman, & Corbetta, 2011): (a) A
lateralized deficit in visual perception and attention, that is, a
relative RT delay or lower accuracy for targets presented in the
contralesional, as compared to the ipsilesional visual field (side/
visual field effect); (b) a deficit of reorienting spatial attention, that
is, a relative delay in responding to targets at unattended, as
compared to attended locations (validity effect); and (c) a deficit in

Figure 1.

OR

oL v CL 1+ CR '

Desk task stimulus. Left: An example of the naturalistic image of a desk (left picture) that was

presented to the participants, who were instructed to search for a paperclip and report its color (either red or
blue). Right: Offline data analysis was performed separately for four different horizontal locations (columns) on
the screen in which the target could have been presented: outmost left (OL), center left (CL), center right (CR),
outmost right (OR). In this example, the target (red paperclip) was placed in the CR column. See the online

article for the color version of this figure.
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disengaging attention from the ipsilesional field reflected by spe-
cific difficulties in responding to the unattended targets in the
contralesional field (disengagement deficit).

For our Posner paradigm, patients were seated in front of a
notebook (HP Pavilion dv8-1190eg, Palo Alto, California) with an
18.4-in. thin film transistor widescreen monitor of 1920- X 1080-
pixel resolution. The display showed a dark-gray background with
a light-gray fixation cross at the center and two light-gray square
frames (size 1.5°), positioned on the horizontal meridian at either
side with an eccentricity of 3.5° from the center. The cue consisted
of one of the rectangle frames turning yellow for 300 ms. After a
delay of 150 or 500 ms (stimulus onset asynchrony), the target (a
light gray asterisk) appeared within one of the two frames and
remained present until a response was made or 2 s had elapsed. An
interval of 1 s separated trials. In 50% of the trials, the target
appeared at the location indicated by the cue (valid condition),
while on the other 50% of the trials, it appeared at the opposite
location (invalid condition). Hence, the peripheral cues were ex-
ogenous and “uninformative” with an equal probability of targets
occurring in the cued or uncued box (Chica, Bartolomeo, &
Valero-Cabre, 2011). Patients were instructed to press a response
button with their right index finger as soon as the target appeared.

There were two experimental blocks of 40 trials each (10 valid
left, 10 valid right, 10 invalid left, and 10 invalid right). There was
a brief period of rest between the two blocks. We analyzed RT and
the number of target responses (detection rate). Trials in which the
participant missed the target were assigned the longest possible RT
(2,000 ms; see also Rengachary et al., 2009).

Paper-and-Pencil Tests

Patients were investigated using a paper-and-pencil test battery
for spatial neglect (Machner, Dorr, et al., 2012; Machner, Kone-
mund, Sprenger, von der Gablentz, & Helmchen, 2014), originally
adapted from the French Batterie d’évaluation de la négligence
spatial (Azouvi et al., 2006). In detail, it consisted of the following
tests: line bisection, star cancellation and text reading task from the
German version of the Behavioral Inattention Test (Wilson et al.,
1987), the Bells cancellation test (Gauthier, Dehaut, & Joanette,
1989), and a figure copying task (Ogden, 1985).

Besides the standard evaluation of the cancellation task perfor-
mance (number of targets cancelled on the right and on the left) we
used the software by Rorden and Karnath (Rorden & Karnath,
2010) to assess the center of cancellation (CoC) as a quantitative
marker of the focus of attention in horizontal space (Binder,
Marshall, Lazar, Benjamin, & Mohr, 1992; Gainotti, Perri, &
Cappa, 2002).

Lesion Analyses

Using the MRIcron software (Rorden, Karnath, & Bonilha,
2007), the lesion of every stroke patient was first delineated
directly on the individual fluid-attenuated inversion recovery im-
age where the acute stroke lesion is best visible within the first
days (Rorden & Brett, 2000). Because T1 images achieve the best
normalization results, the fluid-attenuated inversion recovery im-
age with the delineated lesion was coregistered to the T1 scan and
then normalized to the Montreal Neurological Institute (MNI)
space (Seghier, Ramlackhansingh, Crinion, Leff, & Price, 2008).

Notably, we had to exclude two patients (one “no neglect” and one
“severe neglect” patient) from the lesion analyses due to insuffi-
cient quality of the magnetic resonance images for normalization
processing.

Using MRIcron, the individual MRI lesion volume was deter-
mined for each patient and the lesion overlap images per group
were created. Furthermore, a subtraction analysis was performed
to visualize regions that were damaged more frequently in neglect
than in no-neglect patients. To evaluate and denominate the af-
fected regions with respect to gray matter and white matter fiber
tracts we overlaid the maps on the automated anatomical labeling
atlas (Tzourio-Mazoyer et al., 2002) and on the Johns Hopkins
University (JHU) white matter tractography atlas (Hua et al.,
2008).

To investigate the relationship between lesion location and
behavioral deficits (clinical scores, paper-and-pencil and comput-
erized test performances) voxel-based lesion-symptom mapping
analyses were performed using the 7 test statistics of the Non-
Parametric Mapping software NPM that comes with the MRIcron
package (Rorden, Karnath, & Bonilha, 2007). Only significant
voxels damaged in at least 20% of subjects that survived the
correction for multiple comparisons using false discovery rate are
reported and presented.

In order to assess the relevance of disconnected white matter
tracts, we mapped the lesion from each patient onto tractography
reconstructions of white matter pathways obtained from a group of
healthy controls (Rojkova et al., 2016) using free available soft-
ware from the BCBtoolkit (Foulon et al., 2018).

In detail, “disconnectome maps” were calculated by using a set
of 10 healthy controls (Rojkova et al., 2016) diffusion weighted
imaging data sets and tracking fibers passing through each pa-
tient’s lesion. For each participant tractography was estimated as
indicated in a previous work by Thiebaut de Schotten and col-
leagues (2011). Patients’ lesions in the MNI152 space are regis-
tered to each control native space using affine and diffeomorphic
deformations (Avants et al., 2011; Klein et al., 2009) and subse-
quently used as seed for the tractography in Trackvis (http://trackvis
.org/). Tractographies from the lesions were transformed in visi-
tation maps (Thiebaut de Schotten et al., 2011), binarized and
brought to the MNI152 using the inverse of precedent deforma-
tions. Finally, a percentage overlap map was produced by sum-
ming at each point in MNI space the normalized visitation map of
each healthy subject. Hence, in the resulting disconnectome map,
the value in each voxel take into account the interindividual
variability of tract reconstructions in controls, and indicate a prob-
ability of disconnection from 0% to 100% for a given lesion
(Thiebaut de Schotten et al., 2015). For the disconnectomes of our
patients, the default threshold of >50% probability of disconnec-
tion was chosen.

In the last step, we quantified the severity of the disconnection
by measuring the probability of different tracts relevant for visu-
ospatial attention to be disconnected in each patient by using the
Tractotron software from the BCBtoolkit (Foulon et al., 2018;
Thiebaut de Schotten et al., 2014). In the subsequent statistical
analyses using SPSS, we analyzed the impact of white matter tract
disconnection on behavioral parameters such as, for instance, the
exploration bias in cancellation tasks and visual search (CoC, CoF).
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Statistics

Statistical analyses were performed with SPSS (Version
22.0.0.2). Data are reported as mean = standard error of the mean,
error bars in the figures show the standard error of the mean. In
order to analyze the test performances either one-factor analyses of
variance (ANOVAs; paper-and-pencil tests, clinical data) or
ANOVAs with repeated measures (computerized tests) were per-
formed, using Group as between-subjects factor and Target Posi-
tion and Cue Validity in the Posner paradigm or Target Position in
the desk paradigm as the within-subject factors. In some compar-
isons the sphericity requirement was violated. Therefore, we report
F values with Greenhouse—Geisser correction but report degrees of
freedom uncorrected to show the factorial analysis design. Signif-
icance levels of post hoc t tests were Bonferroni corrected for
multiple testing; the statistical significance level was set at p <
.05. Correlation analyses were performed using the nonparametric
Spearman’s rho coefficient because most of the data (e.g., clinical
scores) was either not normally distributed or not on a continuous
scale.

Results

Desk Task

The results are depicted in Figure 2 (A and B) separately for the
four study groups and the fouor possible horizontal target positions
on the screen (OL, CL, CR, OR).

For the parameter detection rate the ANOVA revealed main
effects for position, F(3, 41) = 80.4, p < .001, group, F(3, 41) =
47.5, p < .001, and for the interaction Position X Group, F(9,
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123) = 21.4, p < .001. Post hoc analyses revealed the following
differences:

* In the “no neglect” group, the detection rate for the OL
target position was significantly lower than for the CR
target position (d = 15.6 = 0.05%, p = .039). In the OL
target position, “no neglect” patients had lower detection
rates than healthy controls (d = 16 = 4%, p = .024).

e In the “severe neglect” group, there were continuously
decreasing detection rates from the outmost right target
position to the OL (p always <0.001). A similar pattern
was evident in the “moderate neglect” group (p al-
ways <0.05 for CR to CL and CL to OL) with the
exception of OR to CR (ns).

For the parameter search duration the ANOVA revealed main
effects for position, F(3, 41) = 87.2, p < .001, group, F(3, 41) =
38.4, p < .001, and for the interaction Position X Group, F(9,
123) = 21.3, p < .001. Post hoc analyses revealed the following
differences:

* The “no neglect” group showed significantly longer search
durations for targets in the OL column of the screen than
for targets in the other three columns (p always <<0.01).
For targets in the OL position, “no neglect” patients had
significantly longer search durations than healthy controls
d=29%*07s,p=.002).

e Both the severe and the moderate neglect group showed a
typical attentional gradient with increasing search dura-
tions for target positions along the horizontal axis from
right to left (p always <0.01).

* Comparing the search durations between all study groups
for those targets in the outmost right column of the screen

C Severe neglect
Moderate neglect
No neglect
Control

——
—
—

0 : : ; : 0 . .
oL CL CR OR oL GL
Target position

Target position

20 15 10 5 0 5 10 15 20
X-position of fixation [°]

CR  OR

Figure 2. Desk task performance. (A) Detection rate and (B) search duration are depicted separately for the
four study groups and the horizontal x-position (column), where the target was presented on the screen: outmost
left (OL), center left (CL), center right (CR) or outmost right (OR). (C) Horizontal fixation distribution is
illustrated as a boxplot function of fixations (cumulative time of gaze samples) in relation to the horizontal
location where they landed on the screen, separately for the four study groups. The median band represents the
center of fixation, where 50% of all gaze samples were left and 50% right of its x-position. Boxes represent the
horizontal range where 25% (left end) or 75% (right end) of the fixations fell into. The ends of the whiskers
reflect the leftmost and rightmost 2.5% of horizontal positions of fixations. After averaging over the participants
of each group, 95% of all gaze samples fell into that range, thus they represent the mean field of exploration for
each study group. See the online article for the color version of this figure.
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yielded no significant differences, that is, even severe
neglect patients were as fast as healthy controls.

From the eye movement recordings, we derived the horizontal
fixation distribution by relating the cumulative time of all gaze
samples to the x-positions on the screen where they landed. Figure
2C depicts the results as a Boxplot function, where the median
represents the CoF and the range of the whiskers the Field of
Exploration.

The one-factor ANOVA on the CoF showed a significant main
effect for group, F(3, 37) = 26.9, p < .001. Post hoc analyses
revealed that the CoF in the “no neglect” group (3.5 % 0.7°) was
significantly rightward deviated (d = 5.7 = 1.4° p < .01) as
compared to the healthy controls (—2.2 = 0.5°), and was not
significant different from the spatial exploration bias of “moderate
neglect” patients (4.3 £ 0.9°). The “severe neglect” group, how-
ever, showed the greatest rightward shift of exploratory eye move-
ments with a CoF at 10.0° (%= 0.9°), as compared to all the other
study groups (p always <0.001).

The oneway ANOVA on the FoE revealed a significant effect
for group, F(3, 37) = 6.9, p < .01. Post hoc analyses showed that
only the “severe neglect” group had a significantly reduced FoE
(23.8 = 1.2°) as compared to healthy controls (31.4 = 1.4°, p =
.009) and “no neglect” patients (30.9 £ 1.0°, p = .005), while the
other three groups including the “moderate neglect” (28.4 = 1.4°)
patients did not differ from each other.

Posner Paradigm

Due to the 2 X 2 task’s design, we analyzed detection rates and
RTs for the following four conditions: (a) both target and cue
appeared on the left (position: left, validity: valid); (b) the target
appeared on the left, the cue on the right (position: left, validity:
invalid); (c) the target appeared on the right, the cue on the left
(position: right, validity: invalid); (d) both target and cue appeared
on the right (position: right, validity: valid). Figure 3 depicts the
results for the detection rate and RT of the four study groups
separately for the four different target-cue conditions.
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For the dependent variable detection rate the ANOVA re-
vealed main effects for group, F(3, 41) = 184, p < .001,
position, F(1, 41) = 74.4, p < .001, and validity, F(1, 41) =
21.3, p < .001. Significant interactions were found for Group X
Position, F(3, 41) = 18.1, p < .001, and Position X Validity,
F(1, 41) = 11.5, p = .002. Post hoc analyses yielded the
following differences:

* Severe neglect patients had lower detection rates than all
the other study groups, this was pronounced for targets in
the left (p always <0.001) but also evident for targets in
the right hemifield (p always <0.01).

e The “no neglect” patients detected fewer targets on the left
than on the right side (d = 11.8 = 4.3%, p = .01). This
hemifield effect was very similar to the “moderate ne-
glect” group (d = 15.3 = 4.0%, p < .001). The “severe
neglect” group exhibited the greatest hemifield difference
(d =419 £ 4.0%, p < .001).

* In the patient groups, the validity effect of the cue de-
pended on the hemifield in which the target was subse-
quently presented. Thus, only for targets on the left but not
on the right, an invalid cue led to a significant decrease in
the detection rate (“no neglect”: p = .007, “moderate
neglect”: p = .031, “severe neglect”: p = .005). However,
a Position X Validity ANOVA, separately performed for
each patient group (within-group analysis), did not reveal
a significant interaction and specific disengagement deficit
(p always >0.23).

* Healthy controls’ detection rates did not differ between
left and right targets or whether these had been preceded
by valid or invalid cues.

The ANOVA and the post hoc analyses on the variable RT
yielded similar results as for the detection rate. There were main
effects for group, F(3, 41) = 14.7, p < .001, position, F(1,
41) = 135.8, p < .001, and validity, F(1, 41) = 62.5, p < .001.
Significant interactions were found for Group X Position, F(3,
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Figure 3. Posner task performance. (A) Detection rate and (B) reaction time are depicted separately for the four
study groups, the position/visual hemifield where the target appeared (left or right) and the validity of the
preceding cue (valid or invalid). See the online article for the color version of this figure.
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41) = 15.9, p < .001 and Position X Validity, F(1, 41) = 14.0,
p = .001.
Post hoc analyses yielded the following differences:

* In contrast to healthy controls, the “no neglect” patients
showed higher RTs for targets on the left than on the right
(p < .001). This hemifield effect was also evident in the
“moderate neglect” group (p < .001) and the “severe
neglect” group (p < .001). Notably, severe neglect pa-
tients had higher RTs than all the other study groups,
pronounced for targets in the left hemifield (p < .001) but
also for targets in the right hemifield (p always <0.021).

e In the patient groups (p always <0.031), the validity
influenced the RTs in both hemifields, that is, invalid cues
led to an increase of the RTs for targets in either hemifield
(deficit of reorienting). Healthy controls showed such a
validity effect only for targets in the right hemifield (p =
.031; left hemifield p = .101).

» Compared to controls, the no neglect group (and the other
two patient groups) had significantly slower RTs for un-
attended (invalidly cued) targets in the contralesional
hemifield (p < .003). However, when performing the
Position X Validity ANOVA separately for each patient
group (within-group analysis), there was again no signif-
icant interaction that would indicate a specific disengage-
ment deficit (p always >0.15).

Paper-and-Pencil Tests

The mean results of the four study groups for the different
paper-and-pencil tests are presented in Table 2.

The ANOVAs performed for the different parameters of each
test consistently yielded a significant main effect for group (p
always <0.01). The post hoc analyses revealed the following
pattern for the different tests:

e The “no neglect” group did not differ significantly from
healthy controls in Bells CoC, Bells cancellations left,
stars CoC, stars cancellations left, line bisection, text read-
ing errors, and the Ogden score.

Table 2

e The “moderate neglect” group showed worse test perfor-
mance than healthy controls in Bells CoC (p < .01), Bells
cancellations left (p < .01), stars CoC (p < .05), stars
cancellations left (p < .01), line bisection (trend, p < .1),
Ogden score (p < .01), but not in text reading errors
P = .15).

» The “severe neglect” group performed worse than controls in
line bisection (p < .01) and reading errors (p < .01), and
even worse than the “moderate neglect’-group with respect
to the Bells CoC (p < .01), Bells cancellations left (p < .01),
stars CoC (p < .01), stars cancellations left (p << .05), and the
Ogden score (p < .05).

Lateralization Indices and Correlation of Behavioral
Parameters

In order to obtain one marker for the lateralized deficit in each
of the computerized attention tasks, we calculated a lateralization
index (LI) for both the desk and the Posner task. By using the
following equation, we subtracted the detection rate for targets in
the left hemifield from the one in the right hemifield and divided
by their sum:

Lateralization Index =

Detection rate (RH) — Detection rate (LH)[ %]
Detection rate (RH + LH)[%]

Thereby, we received a LI for each patient in each task, which
ranged from —1 (strongest leftward bias) over O (no bias) to +1
(strongest rightward bias). This marker resembles the CoC in the
Bells test and the CoF in the desk task.

The highest correlation between the CBS score as a marker of
neglect-related functional disability and all the different paper-
and-pencil test parameters was for the CoC from the Bells test (r =
904, p < .001). Among the computerized task parameters, the
mean search duration in the desk task showed the highest corre-
lation with the CBS score (r = .791, p < .001), followed by the
desk’s LI (r = .772, p < .001). But also the oculomotor parameter

Paper-and-Pencil Test Performance of the Different Study Groups

Variable Healthy controls No neglect Moderate neglect Severe neglect

Bells test

CL 159+ 3 13.6 £ 1.0 59+13 1.1 £.7

CR 164 = 2 141+ 1.0 134+ 9 73=*1.6

CoC .01 = .01 .03 = .01 32+ .07 77 = .07
Star cancellation

CL 27.0 .0 240*9 143 +34 47*25

CR 269 = .1 254+ 8 223+ 1.6 148 £23

CoC 0=x0 .02 = .01 30 = .10 .68 = .10
Line bisection

Rightward deviation from

the center (mm) 19+14 7.1+23 148 £5.0 21.7 =32

Text reading

Errors (n) 0*+0 0+0 33+ 13 68 = 14
Figure copying

Ogden scene (score) 0*+0 135 27+ 4 40*+0

Note. CL = cancelations left; CR = cancelations right; CoC = center of cancelation. Mean = standard error

of the mean.
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CoF from the desk task (r = .705), the LI in the Posner task (r =
.594) and its mean RT (r = .473) were significantly correlated
with the CBS score (p always <0.001).

The lateralized deficit in the computerized tasks correlated
highly with the respective general speed of performance in either
task (desk’s LI with search duration: r = .852, p < .001; Posner’s
LI with RT: r = .869, p < .001). Between the different tasks, the
LI in the desk task correlated significantly with the LI in the
Posner task (r = .699, p < .001) and with the CoC in the Bell’s
task (r = .804, p < .001).

Lesion Overlaps and Voxel-Wise Lesion Symptom
Mapping

Figure 4 (A-C) depicts the overlap analyses of stroke lesions
separately for the three patient groups. The rather heterogeneous “no
neglect” group (mean lesion size = 28.0 = 27.5 cm?) had on average
smaller brain lesions than the “severe neglect” group (158.6 %= 24.9
cm?’; p = .004), whereas the “moderate neglect” group (75.4 = 23.8
cm?) did not differ significantly from the others. Furthermore, lesion
volume correlated significantly with the neglect-related behavioral
impairments as assessed by functional scales (CBS score: r = .570,
p = .001), paper-and-pencil tests (CoC Bells: 0.619, p < .001), and
computerized tasks (desk’s LI: r = 462, p = .008; desk’s CoF: r =
485, p = .007; Posner’s LI: » = .509, p = .003).

The subtraction analysis (Figure 4D), that is, “no neglect”
patients subtracted from the sum of “moderate” and “severe ne-
glect” patients, revealed the following regions that were more
frequently involved in patients with clinical manifest neglect: the
ventral frontal cortex (VFC; including insula [INS] and inferior
frontal gyrus [IFG]), the inferior parietal lobe (IPL; supramarginal
gyrus [SMG]) and the frontoparietal white matter (superior longi-
tudinal fasciculus [SLF]).

Next, a voxel-wise lesion symptom mapping (VLSM) was per-
formed for the following behavioral parameters: CBS score, CoC
Bells, Deviation in Line bisection; Reaction time (mean) and
Lateralization Index in the Posner task; Search duration (mean),
Lateralization Index and the Center of Fixation (CoF) in the desk
task. Figures 5 and 6 illustrate the major results.

The brain regions that were more frequently damaged in patients
with higher neglect related functional disability (CBS score, Figure
5A) were the VFC, the superior temporal gyrus (STG) and the IPL,
and the white matter tracts along the SLF. Interestingly, these were
almost identical to the regions that were associated with a stronger
rightward bias in the Bells cancellation task (CoC, Figure 5B).
Lesioned voxels in the SMG and along the SLF (Figure 5C)
survived even the stricter p < .01 level of significance, indicating
a critical role of those structures in the Bells cancellation perfor-
mance.

Aa8E

c

’ ‘u\»ﬂkﬁ .‘f)'.‘fffj :r; Pt
Y @Ziwﬁ,@,‘: i it

Figure 4. Lesion overlaps and subtraction analysis. Lesion overlap analyses were performed separately for
(A) “no neglect,” (B) “moderate neglect,” and (C) “severe neglect” patients. The absolute number of
overlapping lesions in a specific voxel/area is indicated by the color bar (minimum n = 2 patients show
damage in this voxel, maximum = all patients in the group have damage in this voxel). (D) The subtraction
analysis shows brain regions that were at least 40% (percentage color coded up to maximum of 100%) more
frequently damaged in patients with clinically manifest neglect than in “no neglect” patients: the insula and
inferior frontal gyrus, the supramarginal gyrus, and the frontoparietal white matter. The Montreal Neuro-
logical Institute Z coordinates are presented above each transverse section. See the online article for the

color version of this figure.
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Figure 5. Voxel-wise lesion symptom (VLSM) mapping of Catherine Bergego Scale (CBS) score and Bell’s
center of cancellation (CoC). Neuronal correlates of the neglect related functional disability (CBS score, A) and
the spatial attention bias in the Bell’s cancellation task (CoC, B and C), as revealed by a voxel-based
lesion-symptom mapping. Z values are shown color-coded, using false discovery rate—corrected at (A, B) p <
.05 or (C) p < .01. Only voxels that were damaged in at least 20% of the subjects were analyzed. Z coordinates
above each transverse slice are given in Montreal Neurological Institute space. Detailed description in the main
text. VFC = ventral frontal cortex; STG = superior temporal gyrus; SLF = superior longitudinal fasciculus;
IPL = inferior parietal lobe; SMG = supramarginal gyrus. See the online article for the color version of this

figure.

In the VLSM analysis of line deviation (bisection error) there
were no voxels that attained the level of statistical significance.
The VLSM for the different computerized task parameters (Figure
6) revealed an interesting dissociation of their individual neuronal
bases, despite the high correlation of their behavioral results as
reported in the previous section.

Among the desk task parameters, an increase of the mean search
duration was associated with damage to the STG (Figure 6A).
While the VLSM of the desk’s LI (i.e., difference in detecting
targets in the left vs. the right visual hemifield) yielded only a few
significant voxels along the SLF (not illustrated), the rightward
oculomotor bias during the accompanying visual exploration
(CoF) was significantly related to lesions affecting the frontal
operculum (Figure 6B).

In the VLSM analysis of mean RT in the Posner task, there
were no significant clusters of voxels that attained statistical
significance. However, missing left sided targets during the
Posner task (LI) was significantly associated with lesions of the
INS and the IFG (Figure 6C). For all the test parameters
reported above, voxels in the deep frontoparietal white matter
along the SLF consistently attained statistical significance (Fig-
ure 6A-C).

We also ran all the VLSM analyses with “lesion volume™ as an
additional regressor/covariate but due to the relatively small and
heterogeneous stroke cohort, these analyses did not reveal voxels
that survived the statistical threshold of false discovery rate p <
.05.

White Matter Tract Disconnections

In order to further analyze the impact of disconnections of the
different white matter tracts for neglect behavior and the spatial
attention bias, we applied the Disconnectome and Tractotron soft-
ware from the BCB toolkit to our patients’ lesion data (see Method
section).

The disconnectome maps, showing those tracts that are discon-
nected with a probability of >50% by the patient’s lesion, are
visualized as group-wise overlaps for the three groups of different
neglect severities in Figure 7. In both neglect patient groups, the
disconnectomes indicate severe white matter disconnections for
the frontoparietal tracts (SLF I-III) in the right hemisphere as well
as affection of the corpus callosum. However, the disconnectome
maps of patients without clinical signs of neglect (see Figure 7a)
also comprised these frontoparietal white matter tracts, even if
their involvement appears less severe.

We therefore applied the Tractotron software to our patients’
lesion and behavioral data, to analyze the association of structural
disconnections and behavioral deficits more precisely. Table 3
provides group results with respect to the relation of neglect
severity and disconnections of several white matter tracts that have
been previously associated with spatial neglect (Bartolomeo, Thie-
baut de Schotten, & Doricchi, 2007; Doricchi, Thiebaut de Schot-
ten, Tomaiuolo, & Bartolomeo, 2008). It shows that almost all the
patients with moderate or severe neglect had a disruption of white
matter tracts including the posterior segment of the arcuate
fasciculus (arcuate), the inferior fronto-occipital fasciculus, the
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Figure 6. Voxel-wise lesion symptom mapping of computerized task parameters. Anatomical correlates of
the spatial attention deficits in the computerized tasks, revealed by a voxel-based lesion-symptom mapping
for the following behavioral parameters: (A) Search duration and (B) center of fixation in the desk task and
(C) lateralization index in the Posner task. Z values are shown color-coded, using false discovery
rate—corrected p < .05. Only voxels that were damaged in at least 20% of the subjects were analyzed. Z
coordinates above each transverse slice are given in Montreal Neurological Institute space. Detailed
description in the main text. STG = superior temporal gyrus; SLF = superior longitudinal fasciculus;
FOp = frontal operculum; INS = insula; IFG = inferior frontal gyrus. See the online article for the color

version of this figure.

inferior longitudinal fasciculus (ILF), and the three branches of
the SLF (I, II, III). However, the majority of the right-
hemisphere stroke patients without any clinical signs of neglect
also showed a disruption of the SLF II, III and the inferior
fronto-occipital fasciculus, whereas >50% of these patients had
no lesions along the temporoparietal part of the arcuate and the
SLF I (Table 3).

In the next step, we therefore investigated the patients’ perfor-
mance in different behavioral tests as a function of white matter
tract involvement by their brain lesions. Using the results from the
Tractotron analysis, patients were divided into those whose lesions
spared a particular tract and those whose lesions disconnected the
tract with at least 50% probability. Then, their mean results in
different behavioral test parameters as revealed by the previous
VLSM analyses (see previous section) were compared between a
sparing and disconnection of relevant tracts (Figure 8). The pos-
terior segment of the arcuate fasciculus appeared relevant for all
the behavioral parameters indicating a spatial attention bias. To
specity, sparing of this tract was associated with normal or nearly
normal performance in the Bells test (CoC) and both computerized
tests (Posner’s LI, desk CoF) as well as with a lack of clinical
neglect signs (CBG), whereas disruption of the tract was correlated
with a strong ipsilesional attention bias. Similar results were found
for the ILF for the parameters Bells CoC and Posner LI. Surpris-
ingly, only the disconnection of branch I of the SLF was signifi-
cantly associated with the behavioral test deficits, while patients
with or without SLF II disconnection had similar performances.

The SLF III was disrupted in all but one patient of our stroke
cohort, which prevented a sufficient statistical comparison. None-
theless, this group of SLF III disconnected patients involved also
those patients with near to normal performance on spatial attention
tests and the CBG scoring.

Discussion

Sensitivity of the Realistic Desk Task for Spatial
Attention Deficits

Using a novel computerized task that simulated a real-life visual
search situation, we have shown that acute right-hemisphere stroke
patients both with and without clinical signs of spatial neglect
exhibit a functionally relevant ipsilesional spatial attention bias
that leads to misses of contralesional targets and a rightward shift
of exploratory eye movements.

In acute right-hemisphere stroke patients who showed normal
performance in the paper-and-pencil test battery for spatial neglect
(“no neglect” group), the lateralized deficit was evident in the
novel visual search task as in the Posner RT task. In the desk task,
the “no neglect” patients showed the typical pattern of a declining
attentional gradient for target locations from right to left, though
on a milder level than in those patients with moderate or severe
neglect. The equivalent in the Posner task was the decreased
detection rate and increased RT for contralesional targets (Posner
et al., 1984; Rengachary et al., 2011).
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Figure 7. Overlap of disconnectome maps. The patients’ individual disconnectomes (visualizing those tracts
that are disconnected by the lesion with >50% probability) are presented as overlaps for the different study
groups: (A) no neglect, (B) moderate neglect, and (C) severe neglect. The absolute number of overlapping
disconnectomes in a specific area is indicated by the color bar. The upper line shows blue Z coordinates of the
slices in Montreal Neurological Institute space. See the online article for the color version of this figure.

It is known that time-limited tasks and tasks of higher atten-
tional demands (Bonato et al., 2010; Deouell et al., 2005; Olk,
Harvey, & Gilchrist, 2002; Posner et al., 1984; Rapcsak, Ver-
faellie, Fleet, & Heilman, 1989; Rengachary et al., 2009; van
Kessel, van Nes, Brouwer, Geurts, & Fasotti, 2010) are able to
disclose a “hidden” contralesional attention deficit that patients
with mild or recovered neglect can compensate for during
simple paper-and-pencil tests without time constraints (see re-
views by Bonato, 2012; Schendel & Robertson, 2002). Further-
more, different studies previously showed that the ipsilesional
deviation of exploratory eye movements is a typical sign of
spatial neglect (Behrmann, Ebert, & Black, 2004; Hornak,
1992; Karnath, Niemeier, & Dichgans, 1998; Ptak, Golay, Miiri,
& Schnider, 2009) and that this oculomotor bias even seems to

Table 3
Disconnections of Right-Hemisphere White Matter Tracts in the
Different Study Groups

No Moderate Severe

Tract neglect neglect neglect
Arcuate, posterior segment 44 83 100
Inferior fronto-occipital fasciculus 78 92 91
Inferior longitudinal fasciculus 56 83 91
Superior longitudinal fasciculus I 44 67 91
Superior longitudinal fasciculus II 89 92 100
Superior longitudinal fasciculus IIT 89 100 100

Note. Percentage of patients within each study group whose brain lesions
disconnected the tracts of interest with a probability of >50%.

be especially sensitive for the detection of mild neglect in the
chronic stage (Pflugshaupt et al., 2004).

We could show, however, that this is not only true for tasks that
test reflexive shifts of spatial attention toward rapidly presented
abstract stimuli but also for a realistic visual search task, where
goal-directed shifts had to be performed toward everyday objects
in a naturalistic visual environment. To summarize, our novel
realistic visual search task was as sensitive as the established
Posner task for contralesional attention deficit in acute right-
hemisphere stroke patients and certainly more sensitive than the
conventional paper-and-pencil test battery that classified some of
the affected patients as “normal.”

The Neural Basis of the Ipsilesional Attention Bias

The common neural basis of the ipsilesional attention bias may
be the previously proposed attentional priority map, imbalanced
due to unilateral brain damage and preferring ipsilesional over
contralesional stimuli (Fecteau & Munoz, 2006; Pouget & Driver,
2000; Serences & Yantis, 2006). Although neurons along the
intraparietal sulcus exhibit necessary features such as multisensory
processing and the ability to encode spatial location of objects in
multiple egocentric frames of reference (Pouget & Driver, 2000;
Ptak & Fellrath, 2013), the intraparietal sulcus is certainly not the
only region that hosts an attentional priority map and that can
explain all the facets of the multicomponent neglect syndrome.

In line with a network theory of spatial attention processing and
previous lesion-symptom studies on neglect including meta-
analyses (Chechlacz et al., 2012; Corbetta & Shulman, 2011;
Fecteau & Munoz, 2006; Molenberghs et al., 2012; Serences &
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Figure 8. Behavioral test performances in dependence of white matter tract affection. The behavioral test
results of the Catherine Bergego Scale (CBS) score, center of cancellation (CoC) in the Bells test, lateralization
index (LI) in the Posner task, and center of fixation (CoF) in the desk task are depicted as a mean performance
of patients without (light gray) or with (dark gray) disconnection of different white matter tracts of interest. The
number of patients (n) with or without disconnection of the according tract is provided on the left of the y-axis.
Error bars show standard error of the mean. * p < .05, ™ p < .01, Mann—Whitney U test.

Yantis, 2006; Verdon et al., 2010), our lesion overlaps and VLSM
analyses did not yield a single critical cortical region responsible
for the ipsilesional attention bias, but pointed to several regions
involved in different processes of spatial attention.

The subtraction analysis between neglect and no neglect patients
as well as the VLSM analysis of neglect-related functional dis-
ability (CBS score) revealed common regions typically associated
with neglect behavior (Doricchi et al., 2008; Mort et al., 2003;
Verdon et al., 2010): the VFC (including INS and IFG), the IPL
(particularly the SMG), and the frontoparietal white matter.

The VLSM analyses of the different computerized and paper—
pencil test parameters, however, revealed several dissociations.
The ipsilesional attention bias, as reflected by the CoF in the desk
task or the LI in the Posner task, was specifically correlated with
VEC lesions (INS, IFG, frontal operculum). This is in line with
previous observations and the assumed role of the VFC in com-
bining information from the ventral and dorsal attention networks
(Rengachary et al., 2011).

In contrast, the paper-and-pencil test equivalent, that is, the
rightward shifted CoC in the Bells test, was highly associated with
inferior parietal lesions affecting the SMG. This underlines the role

of the parietal lobe as an integrator of multisensory information
from objects in space on its way to a motor response, that is,
sensory-motor transformation such as required for visual search
and cancellation (Pouget & Driver, 2000; Ptak & Fellrath, 2013).

An increased mean search duration in the desk task was asso-
ciated with lesions involving the STG. While its “crucial” role for
the development for neglect behavior has been extensively debated
and remains controversial (Karnath, Ferber, & Himmelbach, 2001;
Mort et al., 2003), a previous study using inhibitory transcranial
magnetic stimulation over the right STG showed disturbances of
visual search performance in difficult feature search after the
stimulation (Ellison, Schindler, Pattison, & Milner, 2004). Hence,
the STG plays some role in visual search for objects in space and
discrimination of targets from distractors. However, neither our
lesion-symptom mapping on the neglect-related functional disabil-
ity nor the subtraction analysis on clinically manifest neglect
versus no-neglect patients detected a critical involvement of the
STG.

Beside the different cortical structures mentioned above, it was
voxels in the deep frontoparietal white matter that consistently
attained statistical significance in classical nonparametric VLSM
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analyses of almost all the reported test parameters. We applied
novel tools of white matter analyses (Foulon et al., 2018) to
disentangle whether this really indicates a critical role of the tracts
for spatial attention processes or whether this just reflects the usual
anatomy of vascular supply in patients with infarction of the
middle cerebral artery. First, disconnectome maps indicated a
profound affection of frontoparietal white matter tracts and the
corpus callosum in those patients with moderate to severe neglect,
which would support the view of spatial neglect as a disconnection
syndrome (Bartolomeo et al., 2007; Doricchi et al., 2008; Hattori
et al.,, 2018). In line of this proposal, analyzing the impact of
individual white matter tract disconnections on behavioral param-
eters revealed a significant association between the disconnection
of the arcuate fasciculus (the temporoparietal, posterior segment)
and the first branch of the SLF I and also partly of the ILF. In
contrast, we found no correlation of SLF II disruption and spatial
attention tests performances. Moreover, despite involvement of the
SLF III in almost all brain lesions of our stroke patients, only a part
of them had a manifest spatial neglect syndrome. This does not
exclude a relevant role of these two SLF branches for spatial
attention (Bartolomeo et al., 2007; Thiebaut de Schotten et al.,
2014), but argues against the view of SLF disconnections as a
necessary prerequisite for spatial neglect development. It might
also indicate the common vascular supply of the middle cerebral
artery, of which large territorial infarctions, that typically lead to
the full-blown picture of spatial neglect due to multifocal cortical
damage (Gottesman et al., 2008; Ringman et al., 2004), overlap in
central parts of the right hemisphere involving those white matter
tracts. In line with these previous observations, our lesion-
symptom mapping analyses including correlations of lesion size
and behavioral neglect parameters revealed that larger brain le-
sions were associated with more severe neglect. It still remains a
matter of debate and hard to disentangle, however, whether the
disrupted frontoparietal white matter tracts in right-hemisphere
stroke patients with large brain lesions and severe neglect are
responsible for the cognitive deficit or just epiphenomena in terms
of “collateral damage,” while lesions of (multiple or remote)
cortical sites are deemed causal for neglect. Future studies on this
specific issue will have to respect the multifaceted nature of
neglect and its different components (Molenberghs et al., 2012;
Verdon et al., 2010), the potential consistent errors of lesion-
symptom inferences from data with high-dimensional structure
(Mah, Husain, Rees, & Nachev, 2014) and the fact that brain
lesions have local and remote effects that impact functionally and
structurally connected circuits in the brain (Foulon et al., 2018).

Clinical and Functional Relevance of ‘“Subclinical”
Lateralized Attention Deficits

What is the functional relevance of the ipsilesional attention bias
detected by the computerized tests, especially if it so mild (“sub-
clinical”) that it is missed by the established paper-and-pencil
test batteries and clinical examination for neglect? Does our
realistic visual search task really bear a diagnostic advantage
for care providers in testing stroke patients for spatial attention
deficits?

As described above, the time-limited computerized desk task
disclosed a spatial attention bias in right-hemisphere stroke pa-
tients without clinical signs of neglect that was not detected by the

established paper-and-pencil tests. Hence, its sensitivity for later-
alized spatial attention deficits in these patients was higher than for
the conventional bedside tests. The question remains, however,
whether this mild bias is of functional relevance for the patients.
Among the different paper-and-pencil tests, cancellation tasks
(such as the Bells test in our study or the Mesulam cancellation
task in previous studies; Azouvi et al., 2002; Rengachary et al.,
2009; Rorden & Karnath, 2010) have proven not only very sensi-
tive for spatial neglect, they correlate especially well with the
functional impairments of the patients. In fact, it was not a param-
eter from the computerized tasks that showed the highest correla-
tion with the CBS score in our stroke cohort, but the CoC from the
Bells test. Hence, one could argue that time-limited computerized
tasks disclose a mild spatial attention bias that, nonetheless, is not
functionally relevant for the patients in their everyday life. How-
ever, while the CBS may be a clinically feasible and relevant score
of neglect-related functional disability in the basic activities of
daily living, such as eating from a plate, getting dressed and
moving on the ward or rehabilitation unit, it certainly does not
cover more demanding activities such as orienting in traffic or
shopping in the supermarket. These situations of higher attentional
demand may be better reflected by more complex and time-limited
tasks with numerous objects competing for attention. This assump-
tion is supported by a case report of Deouell et al. (2005). They
describe a right-hemisphere stroke patient who fully recovered
from initial neglect according to his Behavioral Inattention Test
performance (almost the highest score) and who showed normal
visual fields on perimetry. After receiving back his driver’s li-
cense, however, he was involved in nine car accidents always
affecting the left side of his car. In this patient, the authors
uncovered a significant slowing of responses to left-sided as com-
pared to right-sided events in a computerized, dynamic RT task.
Because our desk task directly tests a realistic visual search in a
naturalistic environment of everyday objects, and not the latencies
of responses to rapidly presented abstract objects, it provides a
concrete information on an important everyday life function. Def-
icits in this task can then be extrapolated to other situations of
similar or higher attentional demands that patients encounter in
their everyday life.

Conclusions and Limitations

We have to emphasize that, in contrast to previous studies that
investigated computerized RT tasks in neglect patients in a sub-
acute or chronic stage (Bays et al., 2010; Deouell et al., 2005;
Rengachary et al., 2011), our stroke cohort was tested in a very
acute stage of stroke (range = 1-13 days poststroke, M = 4 days).
While brain lesions in the MRI scans at that time (and consecu-
tively our lesion-symptom analyses) may be influenced by edema
due to early disturbances of cerebrovascular autoregulation, the
behavioral data are less affected by individual compensational
processes and reflect the pure attentional deficits and sometimes
full blown clinical picture of hemispatial neglect. Although com-
pensational processes lead to a remission of neglect symptoms in
most of the acute patients, a significant proportion of right-
hemisphere stroke patients will exhibit spatial attention deficits
and especially the ipsilesional bias continuing into their chronic
stage (Jehkonen et al., 2000; Rengachary et al., 2011; Ringman
et al., 2004). Because this bias can be extremely functionally
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relevant in more demanding everyday life situations as demon-
strated by the desk task, care providers in and outside rehabil-
itation units should consider these deficits especially in those
right-hemisphere stroke patients who are otherwise less im-
paired and may have originally been diagnosed as “no neglect”
patients.
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