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Abstract

Objectives: The ‘attentional spotlight’ can be adjusted depending on the task requirements, resulting in processing information at either the local or
global level. Stroke can lead to local or global processing biases, or the inability to simultaneously attend both levels. In this study, we assessed the (1)
prevalence of abnormal local and global biases following stroke, (2) differences between left- and right-sided brain damaged patients, and (3) relations
between local and global interference, the ability to attend local and global levels simultaneously, and lateralized attention, search organization, search
speed, visuo-construction, executive functioning, and verbal (working) memory. Methods: Stroke patients admitted for inpatient rehabilitation com-
pleted directed (N = 192 total; N = 46 left-sided/N = 48 right-sided lesion) and divided (N =258 total; N = 67 left-sided/N = 66 right-sided lesion)
local-global processing tasks, as well as a conventional neuropsychological assessment. Processing biases and interference effects were separately com-
puted for directed and divided tasks. Results: On the local-global tasks, 7.8-10.9% of patients showed an abnormal local bias and 6.3-8.3% an abnormal
global bias for directed attention, and 5.4-10.1% an abnormal local bias and 6.6-15.9% an abnormal global bias for divided attention. There was no
significant difference between patients with left- and right-sided brain damage. There was a moderate positive relation between local interference and
search speed, and a small positive relation between global interference and neglect. Conclusions: Abnormal local and global biases can occur after stroke
and might relate to a range of cognitive functions. A specific bias might require a different approach in assessment, psycho-education, and treatment.

Keywords: Stroke; cognition disorders; perceptual disorders; spatial processing; attention; neuropsychological tests; hierarchical processing;
local processing; global processing; hemispatial neglect
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Introduction cases result in visuo-perceptual disorders such as simultanagnosia
or prosopagnosia (Dalrymple et al., 2007; Doricchi & Incoccia,
1998; Morihara et al, 2021; Rentschler et al, 1994).
Nevertheless, local and global processing biases are not evaluated
as part of standard cognitive assessment, and it is unknown how
often such impairments occur or how they relate to more com-
monly assessed cognitive impairments.

The primary aims of this exploratory study were to first assess
the prevalence of abnormal local and global biases in a stroke pop-
ulation admitted to inpatient rehabilitation, and second to assess
the previously reported relations between right hemisphere path-
ology and global processing deficits, and left hemisphere pathology
and local processing deficits.

A secondary aim was to explore potential implications of
abnormal local and global interference by assessing their associa-
tions to other cognitive domains, such as lateralized attention
(visuospatial neglect), visual search organization, search speed,
visuo-construction, executive functioning, and verbal (working)

A visual scene can be perceived feature-by-feature or as a whole.
Healthy people typically show a global processing bias: the “whole”
is processed before its parts (Han & Humphreys, 2002; Kimchi,
1992; Lamb et al.,, 1989; Robertson et al., 1988). This global bias
changes with age, reducing the size of the ‘attentional spotlight’
and/or the ability to process local and global information simulta-
neously (Oken et al., 1999; Slavin et al., 2002; Roux & Ceccaldi,
2001; Scailquin & Bruyer, 2000). The ability to process information
at either the local or global level, or to process local and global
information simultaneously, can be impaired following brain dam-
age. Typically, associations have been found between right hemi-
sphere pathology and impaired global processing, and left
hemisphere pathology and impaired local processing (Delis
et al., 1986; Lamb et al., 1989, 1990; Lux et al., 2006; Robertson
et al., 1988; Robertson & Delis, 1986; see for a review Robertson
& Lamb, 1991). Changes in local or global processing could have
implications for higher cognitive functioning, and can in extreme
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memory. Even though some relations have been reported between
global or local processing impairments and visuospatial neglect
(Lux et al, 2006), spatial visualization (Kramer et al., 1991;
Delis et al.,, 1992), visuo-spatial orientation (Basso & Lowery,
2004), and visuo-construction (Deckersbach et al., 2000; Lange
et al,, 2000; Savage et al., 1999; Shorr et al., 1992), there are no
insights on the relations between local and global interference
effects and the different cognitive domains in a large sample, using
a within-subject design.

Whether a particular element is considered a whole or a detail
depends on the perspective. In studying local and global process-
ing, nested hierarchical structures such a Navon figures are typi-
cally used (Robertson & Delis, 1986). Navon figures consist of a
large letter or shape (i.e., global level) composed of smaller letters
or shapes (i.e., local level; Navon, 1977). In the current study, local
and global bias and interference were measured by briefly present-
ing a Navon figure after which participants were asked to identify a
target letter at either the global or local level (i.e., directed atten-
tion). We additionally measured divided attention by having par-
ticipants identify targets that could appear at either the local and
global level, to assess the ability to allocate attention to local and
global information simultaneously. We included a larger sample
of stroke patients (N=192) compared to previous studies (i.e.,
N=12 to 24), allowing us to control for potential confounders
(i.e., age and sex; Kramer et al., 1996; Oken et al., 1999; Slavin
et al., 2002).

Method
Participants

We retrospectively used routinely collected data of stroke patients
who were admitted for inpatient rehabilitation in De Hoogstraat
Rehabilitation center, the Netherlands, between September 2014
and July 2017. Inclusion criteria for the current study were (1)
clinical diagnosed symptomatic stroke, first or recurrent, verified
by magnetic resonance imaging (MRI) and/or computed tomogra-
phy (CT) data, (2) sufficient comprehension of task instructions
(as assessed by a rehabilitation physician), (3) normal or cor-
rected-to-normal visual acuity, and (4) availability of data for at
least one of the hierarchical processing tasks.

Healthy participants were recruited among relatives and friends
of the staff. They were given a reimbursement of (travel) expenses.
Inclusion criteria were (1) being >40 years, aiming to obtain a con-
trol group with a similar age distribution as the stroke group, (2) no
history of neurological or psychological disorders, and (3) normal
or corrected-to-normal visual acuity. Data of the healthy control
group were used to determine cut-off scores for the hierarchical
processing tasks.

Procedure and tests

At admission, a rehabilitation physician noted demographic and
stroke-related characteristics. Patients were invited for a neglect
assessment (including the hierarchical processing tasks) and a gen-
eral neuropsychological assessment, both as part of usual care.
From these assessments, the tasks that were administered in most
patients were selected for the current study. Not all tasks were
administered in each patient due to, for example, fatigue or lan-
guage impairments. The research was performed in accordance
with the standards of the Declaration of Helsinki. Data was col-
lected as usual care. Upon admission, patients were aware that their
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anonymized clinical data may be used for research purposes and
had the option to ‘opt out’.

Demographic and stroke-related characteristics

The following data were obtained on admission to the rehabilita-
tion centre: age, sex, handedness, days post-stroke at the time of
admission to rehabilitation (with respect to the latest stroke),
stroke history (first, recurrent), stroke type (ischaemic, intracere-
bral haemorrhagic, subarachnoid haemorrhagic), lesioned hemi-
sphere (left, right, both), level of independence during daily life
activities (Barthel Index; Collin et al., 1988), strength in the upper
and lower extremities (Motricity Index; Collin & Wade, 1990),
global cognitive functioning (Montreal Cognitive Assessment
[MoCAJ; Nasreddine et al., 2005), and quality of communication
(“Stichting Afasie Nederland”; Deelman et al., 1981).

Hierarchical processing tasks

Hierarchical visual processing was assessed by a divided and
directed attention task, based on the study of Bultitude et al.
(2009). Stimuli were Navon figures that consisted of one large letter
composed of smaller letters. Participants were presented with a
printed example stimulus while the task was being explained.

In the divided attention task, participants were instructed to
indicate whether the letter ‘A/a’ or ‘S/s’ was present on the screen
regardless of the level (either the large letter or the small letters).
There were eight unique stimuli in the divided attention task: four
for the local (Ha, Ea, Hs, Es) and four for the global condition (Ae,
Ah, Sh, Se; Figure 1a). Conditions were randomized within blocks.
All participants started with the divided attention task, to prevent
any carry-over effects which could cause a bias in which level was
attended most.

In the local and global conditions of the directed attention task,
participants were asked to attend to local and global levels in sep-
arate blocks. In the local condition, participants had to indicate
whether the small letters consisted of letters ‘a’ or ‘s’. In the global
condition, participants had to indicate whether the large letter was
a letter ‘A’ or ‘S’. There were four unique stimuli in the directed
attention task: two congruent (i.e., same letters on both the global
and local level; Aa, Ss) and two incongruent (i.e., different letters on
the global and local level; As, Sa; Figure 1b). The order of the local
and global conditions in the directed attention task was counter-
balanced between participants.

A computer screen was positioned 60 cm from the participant’s
eyes. Stimuli were black on a white background. Eye movements
were allowed during the entire task. A trial started with a 500-
Hz tone presented for 500 ms (Figure lc). After a delay of
100 ms, a central fixation cross (3 X 3 mm) appeared. After
500 ms, the stimulus was presented left or right with respect to cen-
tral fixation, in such way that there was 2.4 cm between the fixation
cross edge and the inner edge of the stimulus. The stimuli consisted
of 14 small letters (4 X 6 mm; local letters) arranged to form one
large letter (25 x 38 mm; global letter). A trial ended by a response,
followed by an inter-trial interval of 1000 ms. Participants had to
provide a response by pressing a green or red button (i.e., the ‘b’
and ‘n’ keys on a keyboard with green and red stickers). Which
key belonged to which letter was counterbalanced between partic-
ipants, and did not change between tasks or conditions. A piece of
paper with the letters on it and an arrow pointing out the key that
belonged to this letter was present above the keyboard as a
reminder throughout the task. Participants were instructed to
respond as accurately as possible. There was unlimited time to
make a response.
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Fig. 1. (a) Example stimuli used in the divided
attention task. (b) Example incongruent (left-
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Prior to each task, there were 12 practice trials with randomly
chosen stimuli which remained on screen until a response was
made. The divided task, and each of the two conditions in the
directed task consisted of 6 blocks with 8 trials, resulting in a total
of 48 trials. Per block, each unique stimulus of the divided attention
task was presented once, for each condition of the directed atten-
tion task each unique stimulus was presented twice. Within each
block, half of the stimuli were presented left and the other half right
relative to the fixation cross, in a random order.

A staircase procedure was used to determine the stimulus dura-
tion. The staircase eliminated some of the differences in processing
speed between participants to ensure that all patients had enough
time to identify the target letter. In the first block, the stimulus
duration was 1000 ms. The stimulus duration in a consecutive
block decreased if <3 errors were made, and increased if >3 errors
were made. Possible stimulus durations were fixed: 2000, 1500,
1000, 750, 500, 250, and 150 ms. When >3 errors were made dur-
ing two consecutive blocks with the longest stimulus duration (i.e.,
2000 ms), the task was terminated. Each participant therefore com-
pleted at least four blocks (32 trials) up to a maximum of six blocks
(48 trials). See Supplementary Tables 1-3 for the minimum stimu-
lus durations. Per task (i.e., divided attention, directed attention)
and condition (i.e., local, global) the percentage of errors was com-
puted based upon all available blocks.!

For both the directed and divided attention tasks, a bias score
was computed (=% errors local condition-% errors global condi-
tion), resulting in a bias score ranging from —100% to 100%.
Positive scores indicated that more errors were made in the local
versus global condition (i.e., global bias), negative scores indicated
that more errors were made in the global versus local condition
(i.e., local bias).

For the directed attention task, global interference was com-
puted by assessing the difference between the percentage of errors

IWe used error rate as an outcome measure instead of the outcome of the staircase,
which was the final stimulus duration. The error rate and final stimulus duration are related
to each other, as the stimulus duration changed if >3 errors (out of 8 trials) per block were
made. Indeed, bias scores based upon error rates showed a strong (Pearson) correlation
with bias scores based upon final stimulus durations (r=.91, p<.001). We used the error
rate as an outcome measure because it is a more precise measure of performance as com-
pared to the final stimulus duration.

Reaction time (RT) was not used as our main outcome measure because 1) participants
were not instructed to respond as quickly as possible and 2) stimulus durations differed
between blocks and participants because of the staircase used. Stimulus durations have
a large effect on RT and, therefore, introduce additional noise in the RT data.
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hand figure) and congruent (right-hand figure)
stimuli used in the directed attention task. (c)
Time course of one trial in the hierarchical
processing tasks.

for the congruent and incongruent trials in the local condition
(=% errors incongruent local condition-% errors congruent local
condition), and local interference was computed by assessing the
difference between the percentage of errors for the congruent and
incongruent trials in the global condition (=% errors incongruent
global condition-% errors congruent global condition). Higher
scores indicated more interference from the irrelevant level.

Neuropsychological assessment

A selection of conventional neuropsychological tasks was used.
Visuospatial neglect/lateralized inattention was assessed with the
Catherine Bergego scale (total score; Azouvi et al, 2003; Ten
Brink et al., 2013), line bisection test in near and far space
(deviation; Van der Stoep et al., 2013), Balloons Test (laterality
score of subtest B; Edgeworth et al., 1998), and shape cancellation
task with and without feedback (Centre of Cancellation; CoC-X).
The shape cancellation task was additionally used to assess search
organization (intersections rate; Dalmaijer et al., 2015; Ten Brink
et al., 2016, 2018). The Trail Making Test (TMT)-A and TMT-B
subtests were used to examine search speed (duration), and a cor-
rected score for the TMT-B subtest to assess switching (TMT-ratio;
Bouma et al,, 2012). Visuospatial perception/visuo-construction
was asssessed with the Rey Complex Figure Test copy (total score;
Bouma et al,, 2012; Rey, 1941), the Tower Test to assess spatial
planning (total score; Delis et al., 2007), the Brixton Spatial
Anticipation Test (‘Brixton Test’) to assess rule switching/spatial
prediction (errors; Burgess & Shallice, 1997), the Digit Span
Forward to asses short-term verbal memory, and Backward to
assess verbal working memory (longest sequence; Wechsler,
2012). The Rey Auditory Verbal Learning Test (RAVLT) was used
to measure long-term verbal memory (immediate recall score,
delayed recall score, and recognition score; Bouma et al., 2012).
See Supplementary Material (Appendix A) for detailed task
descriptions.

Statistical analyses

Analyses were carried out in IBM SPSS Statistics version 23. The
level of significance was set at alpha = .05. Eta-squared (n?) was
reported as effect size for ANOVA’s. Effect sizes for Mann
Whitney tests were computed with the Pearson correlation coeffi-
cient using the following formula: r = Z/\/N (Rosenthal, 1994).
Effect sizes of >.10 were considered to reflect a small, >.30 a
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medium, and >.50 a large effect (Field, 2013). Spearman’s rho was
interpreted as small, >.10, moderate, >.30, large, >.50, or very
large, >.70 (Dancey & Reidy, 2004).

Demographic and stroke-related characteristics

Age, sex, and handedness were compared between stroke patients
and healthy controls using #-tests and Chi-square tests. Descriptive
data were provided regarding stroke-related characteristics.

Local and global bias in stroke patients

The local and global bias scores of healthy controls were used to
define normal ranges. Because there is no existing standard for
what constitutes normal ranges for this task, we calculated these
based on two commonly used margins: the mean +2 SD and the
mean *3 SD. Bias scores outside these ranges were labeled as
‘abnormal local bias’ (i.e., more errors in the global versus local
condition) or ‘abnormal global bias’ (i.e., more errors in the local
versus global condition). Descriptive data were provided on the
percentages of stroke patients with an abnormal local or global bias
in the directed and divided attention tasks, based upon both
cut-offs.

Spearman correlations were conducted between the bias scores
at the directed and divided attention tasks to obtain insight into
whether performances in the directed and divided attention tasks
were related to each other.

Local and global bias and interference in left- versus right-
brain damaged stroke patients

Patients with left- and right-brain damage were compared regard-
ing their local and global bias score in the directed and divided
attention tasks, and regarding their local and global interference
scores in the directed attention task. Only a subset of the popula-
tion, namely stroke patients with unilateral lesions and no known
recurrent stroke, was included in this analysis (left-sided lesion: n
= 46, 67; right-sided lesion: n = 48, 66; for the directed and divided
attention tasks respectively).

For the bias scores at the directed and divided attention tasks,
we conducted two one-way ANOV As with lesion side (left, right)
as between subjects-factor. For the interference scores at the
directed attention task, a repeated measures ANOVA was con-
ducted with lesion side (left, right) as between subjects-factor
and interference level (local, global) as within-subjects factor. A
supplementary repeated measures ANOVA was conducted with
presentation side (left, right) as additional within-subjects factor.
Finally, a supplementary repeated measures ANOVA was con-
ducted with RT as dependent variable. Age and sex were included
as covariates for all analyses.

Sensitivity analyses were performed using non-parametric
Mann-Whitney U tests, for all blocks and for the first block only
(i.e., with a stimulus duration of 1000 ms for all patients).

Relations between local and global interference with other
cognitive functions

To obtain insight into implications of local and global interference,
and implications of inability to simultaneously attend the local and
global level, we conducted Spearman correlations between the local
and global interference scores in the directed attention task,” the
absolute bias score in the divided attention task (as a measure of
inability to simultaneously attend the local and global level,

2We did not use the bias score for the directed attention task since it ranges from —100%
(local bias) to 100% (global bias) and using it in correlation analyses would, therefore, not
dissociate between local and global bias.

https://doi.org/10.1017/5S1355617723000231 Published online by Cambridge University Press

Antonia F. Ten Brink et al.

regardless of whether there was a local or global bias), and neuro-
psychological outcome measures. Because for many patients data
on one or more tasks was missing, we used the option ‘Exclude
cases pairwise’. Correlations were interpreted before and after
Bonferroni correction for 19 comparisons.

Results
Demographic and stroke-related characteristics

A total of 489 stroke patients received a neglect assessment within
the specified time frame. Of these, 204 were excluded because they
did not complete any of the hierarchical processing tasks.

A subset of patients (n=22, 7.75%) made a relatively large
number of errors in the congruent trials of the directed attention
task. This suggests that these patients were not able to perform
the task according to the provided instructions. This is likely
not, or not only, due to a global or local processing bias, in which
case no or little errors are expected in congruent trials. Possibly,
other cognitive deficits interfered with task performance, such as
deficits in primary visual perception, language, or executive func-
tioning. We decided to exclude patients who made >20% errors in
the congruent trials of either the local or global condition of the
directed attention task. Of the remaining 263 patients, 192 com-
pleted the directed, and 258 the divided attention task. For our sec-
ond aim, we included a subset of patients with first ever, unilateral
stroke (left-sided: n = 69; right-sided: n = 67).

A total of 35 healthy participants were included, of whom one
only completed the directed attention task. Stroke patients and
controls did not differ regarding sex, ¥*(1) = 2.41, p = .121, hand-
edness, y%(1) =1.27, p = .260, or age, #(295) = —1.68, p = .094
(Table 1).

Local and global bias in stroke patients

The bias scores and interference scores for the directed and divided
attention tasks are listed in Table 2, split for controls and stroke
patients.

In the directed attention task, 155-165 (80.7-85.9%) stroke
patients did not show any abnormal bias, 15-21 (7.8-10.9%)
showed an abnormal local bias, and 12-16 (6.3-8.3%) showed
an abnormal global bias (Figure 2A). In the divided attention task,
191-227 (74.0-88.0%) stroke patients did not show any abnormal
bias, 14-26 (5.4-10.1%) showed an abnormal local bias, and 17-41
(6.6-15.9%) showed an abnormal global bias (Figure 2B). Boxplots
depicting the error rates for the different conditions per bias group
are provided in Supplementary Figure 1.

Having a local or global bias when attention had to be directed
towards one level was moderately related to having a local or global
bias when attention had to be divided between levels, r = .42,
p < .001 (n=221).

Local and global bias and interference in left- versus right-
sided brain damaged stroke patients

In the directed attention task, there was no main effect of lesion
side, i.e., there were no differences in the ability to direct attention
towards local or global information between patients with left- ver-
sus right-sided brain damage, F(1) = 3.51, p = .064, 2 = 0.04 (i.e.,
based on the bias score). Sensitivity analyses based on data from the
entire task (U= 1031, z = —0.56, p = .579, r = —0.06), or the first
block (U=976.5, z = —1.14, p = .253, r = —0.12), showed similar
results.
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Table 1. Demographic and stroke-related characteristics, mean (SD) or percentage (n), split for healthy controls (n = 35), all stroke patients (n = 263), stroke patient
with left-sided unilateral damage after a first stroke (n =69) and patients with right-sided unilateral damage after a first stoke (n =67)

Stroke patients

n Healthy controls n All stroke patients n Left-sided lesion n Right-sided lesion

Age, in years 35 55.00 (11.98) 262 58.47 (11.38) 69 57.32 (12.70) 67 59.06 (11.11)
Sex, % female 35 51.4% (18) 262 37.8% (99) 69 31.9% (22) 67 38.8% (26)
Handedness?, % right 34 85.3% (29) 220 91.4% (201) 61 96.7% (59) 58 93.1% (54)
Time post-stroke, in days 262 35.18 (78.89) 69 26.72 (34.55) 67 39.40 (68.12)
Stroke history, % first 181 83.4% (151) 69 100% (69) 67 100% (67)
Stroke type 251 69 67

% Ischemic 73.7% (185) 78.3% (54) 79.1% (53)

% Intracerebral haemorrhage 19.1% (48) 18.8% (13) 17.9% (12)

% Subarachnoid haemorrhage 7.2% (18) 2.9% (2) 3.0% (2)
Lesioned hemisphere 235 69 67

% Left 47.2% (111) 100% (69) 0

% Right 44.7% (105) 0 100% (67)

% Both 8.1% (19) 0 0
Barthel Index (0-20) 204 14.04 (4.89) 63 14.94 (4.70) 62 13.40 (4.88)
Motricity Index, upper (0-100) 208 71.22 (35.33) 66 75.61 (33.29) 61 63.49 (37.38)
Motricity Index, lower (0-100) 207 76.34 (29.60) 66 76.53 (29.25) 62 73.31 (30.36)
Montreal Cognitive Assessment (0-30) 188 22.10 (3.92) 54 21.50 (4.69) 62 22.36 (3.72)
Stichting Afasie Nederland (1-7) 209 5.77 (1.63) 67 5.31 (1.70) 63 6.29 (1.16)

!None of the controls and four stroke patients were ambidextrous. They were combined with the left-handed group for the statistical comparison because of the small group size.

Table 2. Bias scores in the directed and divided attention tasks, and interference scores in the directed attention task, split for healthy controls, stroke patients, and
stroke patients with unilateral left-sided and right-sided lesions after a first stroke. Means (SD) are depicted, and percentages (n) stroke patients who obtained
abnormal scores based upon the mean +2 SD or +3 SD of healthy controls. Positive bias scores indicate a global bias, negative bias scores indicate a local bias.
Positive interference scores indicate more interference for the given level. None of the scores are corrected for age and sex

n Healthy controls

Stroke patients

n All stroke patients n  Left-sided lesion n  Right-sided lesion

Directed attention

% Errors 34
Local incongruent 7.72% (9.63%)
Local congruent 3.06% (4.01%)
Global incongruent 4.90% (5.18%)
Global congruent 2.94% (4.17%)
Bias score [=% errors local - % errors global] 34 294 (9.71)
% With abnormal bias score (2SD-3SD from controls
mean)
No bias
Global bias
Local bias
Global interference [=% errors local incongruent - % 34  4.66 (10.25)
errors local congruent]
Local interference [=% errors global incongruent - % 34  1.96 (6.43)
errors global congruent]
Divided attention
% Errors 35
Local 9.76% (11.43%)
Global 11.19% (15.75%)
Bias score [=% errors local - % errors global] 35 —1.43 (10.69)

% With abnormal bias score (2SD-3SD from controls 35
mean)

No bias

Global bias

Local bias

192 46 48
14.34% (19.00%) 14.86% (22.57%) 11.23% (13.43%)
3.55% (4.57%) 3.40% (4.88%) 3.54% (4.41%)
12.07% (21.66%) 8.15% (15.81%) 14.24% (25.03%)
3.28% (4.42%) 3.35% (4.36%) 2.13% (3.78%)
192 2.55 (27.86) 46  6.75 (28.84) 48 —1.60 (28.52)
192 46 48
80.7-85.9% (155-165) 82.6-87.0% (38-40) 81.3-85.4% (39-41)
8.3-6.3% (16-12) 10.9-8.7% (5-4) 42% (2)
10.9-7.8% (21-15) 6.5-4.3% (3-2) 14.6-10.4% (7-5)
192 10.79 (18.85) 46 11.46 (22.28) 48 7.69 (12.79)
192 8.79 (20.97) 46 4.80 (15.83) 48 12.11 (24.65)
258 67 66
18.48 (14.98%) 17.59% (15.56%) 17.52% (14.68%)
15.99% (15.98%) 15.08% (15.03%) 14.27% (15.04%)
258 2.49 (19.85) 67  2.50 (20.24) 66  3.25 (16.61)
258 67 66

74.0-88.0% (191-227)
15.9-6.6% (41-17)
10.1-5.4% (26-14)

71.6-88.1% (48-59)
17.9-6.0% (12-4)
10.4-6.0% (7-4)

80.3-92.4% (53-61)
10.6-4.5% (7-3)
9.1-3.0% (6-2)

In the directed attention task, there was no main effect of level
of interference (i.e., local vs. global), F(1)=2.13, p = .148, n* =
0.02, and no main effect of lesion side, F(1) =0.004, p = .948,
n?= 0. There was an interaction effect between lesion side and level
of interference, F(1) =4.72, p = .032 (Figure 2C). Descriptively,
there was more global interference (i.e., in line with a global bias)
in patients with left-sided brain damage, and more local interfer-
ence (i.e., in line with a local bias) in patients with right-sided brain
damage. Post-hoc tests did not, however, show significant main
effects for level of interference for patients with left-sided lesions,
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F(1)=0.19, p = .665, n* =0, nor for patients with right-sided
lesions, F(1) =3.47, p = .069, n?=0.07. Supplementary analyses
showed that there was no interaction with presentation side (see
Supplementary Material; Appendix C). Supplementary analyses
of RT did not yield differences between groups, although these
should be interpreted with caution because the task was not
designed to optimally measure RT (see Supplementary Material,
Appendix C).

In the divided attention task, there was no main effect of lesion
side, i.e., patients with left- and right-sided brain damage showed
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Fig. 2. Boxplots depicting bias scores (= % errors local condition - % errors global condition) for (A) the directed attention task, split for healthy controls (n = 34) and stroke

patients (n = 192), and (B) the divided attention task, split for healthy controls (n = 35)

and stroke patients (n = 258). Positive bias scores reflect more errors in the local vs. global

condition (i.e., global bias), negative scores reflect more errors in the global vs. local condition (i.e., local bias). The horizontal lines indicate the normal range based on the mean
+3 5D of scores obtained by healthy controls. (c) Boxplots depicting interference scores (= % errors incongruent - % errors congruent; either for the local or global condition) in the
directed attention task. Scores are split for stroke patients with left-sided (n = 77) and right-sided lesions (n = 80). None of the scores are corrected for age and sex. The thick line in
the middle is the median. The top and bottom box lines show the first and third quartiles. The whiskers show the maximum and minimum values, with the exceptions of outliers

(circles) and extremes (asterisks).

similar patterns in the ability to divide attention between local and
global information, F(1) =0.06, p = .802, 12 =0 (i.e., based on the
bias score). Sensitivity analyses based on data from the entire task
(U=2190, z = —0.10, p = .924, r = —0.01), or the first block
(U=2089.5,z=—0.57, p=.567, r=—0.05), showed similar results.

Relations between local and global interference with other
cognitive functions

Global interference in the directed attention task showed a mod-
erate positive correlation with slower visual search, which survived
the Bonferroni correction (Table 3). There were small positive
correlations, that did not survive the correction, between global
interference and lateralized inattention, disorganized search,
reduced rule switching/spatial prediction, and reduced verbal
working memory. The relation with lateralized inattention
seemed to be driven by a leftward attention bias (Supplementary
Table 4).

Local interference in the directed attention task showed small
positive correlations with neglect in daily life, lateralized inatten-
tion, poorer visuo-construction, and spatial planning. The correla-
tion between local interference and neglect in daily life was the only
correlation surviving the Bonferroni correction.

Inability to attend the local and global level simultaneously
showed moderate positive correlations with slower visual search,
which survived the Bonferroni correction. There were small positive
correlations, that did not survive the correction, between inability to
attend the local and global level simultaneously and lateralized inat-
tention (line bisection, shape cancellation), poorer visuo-construc-
tion, reduced verbal working memory, and reduced recognition.

Discussion

The size of the ‘attentional spotlight’ can change as a result of brain
damage following stroke. In the current study, based upon directed
attention performance, 7.8-10.9% of stroke patients showed an
abnormal local bias and 6.3-8.3% an abnormal global bias.
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Regarding divided attention, 5.4-10.1% of stroke patients showed
an abnormal local bias and 6.6-15.9% an abnormal global bias. In
the latter task, difficulty in switching between levels could have
caused abnormal performance for divided attention, in addition
to, or rather than a deficit in local or global processing per se
(Flevaris et al., 2011; Robertson, 1996).

Although left and right hemisphere damaged patients experienced
the same degree of interference on the local and global conditions of
the directed attention task, descriptively, there was a significant inter-
action between lesion side and level of interference (i.e., global vs.
local), with more global interference observed after left-sided brain
damage and more local interference observed after right-sided brain
damage, although post-hoc tests were not significant. The pattern is in
line with the previously found associations between right hemisphere
pathology and impaired global processing, and left hemisphere path-
ology and impaired local processing (Delis et al., 1986; Lamb et al.,
1989, 1990; Lux et al, 2006; Robertson et al., 1988; Robertson &
Delis, 1986; see for a review Robertson & Lamb, 1991), and a similar
lateralization in healthy people (Christie et al, 2012; Flevaris &
Robertson, 2016; although not always found; Kimchi, 1992; Lamb
etal, 1989). The fact that we did not replicate previous findings might
relate to differences between studies in the selection criteria of patients
and/or stimuli used. For instance, Delis et al. (1986) and Robertson
and Delis (1986) studied local and global processing bias in left
and right brain damaged patients (3 weeks post-trauma) using both
linguistic and non-linguistic hierarchical figures, but did not look at
particular lesion locations. Lesion locations were taken into account
by Robertson, Lamb, and Knight (Lamb et al., 1989, 1990; Robertson
etal., 1988), who used Navon figures to study global and local process-
ing, but included patients at least 1 year post-trauma. Other studies
included patients not only based upon lesioned hemisphere, but also
based upon the presence of visuospatial neglect (Lux et al., 2006; Peru
& Chelazzi, 2008) or specific lesion locations that are related to visuo-
spatial neglect (Bultitude et al., 2009). The findings in these studies
can, therefore, not be solely attributed to the lesioned hemisphere
because they could be related to visuospatial neglect.
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Table 3. Spearman correlation coefficients between local and global interference scores derived from the directed attention task, the absolute bias score derived from
the divided attention task, and performance at several neuropsychological tasks. Higher interference scores indicated more interference from the irrelevant level in the
directed attention task (i.e., higher local interference scores indicate a stronger local bias; higher global interference scores indicate a stronger global bias). Higher
absolute bias scores in the divided attention task indicate more difficulties with attending the local and global level simultaneously. For the neuropsychological tasks,
higher scores indicate poorer performance (except for the Balloons Test, Rey Complex Figure Test, Tower Test, WAIS Digit Span, and RAVLT; for which lower scores
indicate poorer performance)

Directed attention Divided attention

n! Global interference Local interference n! Absolute bias score
Lateralized attention
Catherine Bergego Scale, total score 177 r=.06, p = .464 r=.28, p < .001%* 240 r=.06,p =.348
Line bisection near, absolute deviation 188 r=.12, p =.100 r=.21, p=.004" 246 r=.17, p = .007"
Line bisection far, absolute deviation 188 r=.11,p=.132 r=.12,p =.115 246 r=.13,p=.042"
Balloons Test, laterality score 158 r=-.02,p=.767 r=-.18,p =.028" 212 r=-.04,p =.549
Shape cancellation feedback, absolute CoC-x 187 r=.13, p = .086 r=.08, p =.297 243 r=.08,p=.225
Shape cancellation no feedback, absolute CoC-x 183 r=.18,p=.016" r=.12, p =.098 237 r=.13, p = .046"
Visual search organization
Shape cancellation feedback, intersections rate 187 r=.16, p = .029" r=.12,p =.110 243 r=.12, p = .069
Shape cancellation no feedback, intersections rate 183 r=-.11,p=.124 r=.14, p = .066 237 r=.07,p=.270
Visual search speed
TMT-A, duration 128 r=.30, p <.001%* r=.07,p = .448 165 r=.32,p < .001%*
TMT-B, duration 124 =.15, p = .094 r=.11,p=.222 155 r=.35,p < .001**
Visuo-construction
Rey Complex Figure Test copy, total score 102 r=-.13,p=.179 r=-.25p=.013" 126 r=-20,p=.027"
Executive functioning
TMT-ratio (time B considering time A) 124 r=-.15,p =.102 r=.04,p = .681 155 r=.15, p = .066
Tower Test, total score 154 r=-.10, p =.213 r=.21,p= .009" 199 r=-.16,p =.023
Brixton Test, number of errors 129 r=.21,p=.016" r=.17,p = .052 152 r=.09, p=.282

Verbal (working) memory

WAIS Digit Span forward, longest sequence 130 r=-.14,p =.112 r=.01,p =.944 154 r=-.09, p =.297
WAIS Digit Span backward, longest sequence 130 r=-.29, p=.003" r=-.07,p=.426 154 r=-.20,p=.013"
RAVLT, immediate recall 152 r=-13,p=.111 r=-.09,p=.250 185 r=-11,p = .137
RAVLT, delayed recall 150 r=-.13,p=.128 r=-.04,p=.591 183 r=-.13,p =.075
RAVLT, recognition 151 r=-.08,p=.342 r= 05,p=.582 183 r=-.15p= 037

Abbreviations. CoC-x, horizontal centre of cancellation; RAVLT, Rey Auditory Verbal Learning Test; TMT, Trail Making Test; WAIS, Wechsler Adult Intelligence Scales.
1Group sizes differ between measures since not all patients performed all neuropsychological tasks.
*Significant with alpha = 0.05; ** significant with alpha = 0.05 after Bonferroni correction (alpha of .05/19 correlations = .0026).

The current results, based upon a much larger, and more rep-
resentative sample as compared to previous studies, show that the
relation between local or global processing bias and lesioned hemi-
sphere is not robust and warrants further investigation. A reason
for the inconsistency of the current results compared to observed
patterns in previous studies could be the heterogeneity of lesion
locations in the current sample. Possibly, due to involvement of
broad neural networks in hierarchical processing, patterns of local
and global processing deficits arise from a broad range of damage
and are not restricted to one hemisphere. To provide more insight
into the neural substrates of local and global processing, it would be
informative to link global and local processing deficits to specific
lesion locations (e.g., using lesion symptom mapping or lesion sub-
traction), the vascular territory involved, and/or lesion volume.

A secondary aim was to explore potential associations of local
and global interference effects, and inability to simultaneously
attend the local and global level, with other cognitive functions.
Interestingly, patients who showed more global interference
and/or the inability to simultaneously attend the local and global
level were slower in their visual search. This relation could be
explained in two directions. Possibly, reduced processing speed
caused both an abnormal global processing bias (i.e., leading to
global interference) and slow visual search. The global processing
bias seen in healthy participants is often explained by the order of
processing: information at the global level is processed first, at the
initial stage of normal visual processing, and local information is
processed thereafter (Han & Humphreys, 2002; Kimchi, 1992;
Lamb et al., 1989; Navon, 1977; Robertson et al, 1988). If
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processing speed is reduced due to brain damage, it could be
expected that more time is needed before local elements of a stimu-
lus are processed. Since the viewing time of the stimulus was lim-
ited in the current study, reduced processing speed might result in
abnormal global interference, whereas no relation between
processing speed and local interference is expected. Contrary,
slowed visual search might have been caused by abnormal global
interference. Abnormal global interference might hamper the
identification of individual local stimuli, resulting in longer com-
pletion times. Difficulties in systematically identifying local stimuli
might also explain that patients with more global interference
showed less organized search in a shape cancellation task.

When looking at the relations between local and global process-
ing and lateralized spatial attention, our results were partly consis-
tent with previous literature. Patients with more global and/or local
interference, and or inability to attend the local and global level
simultaneously, showed more lateralized inattention. This was
not related to a leftward or rightward attention bias specifically,
except for the relation between global interference and a leftward
attention bias as measured with a cancellation task. In addition,
patients with more local interference showed more neglect behav-
ior in daily life, which was the only robust relation. Interestingly,
impaired global processing has previously been hypothesized to
contribute to the neglect syndrome, where patients fail to disen-
gage from information at the local level and therefore not perceive
the bigger picture (Bultitude et al., 2009; Lux et al., 2006).

Trends for small positive relations were found between local
and global interference, and the inability to attend the local and
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global level simultaneously, with other neuropsychological out-
comes. Patients who showed more global interference showed
more deficits in rule switching/spatial prediction, and reduced ver-
bal working memory capacity; whereas patients with more local
interference showed poorer visuo-construction, and reduced spa-
tial planning. Patients with inability to attend the local and global
level simultaneously showed poorer visuo-construction, reduced
verbal working memory, and reduced recognition of verbal infor-
mation. The relation between local interference and reduced visuo-
construction is in line with previous studies. Copying a complex
figure, for example the Rey Complex Figure, can be done according
to a global-to-local approach versus drawing details one by one
without an organization structure. More organizational
approaches (i.e., global-to-local) are related to better performance,
both for copying as for memory (Deckersbach et al., 2000; Lange
et al,, 2000; Savage et al., 1999; Shorr et al., 1992). It should be
noted, however, that none of these relations survived the correction
for multiple comparisons and should, therefore, be interpreted
with caution.

Importantly, local or global processing biases, or problems with
simultaneously attending the local and global level, are not consid-
ered to be unique disorders in isolation of other cognitive disorders
or syndromes. Processing biases are behavioral phenomena that
are the outcome of various processes and most likely related to
a range of other syndromes, disorders, and conditions. For exam-
ple, local or global biases could be manifestations of syndromes
such as neglect, aphasia, dysexecutive syndrome, or Balint’s syn-
drome; or consequences of impaired visual search or processing
speed. Alternatively, local or global biases might enhance, or result
in, reduced processing speed of visual information, impaired visual
search, or impaired visuo-construction. Investigating the relations
between cognitive functions sheds lights on mechanisms of selec-
tive attention and consequences of stroke.

Strengths and limitations

A strength of the current study is the large sample size, which
allowed us to study the frequency of abnormal local and global
processing biases, and the associations between local and global
interference effects and other cognitive functions. Furthermore,
we included a sample that was representative of a stroke population
admitted for inpatient rehabilitation without in- or excluding
patients based upon lesion location, stroke type, cognitive func-
tioning (e.g., presence/absence of visuospatial neglect), or mild lan-
guage deficits. A drawback of including an unselected sample of
patients is that it introduces variability on the aforementioned
aspects, which may be particularly important when investigating
cognitive deficits that may be cerebrally lateralized.

A second limitation of the study is the design of the hierarchical
processing tasks. Staircase procedures were used to determine
stimulus durations and thereby adjust tasks to the level of the
patient. This was done to maximize task sensitivity with minimum
task duration. A drawback of this procedure is that the stimulus
durations differed between patients, making their performance less
comparable. To overcome this, we ran sensitivity analyses using
the first block in which the stimulus duration was the same for
all patients, and similar results were obtained. However, this block
only contained 8 trials and no firm conclusions can be drawn based
upon this.

Third, the task design and task instructions did not allow com-
putation of processing biases by using RT's. Because of the staircases,
different stimulus durations were used between participants, which
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strongly influences RT. In addition, participants were not instructed
to respond as fast as possible but to focus on accuracy. Therefore, we
do not know whether participants tried to respond quickly.

Fourth, consistent information on primary visual deficits was
not available. However, reduced visual acuity or visual field defects
are not expected to relate to left or right hemispherical damage and
would therefore not affect the comparison between left and right
lesion groups.

Conclusion and future directions

Substantial prior research has investigated the lateralization and
clinical relevance of global and local visual processing, however this
is the first to do so in a large population. In an unselected sample of
stroke patients in the subacute phase (~1 month) post-stroke
onset, 85.9%-88% of patients did not show any processing bias,
7.8%-5.4% showed an abnormal local processing bias, and
6.3%-6.6% showed an abnormal global processing bias in a
directed or divided attention task, respectively. We found no sig-
nificant differences between patients with left-sided versus right-
sided brain damage regarding local or global interference scores,
calling into question previous emphasis on the cortical lateraliza-
tion of local and global processing.

There was a moderate positive relation between local interfer-
ence and search speed, a moderate positive relation between the
difficulty to simultaneously attend local and global levels and
search speed, and a small positive relation between global interfer-
ence and neglect in daily life, providing the first insights into
potential clinical relevance of global and local processing deficits.

In the context of rehabilitation, a specific processing bias might
require a different approach in assessment, psycho-education, and
treatment. Further research is needed to scrutinize this in more
detail. Future studies could include speeded tasks and evaluate
RTs, and investigate neural correlates of hierarchical processing
biases. To conclude, assessing processing biases after a stroke is
important to understand why certain difficulties in cognitive func-
tioning occur, but also potentially to focus on reducing any abnor-
mal bias.

Supplementary material. The supplementary material for this article can be
found at https://doi.org/10.1017/S1355617723000231
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