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A B S T R A C T

Patients with visuospatial neglect when asked to cancel targets partially or totally omit to cancel contralesional stimuli.
It has been shown that increasing the attentional demands of the cancellation task aggravates neglect contralesionally.
However, some preliminary evidence also suggests that neglect might be worsened by engaging the patient in a demand-
ing, non-spatial, cognitive activity (i.e. a mathematical task). We studied cancellation performance of 16 patients with
right-hemisphere lesions, 8 with neglect, 8 without neglect, and 8 age-matched healthy control participants by means of
five cancellation tasks which varied for the degree of attentional and/or high level cognitive demands (preattentive and
attentive search of a visual target, searching for numbers containing the digit 3, even numbers, and multiples of 3).

Results showed that attentive search of visual targets, relative to the preattentive search condition, aggravated neglect
patients’ performance. Moreover, searching for multiples not only worsened spatial neglect contralesionally, but also
slowed down performance of patients with right-hemisphere lesions without neglect.

Our findings further demonstrate the presence of specific deficits of attention in neglect. In addition, the worse per-
formance of patients without neglect in the ‘multiples of 3' task is consistent with the evidence that right-hemisphere
lesions per se impair the ability to maintain attention (i.e. sustained attention). This suggests that the exacerbation of ne-
glect during execution of a demanding, non-spatial, cognitive task might be explained by a deficit of sustained attention
in addition to a selective deficit of spatial attention.

© 2016 Published by Elsevier Ltd.
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1. Introduction

Patients with visuospatial neglect following unilateral brain lesions
to the right hemisphere fail to orient towards, attend to or act upon
stimuli located in contralesional space (Heilman et al., 1993). Typi-
cally, when neglect patients are asked to search for and cancel tar-
gets printed on a sheet of paper (cancellation tasks, e. g. Albert, 1973;
Diller et al., 1974; Mesulam, 1985; Wilson et al., 1987), they do not
explore contralateral space effectively and omit to detect stimuli lo-
cated in that side of space, even if they are free to move their head
and eyes. This disturbance has been interpreted as a consequence of
the disruption of selective spatial attentional processes (Kinsbourne,
1987; Heilman, et al., 1993). Moreover, since extensive right-hemi-
sphere lesions also impair the ability to maintain sustained atten-
tion (Wilkins et al., 1987; Pardo et al., 1991; Robertson et al., 1997,
1998), some authors have suggested a possible interaction between
the damage to the spatial attentional system implicated in neglect
and a co-occurence deficit of the sustained attention system (Heilman
et al., 1978; Robertson et al., 1998; Posner, 1993; Robertson et al.,
1995, 1997). While the spatial selectivity component of human at-
tention enhances perception of stimuli located in specific regions of
space, the alertness component of attention allows the execution of
effortful vigilance tasks (i.e. focusing attention to subtle

⁎⁎ Corresponding author at: Department of Psychology, SAMBA (SpAtial, Motor and
Bodily Awareness) Research Group, University of Turin, Turin, Italy.
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sensory stimuli, filtering irrelevant information and maintaining alert-
ness for the duration of the task) independently of stimulus location
(Pardo et al., 1991).

Patients with neglect may manifest different degrees of spatial im-
pairment, suggesting that the disorder is not an all-or-none phenom-
enon. In addition, it may dissociate across frames of reference (e.
g. egocentric and allocentric coordinates, Rusconi et al., 2005), sectors
of space (e. g. personal, peripersonal and extrapersonal space, Bisiach
et al., 1986; Berti and Frassinetti, 2000; Neppi-Mòdona et al., 2007),
and, within the same spatial domain, it may vary according to task de-
mands. Nonetheless, the specific determinants of neglect within the
same spatial domain are not yet fully understood. For instance, in can-
cellation tasks, other variables besides spatial location (Chatterjee et
al., 1999) may affect neglect severity.

Attentional theories of neglect (Kinsbourne, 1987; Heilman, et al.,
1993) predict that increasing the attentional demands of the cancella-
tion task, would aggravate patients’ performance. Indeed, it has been
shown that target saliency (Weintraub and Mesulam, 1988; Kaplan et
al., 1991; Aglioti et al., 1997; Husain and Kennard, 1997; Chatterjee
et al., 1999), stimuli number and density (Mark et al., 1988; Eglin
et al., 1989; Chatterjee et al., 1992; Kartsounis and Findley, 1994;
Mennemeier et al., 1998; Chatterjee et al., 1999; Neppi-Mòdona et
al., 2002; Ricci et al., 2004; Pia et al., 2013), targets and distrac-
tors ratio (Kaplan et al., 1991), distractors similarity (Riddoch and
Humphreys, 1987), and stimuli perceptual configuration defined by
gestalt grouping principles (Pia et al., 2004) may modulate neglect.
These modulations are mainly related to bottom-up stimulus process

http://dx.doi.org/10.1016/j.neuropsychologia.2016.05.004
0028-3932/© 2016 Published by Elsevier Ltd.
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ing stages. A number of studies have also shown that top-down at-
tentional requests can influence neglect patients’ performance. For in-
stance, top-down task-demands (Sarri et al., 2009) and dual task atten-
tional paradigms (Robertson and Frasca, 1992) affect neglect sever-
ity, even if stimulus perceptual features are kept constant. Finally,
different kind of backgrounds that trigger either preattentive/paral-
lel (immediate, effortless) or attentive/serial (slow, effortful) search
(Treisman and Gelade, 1980; Bergen and Julesz, 1983), can influence
target search performance (Aglioti et al., 1997).

Interestingly, other variables, not explicitly linked to the attentional
domain, seem to affect neglect (Ishiai et al., 1990; Chatterjee et al.,
1992; Tegnér and Levander, 1991; Marshall and Halligan, 1996; Mark
and Heilman, 1997). In particular, preliminary findings from a single
case study suggested that the cognitive demands required to identify
specific targets modulate neglect severity. Mennemeier et al. (2004)
described a patient with a right-hemisphere lesion and left neglect
whose cancellation bias worsened when target selection required to
perform a mathematical task. Specifically, in the critical condition the
patient was asked to search for the multiples of a specific number. This
cognitive task is likely to require a greater amount of attentional re-
sources to be accomplished. Because sustained attention might be im-
paired in right hemisphere patients (Wilkins et al., 1987; Pardo et al.,
1991; Robertson et al., 1997; 1998), it is possible that worsening of ne-
glect in Patient of Mennemeier et al. (2004) was due to a concomitant
deficit of both selective spatial attention and sustained attention. Since
sustained attention can be considered a basic attentional function that
determines the efficacy of higher attentional processes (e. g. selective
spatial attention) and, in general, of cognitive abilities (Sarter et al.,
2001), an influence of sustained attention on spatial attention during a
demanding task might be expected. However, to our knowledge, this
is the only existing evidence suggesting that a, non-spatial, demand-
ing cognitive process, activated in order to accomplish the task, wors-
ens neglect during stimuli cancellation. No other study has validated
or further explored this issue at a group level in patients with and with-
out neglect and in healthy controls. The only evidence that task-re-
lated attentional load can worsen neglect and/or extinction on cancel-
lation (Robertson and Frasca, 1992) or detection tasks (Robertson and
Frasca, 1992; Bonato et al., 2010, 2013, 2015) comes from dual task
paradigms. However, carrying-out simultaneously a cognitive and a
cancellation or detection task requires to divide attention between con-
current activities rather than increasing the ‘cognitive’ load of the cur-
rent visuo-spatial task.

Here we investigated the influence of different categories of per-
ceptual and cognitive load on cancellation performance in patients
with right-hemisphere lesion with and without neglect, and in age-
matched healthy participants. In two experimental conditions we ma-
nipulated bottom-up stimuli perceptual features (experiment 1), and in
three conditions we manipulated top-down task demands (experiment
2).

In experiment 1, the three groups performed two cancellation tasks
that required either ‘preattentive’ or ‘attentive’ texture segmentation
(Aglioti et al., 1997) in order to segregate targets from distractors
(Julesz, 1981, 1987; Bergen and Julesz, 1983; Sagi and Julesz, 1985).
On the basis of previous findings (Aglioti et al., 1997) and according
to attentional theories of neglect (Heilman et al., 1987; Kinsbourne,
1987), we expected to observe an attentional-dependent modulation
of cancellation performance in neglect patients and not in the other
groups (i.e. a worse performance on the attentive than on the preatten-
tive texture condition).

In experiment 2, participants were asked to identify target stimuli
(i.e. numbers) according to different task demands. As in the study of

Mennemeier et al. (2004), in the control condition participants
searched for stimuli containing a specific number, whereas in the crit-
ical high-load cognitive condition participants were asked to search
for multiples of the same number. In addition, in a low-load cogni-
tive condition, subjects were asked to search for even numbers. We
assumed that this latter task implied, on the one hand, a higher cogni-
tive load than searching for a specific number, but on the other hand,
a lower cognitive load than searching for multiples. We hypothesized
that if unilateral visual neglect is exclusively accounted for by a deficit
of visuospatial attention, then we should not observe any effect on the
visuospatial bias by the cognitive load, given that targets and distrac-
tors perceptual features (numbers) were kept constant. On the other
hand, if unilateral visual neglect is also due to a non-spatial deficit in
maintaining sustained attention (Robertson et al., 1995, 1997, 1998),
then increasing the cognitive load should further aggravate the spatial
orientation bias. Indeed, sustained attention is an important component
of ‘top-down’ processes that mediate knowledge-driven target detec-
tion and selection.

Searching for the number 3 was expected to lead to a performance
similar to the ‘attentive’ task of experiment 1, since both tasks in-
volved serial attentive search of well-defined visual features. Search-
ing for even numbers was supposed to be cognitively less demand-
ing than searching for multiples, and therefore a possibility was that
this condition produced a better performance than searching for mul-
tiples. In addition, searching for even numbers was hypothesized to
be cognitively more demanding than searching for the number 3 (be-
cause it requires access to a stored semantic representation of number
knowledge, Dehaene et al., 1993) and therefore was expected to pro-
duce worse performance than searching for 3 s In order to be function-
ally related to a deficit of the selective spatial attention system, any
decrement in performance should be limited to the group of neglect
patients. On the other hand, a concomitant decrement in performance
in patients without neglect would suggest a modulatory influence of
the sustained attention system over the spatial attentional system.

The method proposed here is complementary to dual-task com-
puter-based detection paradigms that are able to unveil disorders of
contralesional space awareness in patients with right hemisphere le-
sions not showing neglect at paper-and-pencil cancellation tasks
(Bonato et al., 2010, 2013, 2015). Indeed, it allows studying patients
with spatial neglect at standard tests, even if they are affected by vi-
sual field defects.

2. Materials and method

2.1. Participants

Eight right brain-damaged patients with neglect (N+), eight with-
out neglect (N−) and eight age-matched healthy volunteers partici-
pated in the study. Participants were all right-handers, with the excep-
tion of one N− patient (#5) that was a left-hander converted into right-
hander. Participants’ demographic and clinical data are reported in
Table 1. Patients did not show any sign of mental impairment as eval-
uated by the MMSE (Folstein et al., 1975). Patients’ contralesional
neglect was assessed using the letter H cancellation task (Diller and
Weinberg, 1977) and the bisection of five 180-mm long and 1-mm
thick black horizontal lines (Bisiach et al., 1999). Patients’ contrale-
sional neglect was defined on the basis of either (or both) of the
following criteria: (1) mean bisection error towards the ipsilesional
side exceeding 10 mm; (2) left-side minus right-side omissions on
the cancellation task (Diller and Weinberg, 1977) being equal to 5 or
more (in Table 1 are reported individual scores of patients on bisec-
tion and cancellation). Visual field defects (VFD) were evaluated us
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Table 1
Demographic and clinical data of patients with neglect (N+), without neglect (N−) and demographic data of healthy participants.

N+ patients
Sex Age Education

(years)
Lesion (CT/MRI
scan)

Etiology Length of illness
(days)

MMSE Bisection mean error
(SD)

DILLER (omissions L-R) VFD

1 F 77 5 P T I 26 28 +4.2 (4.49) 6–1 0–0
2 M 75 13 cr O th I 48 27 +13.5 (7.78) 11–4 3–1
3 M 64 12 F O P T bg ci cs I 106 24 +42.8 (3.49) 32–1 3–3
4 M 63 5 O P T H 54 28 +18.9 (5.67) 8–3 1–1
5 M 62 10 O peris I 48 28 +3.6 (18.4) 51–31 3–2
6 M 70 5 bg F O T I 64 29 +12.2 (4.15) 46–2 1–1
7 F 72 13 ci I 70 27 +5.4 (4.98) 51–28 1–1
8 F 61 5 P T I 53 25 +8.3 (16.04) 24–19 1–1
N− patients

Sex Age Education
(years)

Lesion (CT/MRI
scan)

Etiology Length of illness
(days)

MMSE Bisection mean error
(SD)

DILLER (omissions
L-R)

VFD

1 M 75 7 cr pons I 31 27 −2.4 (3.65) 0–0 0–0
2 M 61 18 hyp I 68 28 −0.7 (3.52) 0–0 0–0
3 M 71 10 ci H 41 29 −1.0 (0.63) 0–0 0–0
4 F 59 11 P H 169 28 −0.8 (1.60) 1–3 0–0
5 F 79 8 ci I 36 30 +5.0 (0.89) 1–0 0–0
6 F 77 8 F T H 63 28 +5.5 (2.80) 5–2 0–0
7 F 73 6 ci I 35 27 +2.0 (3.23) 2–1 0–0
8 F 74 8 ci cr I 38 30 −0.3 (0.30) 0–0 0–0
Healthy
controls

Sex Age Education (years)
1 M 65 5
2 F 66 5
3 M 64 5
4 F 70 5
5 M 57 12
6 F 68 5
7 F 65 8
8 M 65 8

Legend: F=frontal; O=occipital; P=parietal; T=temporal; bg=basal ganglia; ci=capsula interna; cr=corona radiata; cs=centrum semiovale; hyp=hypothalamus; peris=perisylvian
territory, th=thalamus; H=Haemorrhage, I=Ischemia. MMSE=Minimental State Examination; DILLER: number of omitted targets in the left and in the right side of the page,
respectively; Bisection errors are in millimetres: rightward errors are preceded by + and leftward errors by −. VFD=Visual Field Defects, paired scores refer to upper and lower
contralesional visual field quadrant; they range from 0, no impairment, to 3, maximum impairment.

ing a confrontation test in which patients were asked to detect unilat-
eral movements of the examiner’s finger in the left/right upper and
lower visual quadrants (Bisiach et al., 1986, 1997). Ten single and 10
double, symmetrical and simultaneous visual stimuli were given, by
the examiner. Stimuli were administered following a fixed random or-
der and scores for the upper and then lower quadrant were recorded.
The scores were assigned as follow: 0=eight or more double stimuli
and all single stimuli were perceived; 1=less than eight double, but
more than seven single stimuli were perceived; 2=Four to seven sin-
gle stimuli were perceived; 3=less than four single stimuli were per-
ceived. A score of 3 for the upper or lower quadrant indicated the pres-
ence of quadrantanopia, while a score of 3 for both quadrants indi-
cated hemianopia. A score of 1 was an index of visual extinction (see
Table 1). On this test, 37.5% (3/8) of N+ patients showed severe VFD,
50% (4/8) of them had mild VFD and 12.5% (1/8) had no VFD. On
the other hand, none of N− patients manifested signs of visual field
defects. Data on lesion location came from CT or MRI scans. Neuro-
radiological data in the different groups of patients indicated temporal
lobe damage in about 63% of N+ and in about 13% of N−; parietal
lobe damage in 50% of N+ and in about 13% of N−; frontal lobe dam-
age in 25% of N+ and in about 13% of N−; and occipital lobes damage
in 63% of N+ and in 0% of N−. Finally, subcortical lesions were pre-
sent in 50% of N+ and in 75% of N− (Table 1). In one N+ patient (# 5)
the lesion was reported as involving the perisylvian territory (besides
the occipital lobe).

Normal subjects (C) and patients without neglect (N−) did not dif-
fer from neglect patients (N+) for age [C: t-test (7)=1.30 p=0.233;
N−: t-test (7)=0.88 p=0.404] or educational level [C: t-test (7)=1.27

p=0.246; N−: t-test (7)=0.65 p=0.536]. All participants gave informed
consent to participate in accord with local ethics.

2.2. Stimuli and procedure

Participants were asked to perform a series of cancellation tasks. In
particular, in experiment 1, they had to detect targets dispersed among
distractors on the following two conditions: (1) preattentive and (2)
attentive search of a visual shape (see Aglioti et al., 1997). In experi-
ment 2, they had to search for (1) digits containing the number 3 (N3),
(2) even numbers (EN), or (3) multiples of the number 3 (M3) (see
Mennemeier at al., 2004). All patients performed experiment 1 first.

2.3. Experiment 1

Participants were asked to perform two modified versions of the
cancellation tasks employed by Aglioti et al. (1997). Specifically, they
had to cross out with a pencil (using their ipsilesional hand) targets
presented among distractors in the following two conditions: preat-
tentive and attentive search of a visual element (see Aglioti et al.,
1997). Visual displays for the ‘preattentive’ and the ‘attentive’ con-
ditions had different textures (Fig. 1). The two textures were built so
that they differed in the number and position of distinct local features.
According to Julesz’ view (Julesz, 1981, 1987) and to existing evi-
dence (Aglioti et al., 1997), the preattentive display would have de-
termined a quick and effortless visual search, while the attentive dis-
play a slow and effortful search. In the preattentive texture, the tar
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Fig. 1. Examples of the preattentive (A) and attentive (B) tasks employed in experiment 1.

get element differed from the distractor element by the presence of
two additional vertical segments flanking the three horizontal seg-
ments composing the distractor element (Fig. 1A). In the attentive tex-
ture, each target element differed from a distractor element because
one of the composing line segments was differently positioned (Fig.
1B). For each texture, 80 items were arranged in a matrix of 8 rows
by 10 columns on an A4 sheet of white paper. Forty of the 80 items
were shapes and the other 40 were numbers. In each column there
were 4 shapes and 4 numbers. The 2 target elements presented in each
column were spatially organized according to a pseudo-random order.
For each texture there were a total of 20 target elements, pseudo-ran-
domly distributed so that 4 of them were presented in each quadrant.
Distractor elements consisted in 20 shapes. However also the 40 num-
bers presented on the display had to be ignored. For each condition,
the display was always the same.

Each cancellation task was preceded by a pretest in which partic-
ipants were asked to discriminate the target from the distractor. Sub-
jects who failed in this discrimination task were not included in the
study. The preattentive and attentive tasks were presented twice ac-
cording to an ABBA order for half of the participants and a BAAB
order for the other half, for each group. The cancellation display was
positioned at a reading distance and was aligned with the participan-
t's body vertical midline. Participants were tested in a quiet and well-
lit room; exploratory eye and head movements were allowed. Partici-
pants were informed that the time spent to complete each cancellation
task was recorded, but that accuracy was more important than execu-
tion time.

2.3.1. Statistical analysis
Omissions (O), Execution Time (ET) and False Alarm (FA) were

recorded.
Omission errors were divided into two groups: left or right accord-

ing to whether the error was on the left or on the right side of the page,
respectively. A false alarm (FA) was recorded whenever a distractor
was crossed out as a target. False alarms were divided into two groups:
left and right according to whether the error was in the left or in the
right side of the page. The execution time (ET), the time between the
first and the last cancellation (Donnelly et al., 1999), was manually
recorded with a stopwatch starting from the ‘go’ signal given by the
experimenter at the beginning of each task, to the instant in which the
participant stopped exploring the visual display.

Errors and ETs were analyzed by means of separate analysis of
variance (ANOVAs) for mixed design models. Post-hoc analyses were
performed using the Newman Keuls test. The percentage of FA was
very low for N+(=0.09%) and no FA were produced by N− and C.
Therefore no further analysis was performed on this variable.

For the group of neglect patients, a correlation analysis was per-
formed between measures of neglect on the neuropsychological tasks
(line bisection and Diller cancellation tasks) and omissions or execu-
tion times on the experimental tasks. For the clinical (Diller) and ex-
perimental cancellation tasks, correlation analysis was performed on
the difference between left and right-sided omissions.

2.4. Experiment 2

In this experiment the same participants of experiment 1 were
asked to search for: (1) digits containing the number 3 (N3)
(Mennemeier at al., 2004), (2) even numbers (EN), (3) multiples of
3 (M3) (Mennemeier at al., 2004). Each of the three tasks was per-
formed on preattentive and attentive backgrounds (see Fig. 2). Partic-
ipants were instructed to cross out with a pencil (using their ipsile-
sional arm) all targets in the 6 visual configurations (N3, EN, M3 per-
formed on attentive and preattentive backgrounds). In each cancella-
tion condition, there were 20 target numbers and 20 numbers that were
distractors. For each experimental condition the numbers used as tar-
get stimuli were all different. Similarly, distractors were all different
numbers. This served to make sure that participants were effectively
accomplishing the requested tasks. The 40 elements constituting the
visual background had to be ignored.

In task N3, participants were requested to detect all numbers con-
taining the digit 3, for example 32 or 83 (Fig. 2A). In this task targets
were one- or two-digit numbers (from 1 to 99) containing the digit 3.
Two targets were presented in each column: one target had the 3 as
first digit (i.e. the left digit) and the other target had the 3 as second
digit (i.e. the right digit).

In the EN task (i.e. searching for even numbers) participants were
required to cross out all even numbers present in the display (Fig. 2B).
There were five targets in each quadrant distributed according to a
pseudo-random order, so that within each quadrant targets ended with
one of the five possible even digits (i.e. 0, 2, 4, 6 and 8). In each col-
umn there were two targets and two distractors.

In the M3 task, participants had to search for multiples of 3 (Fig.
2C). Ten out of 20 targets belonged to the number board, while the
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Fig. 2. Examples of the cancellation tasks employed in experiment 2. Searching for numbers containing the digit 3 (N3), B) even numbers (EN), and C) multiples of 3 (M3) was
performed on preattentive and attentive backgrounds. In the figure the visual stimuli size is magnified to allow to appreciate the stimuli details.

other 10 were multiples of 3, ranging from 33 to 99. In each row there
were two targets: one belonging to the first group (number board of 3)
while the other was a multiple higher than 30.

For each condition, the display was always the same.
All the cancellation tasks were verbally illustrated. The partici-

pants’ mathematic abilities were screened before administering the
experimental tasks by asking them to report some examples of even
numbers and of multiples of 3. Hence, they were asked to identify on
three different displays, examples of digits containing the number 3,
of even numbers and of multiple of 3 (each display contained stimuli
which were different from those used in the experimental tasks). Par-
ticipants incapable to accomplished these tasks during screening were
not included in the study. The six cancellation tasks were presented
twice. First, they were administered following a pseudo-random se-
quence with two constraints: two consecutive cancellations could not
have the same background or task instructions. Then, the pseudo-ran-
dom sequence of cancellation tasks was repeated, but according to an
inverse order.

The cancellation display was positioned at a reading distance and
was aligned with the participant's body vertical midline. Subjects were
tested in a quiet and well-lit room; exploratory eye and head move-
ments were allowed. Participants were informed that the time spent to
complete each cancellation task was recorded, but that accuracy was
more important.

2.4.1. Statistical analysis
As for experiment 1, omissions (O), false alarms (FA), and Exe-

cution times (ET) were recorded (see experiment 1 for details). Er-
rors and ETs were analyzed by means of separate analysis of vari-
ance (ANOVAs) for mixed design models. The percentage of FA was
very low ( N+=0.22%; N−=0.13%; C=0.08%) and therefore no further
analysis was performed. For the group of neglect patients, a correla-
tion analysis was performed between measures of neglect on the clin

ical neuropsychological tasks (line bisection and Diller cancellation
tasks) and omissions or execution times on the experimental tasks. For
the clinical (Diller) and experimental cancellation tasks, correlation
analysis was performed on the difference between left and right-sided
omissions.

3. Results

3.1. Experiment 1

On the omission data a 3×2×2 Anova with one between-subject
factor, Group (three levels: N+, N−, C), and two within-subject fac-
tors, Side (two levels: left, right) and Task (two levels: preattentive,
attentive) was performed.

The factor Group was significant [F (2, 21)=10.71; p=.0006; par-
tial η2=0.504]. Post-hoc analyses showed that N+ omitted more targets
(N+ mean=1.21, SD=1.73) than the other two groups (N− mean=0.12,
SD=0.28; C mean=0.01, SD=0.08; p<.001 for each comparisons). The
factor Task [F(2, 21)=6.8; p=.005; partial η2=0.261] and the factor
Side [F(2, 21)=12.26; p=.002; partial η2=0.368] were also significant.
Post-hoc analyses indicated that more omissions were made on the
attentive (mean=0.62, SD=1.31) than on the preattentive task
(mean=0.28, SD=0.92) and on the left (mean=0.73, SD=1.51) than on
the right (mean=0.16, SD=0.41) side of the page.

A significant Group X Side interaction [F(2,21)=14.35; p=.0001;
partial η2=0.577] was also present and was accounted for by a higher
number of omissions in N+ patients’ left side with respect to their
right side (p<.0005 for each comparisons; see Fig. 3A). Note that in
both N− and C groups no significant side effect was found. Finally
a significant Group X Task interaction [F(2,21)=6.8; p=.005; partial
η2=0.393] was accounted for by the fact that only N+ patients made
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Fig. 3. Experiment 1: Mean number of omissions and Standard Error (SE) by patients with neglect (N+), without neglect (N−) and control participants (C) for the interactions Group
X Side (A) and Group X Task (B). Graph A shows that N+ patients omitted significantly more targets on the left than on right side of the display; graph B shows that N+ patients
omitted significantly more targets in the attentive than in the preattentive task. No significant differences were found for the other two groups.

significantly more omissions on the attentive than on the preattentive
texture (p=.003; see Fig. 3B). No significant difference was found in
the other two groups.

No other significant differences were found.
On ET data a 3×2 Anova with one between-subject factor, Group

(three levels: N+, N−, C) and one within-subject factor, Task (two lev-
els: preattentive, attentive) was performed. The factor Group was sig-
nificant [F (2, 21)=10.11; p=.0008; partial η2=0.49]. Post-hoc analy-
ses showed that N+ were slower (N+ mean=76.94 s, SD=41.41) than
the other two groups (N− mean=37.91 s, SD=12.82; C mean=20.24 s,
SD=5.21; p<.006 for each comparisons). The factor Task [F (2,
21)=7.62; p=.012; partial η2=0.266] was also significant. Post-hoc
analyses indicated that ETs were slower on the attentive
(mean=52.12 s, SD=45.57) than the on preattentive task
(mean=37.94 s; SD=25.35). No other significant differences were
found.

Correlation analyses on omissions did not show any significant re-
sult. However, correlation analyses on ET showed that in N+ patients
the difference between left and right omissions on the Diller task was
positively correlated with the execution time of both preattentive and
attentive cancellation tasks.

3.2. Experiment 2

On the omission data a 3×2×2×2 Anova with one between-subject
factor Group (three levels: N+, N−, C) and three within-subject fac-
tors, Task (three levels: number three, even numbers, multiples), Side
(two levels: Left and Right), and Background (two levels: preattentive
and attentive) was performed. Post-hoc analyses were performed us-
ing the Newman-Keuls test.

The factor Group was significant [F (2, 21)=28.14; p<.0001; par-
tial η2=0.728]. Post-hoc analyses showed that N+ omitted more targets
(N+ mean=2.59, SD=2.37) than the other two groups (N− mean=0.33,
SD=0.55; C mean=0.29, SD=0.6; p<.0001 for each comparisons). The
factors Task [F(2, 42)=22.39; p<.0001; partial η2=0.516] and Side
[F(1, 21)=24.24; p<.0001; partial η2=0.535] were also significant.
Post-hoc analyses indicated that overall more omissions were made on
the M3 task (mean=1.67, SD=2.08) than on the other two tasks (N3
mean=0.66, SD=1.54; EN mean=0.89, SD=1.58; p<.0001 for each
comparisons). In addition, overall more omissions were observed on
the left (mean=1.56, SD=2.28) than on the right (mean=0.58,
SD=0.8) side of the page. A significant Group

X Task interaction [F(4,42)=3.74; p=.01; partial η2=0.262] was ac-
counted for by the fact that N+ patients made more omissions on
the multiples task in comparison to the other two groups (p<.01 for
each comparisons). A significant Group X Task X Side interaction
[F(4,42)=3.35; p=0.01; partial η2=0.242] was accounted for by a
higher number of left-sided omissions on the multiples task in the N+
than in the N− and C groups (p<.0005 for each comparisons, see Fig.
4A). No significant difference in Task or Side was found in N− and
C groups and they did not differ between them. Interestingly, post-hoc
analyses also showed that on the right side of the display N+ patients
omitted less even numbers than numbers 3 or multiples of 3 (p<.02
for each comparisons), suggesting that searching for even numbers in
right space had an advantage with respect to the other two tasks (Fig.
4(B)). On this task, in the right side of space, N+ patients’ perfor-
mance was not significantly different from N− patients’ and control
participants’ performance. No differences on task performance were
observed between N− and C groups within the left or right hemi-
spaces.

On ET data a 3×3×2 Anova with one between-subject factor,
Group (three levels: N+, N−, C) and two within-subject factors, Task
(three levels: number three, even numbers, multiples) and Background
(preattentive and attentive) was performed. Post-hoc analyses were
performed using the Newman-Keuls test.

The factor Group was significant [F (2, 21)=14.63; p=.0001; par-
tial η2=0.583]. Post-hoc analyses showed that N+ were slower (N+
mean=119.95 s, SD=64.74) than the other two groups (N−
mean=90.42 s, SD=68.35; C mean=39.35 s, SD=19.12; p<.001 for
each comparisons). The factor Task [F (2, 42)=39.76; p<.0001; par-
tial η2=0.654] was also significant. Post-hoc analyses indicated over-
all that participants were slower on the multiples (mean=131 s,
SD=75.74) than on the other two tasks (N3 mean=56.05 s,
SD=40.27; EN mean=62.09 s, SD=41.81; p<.001 for each compar-
isons). The interactions Group X Task [F (2, 21)=3.42; p=.01; par-
tial η2=0.245], Group X Background [F (2, 42)=5.73; p=.01; partial
η2=0.353], and Task X Background [F (4, 42)=3.24; p=.04; partial
η2=0.133] were also significant. Post-hoc analyses of the Group X
Task interaction showed that both N+ and N− patients were signifi-
cantly slower on the multiples than on the other two tasks (p<.01 for
each comparisons) and the two groups did not differ between them.
The C group performance did not differ across tasks (see Fig. 5).

Finally, the three-way interaction Group X Task X Background [F
(4, 42)=5.74; p=.0008; partial η2=0.353] was also significant (Fig. 6).
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Fig. 4. Experiment 2: mean number of omissions and Standard Error (SE) by patients with neglect (N+), without neglect (N−) and control participants (C) for the three-way inter-
action Group X Task X Side. The graph depicts the three groups’ performances (accuracy) in the left (A) and right (B) side of the visual display, on the three tasks (N3=number 3,
EN=even numbers, M3=multiples of 3). A higher number of left-sided omissions was observed on the multiples task in the N+ with respect to the N− and C groups. Interestingly, on
the right side of the display, N+ patients omitted less even numbers than numbers 3 or multiples of 3.

Fig. 5. Experiment 2: mean Execution Time and Standard Error (SE) by patients with
neglect (N+), without neglect (N−) and control participants (C) for the two-way inter-
action Group X Task. The graph shows the performance of the three groups in the three
tasks (N3=search for number 3, EN=search for even numbers, M3= search for multiples
of 3). N+ and N− patients were significantly slower in the multiples than in the other
two tasks and the two groups did not differ between them.

Post-hoc analyses showed that the three-way interaction was ac-
counted for by a significant increase of N+ patients’ ET when search-
ing for multiples on the attentive with respect to the preattentive back-
ground (p=0.001).

Correlation analyses on omissions showed that, in N+ patients,
the rightward bisection error was positively correlated with the dif-
ference between left and right omissions on the ‘searching for num-
ber 3' task when the background was preattentive. In addition, the dif-
ference between left and right omissions on the Diller task was posi-
tively correlated with the difference between left and right omissions
on the searching for multiples task when the background was attentive.
Thus, correlation analyses suggested that the exploration bias captured
by a task requiring to serially focus attention on numbers visual fea-
tures (searching for numbers containing the digit 3) was related to
the rightwards orientation bias as revealed by the bisection task. On
the other hand, the degree of exploration bias shown on the most de-
manding task (searching for multiples on the attentive background)
was related to the neglect bias as revealed by the Diller task. Corre-
lation analyses on ET showed that in N+ patients the difference be-
tween left and right omissions on the Diller task was positively corre

lated with the execution time on the searching for even numbers task
when the background was attentive.

4. Discussion

Modulation of neglect on cancellation tasks by perceptual and cog-
nitive factors may contribute to unveil the neurocognitive mechanisms
influencing visuospatial attention. Although there is evidence that
variables not confined to stimulus visuospatial features (Robertson
et al., 1998; Neppi-Mòdona, 1999; Chatterjee et al., 2000; Ricci and
Chatterjee, 2004; Ricci et al., 2005; Husain and Rorden, 2003) may
affect neglect severity, a clear cut picture on how cognitive factors in-
fluence spatial attention is still missing.

Here we tested whether neglect is exclusively dependent on a
deficit of the selective spatial attention system or might be also modu-
lated by other non-spatial cognitive variables. To this aim, we manip-
ulated bottom-up and top-down task determinants in order to investi-
gate the influence of these factors on visual search performance in pa-
tients with and without neglect and in control participants. In experi-
ment 1, participants performed ‘preattentive’ and ‘attentive’ search of
simple visual targets (shapes); in experiment 2 the top-down demands
of the task were manipulated while keeping constant targets and dis-
tractors perceptual features. In this latter experiment, two tasks requir-
ing different levels of cognitive complexity, or a task simply requiring
the recognition of a specific number, were employed. The three tasks
were performed employing the same preattentive and attentive back-
grounds used in experiment 1.

The results of experiment 1 showed that higher attentional requests
(i.e. the attentive background) worsened performance exclusively in
patients with neglect, in line with previous findings (Aglioti et al.,
1997) and with theories that interpret neglect as a deficit of the at-
tentional system (Heilman et al., 1987; Kinsbourne, 1987). However,
in experiment 1, the lack of a significant three-way interaction sug-
gested a lack of sensitivity of the attentive texture condition in se-
lectively worsening left-sided neglect. This interpretation is supported
by the positive correlation between neglect on the Diller task and
the execution time of both preattentive and attentive tasks. On the
other hand, results of experiment 2 showed that searching for multi-
ples exacerbated left-sided neglect, especially on the ‘attentive’ back-
ground, suggesting the occurrence of interactions between spatial and
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Fig. 6. Experiment 2: Mean Execution Time and Standard Error (SE) by patients with neglect (N+), without neglect (N−) and control participants (C) for the three-way interaction
Group X Task X Background. The graph shows the three groups’ performance in the three tasks (N3= search for number 3, EN=search for even numbers, M3=search for multiples
of 3), performed on the two types of backgrounds (Preattentive, Attentive). N+ patients were significantly slower in the multiples task on the attentive with respect to the preattentive
background. In this task, N+ and N− patients had equivalent performances on the preattentive background.

non-spatial processes. In addition, this task slowed down performance
of patients without neglect (i.e., produced an increment in the task
execution time). It is worth noting that in the absence of a sensitive
measure, such as the ET, the similarity in performance between pa-
tients with and without neglect on the multiples task would have been
missed. Hence, the use of a complex cognitive process involving tar-
get identification seems to represent a more demanding task for right-
hemisphere lesioned patients, independently of the presence or ab-
sence of neglect. This result is consistent with the evidence that ex-
tensive right-hemisphere lesions, involving a network of frontal and
parietal cortices (Pardo et al., 1991; Rueckert and Grafman, 1996), im-
pair the ability to maintain sustained attention (Heilman and Abell,
1979; Coslett et al., 1987; Wilkins et al., 1987; Rueckert and Grafman,
1996). Although previous studies have suggested that a non-spatial
deficit of sustained attention can affect spatial neglect (Robertson et
al., 1995, 1997), the two impairments have been usually thought to be
independent disorders (Wilkins et al., 1987; Robertson et al., 1998).
The use of a mathematical task to identify targets might impose a sig-
nificant cost to non-spatial attentional resources that are limited in pa-
tients with right-hemisphere lesions, and further aggravate the orien-
tation bias implicated in spatial neglect (Robertson et al., 1995, 1997,
1998). Indeed, even in the healthy brain, charging a visual task with
a high cognitive load has deleterious effects on the ability to focus at-
tention (Lavie, 2010).

An interpretation of the aggravation of the spatial deficit when
searching for multiples as a consequence of hyper-activation of the
intact left hemisphere (Kinsbourne, 1977) triggered by mathematical
processing (Mennemeier et al., 2004) does not seem to be supported
by our findings. Indeed, searching for even numbers – a task that is
supposed to engage the left hemisphere, given its numerical and se-
mantic nature (Sergent, 1990; Dehaene and Cohen, 1991) – did en-
hance neglect patients’ performance within the right space (as pre-
dicted by Kinsbourne's inter-hemispheric rivalry account), but did not
worsen left neglect. It is worth noting that searching for even num-
bers does not require to focus attention as much as searching for the
number 3, and this might also explain enhanced performance on the
former task. A more plausible interpretation of our results is that us

ing a mathematical, relatively complex task to identify targets (mul-
tiples of 3) is cognitively more demanding than employing a simple
semantic categorization (i.e. accessing semantic number knowledge,
Dehaene et al., 1993) to discriminate targets (even numbers) from dis-
tractors.

The finding that a higher cognitive load worsens deficits of con-
tralesional spatial attention is in line with previous evidence
(Robertson and Frasca, 1992; Bonato et al., 2010, 2012) and has
important clinical consequences. As shown by Bonato et al.
(2010,2012,2013) computer-based, resource-demanding, dual-task
procedures may reveal contralesional spatial disorders in patients not
manifesting symptoms on standard clinical assessment. Hence, these
conditions may represent important manipulations for assessing the
presence of disorders that, if not detected, might subsequently emerge
and interfere with daily living normal activities. However, Bonato et
al.'s (2010,2013) computer-based dual-tasks require patients to report
the presence of lateralized stimuli, therefore resulting not suitable to
measure changes of performance in patients with neglect at standard
testing, especially if they are also affected by hemianopia (because of
floor effects). In addition, in a single case study, Bonato et al. (2012)
reported that several cancellation tasks performed under additional
working memory load were almost ineffective in producing contrale-
sional omissions in a chronic patient who still manifested a high rate
of omissions at computer-based detection testing (Bonato, 2015). In
contrast to Bonato et al.’s protocols (Bonato et al., 2010, 2012, 2013),
the searching for multiples task, proposed here, was effective in wors-
ening spatial neglect in patients showing symptoms at standard test-
ing, while it did not affect the rate of contralesional omissions in pa-
tients without neglect (as in Robertson and Frasca study, 1992), al-
though increasing their execution time. Thus, differently from Pro-
tocols of Bonato et al. (2012,2013,2015), our task might be applied
in chronic patients with severe neglect, even when affected by hemi-
anopia. Indeed, despite the presence of visual field defects, patients
with neglect showed top-down modulation of contralesional cancella-
tion bias. Another advantage of the present task is that it is suitable to
be employed in clinical settings where a computer might not be avail-
able.
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The current findings confirm the -seldom addressed- evidence of
task dependency of neglect severity, and provide new manipulations,
based on top down control, modulating left-sided neglect. They also
suggest that interventions apt to restore right hemisphere cerebral ac-
tivation (i.e. sustained attention) might be particularly effective in im-
proving spatial disorders (Robertson et al., 1998).

The result that the background configuration affected neglect pa-
tients’ performance in the more demanding cognitive task (i.e. search-
ing for multiples) is interesting in its own right, since it suggests the
existence of bidirectional influences between higher level cognitive
factors and lower level perceptual ones, in keeping with the evidence
of spared preattentive processing in patients with neglect (Ricci et al.,
2000, 2004; Pia et al., 2004; Vallar and Daini, 2006).

One limitation of the current study is the absence of brain scans
that prevent a precise mapping of patients’ brain lesions. The small
sample size of the three groups constitutes another limitation.
Nonetheless, previous works on these issues employed sample sizes
similar to ours (Robertson and Frasca, 1992; Bonato et al., 2013),
making therefore possible a direct comparison of results across stud-
ies. In addition, our statistical analyses showed medium to large effect
size values, suggesting that, from a clinical point of view, the tasks
proposed here can be considered a reliable paradigm for assessing per-
formance in patients with neglect. Visual field defects were evalu-
ated using a simple confrontation method (Bisiach et al., 1997), as in
previous studies (Bisiach et al., 1997; Aglioti et al., 1997). Unfortu-
nately, more sophisticated methods, such as, for example, the Gold-
mann perimetry, were not available in the clinic where patients were
recovered and examined, preventing a finer and more precise assess-
ment of visual field defects. Finally, because of patients’ time con-
straints and clinical conditions, we had to use a limited number of clin-
ical tests. The use of additional attentional (for example some of the
TAP subtests, Zimmermann and Fimm, 2002) and neuropsychological
tests, besides line bisection and cancellation, would have allowed to
correlate our findings to other measures of attention in order to draw
clearer and stronger conclusions. Future studies employing more ex-
tensive clinical examination in larger groups of patients are needed to
further explore and validate our findings.

In conclusion, this study suggests that exacerbation of the orien-
tation bias in patients with neglect during execution of a demanding,
non-spatial, cognitive task might be explained by a deficit of sustained
attention due to the right-hemisphere lesion. In order to further inves-
tigate this hypothesis in brain-damaged patients, future studies should
also consider the possible contribution of left-hemisphere lesions in
the modulation of spatial attention under conditions which impose a
heavy load on high-level cognitive functions.
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